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PREFACE 

During the past several years there have been significant conceptual and 
experimental advances in stem cell biology and gene therapy. Consequently, 
this is a topic of importance to a broad spectrum of investigators and physicians 
pursuing biological regulatory mechanisms and treatment of human disease. 
At one time, stem cell investigations were principally confined to identification 
and characterization of primitive cells which commit to the hematopoietic 
lineage. In a restricted sense, such studies provided a viable basis for defining 
regulatory parameters of hematopoietic cell differentiation. But significantly, 
from a broader biological perspective, a paradigm was established for studying 
progenitor cells which are competent to develop and sustain the phenotypic 
properties in a series of cells and tissues. Insight into fundamental properties 
of stem cells is being translated to therapeutic applications. Here again, the 
hematopoietic stem cell has paved the way for emerging applications of stem 
cell biology to treatment of disease. 

In response to the requirement for a volume which covers stem cell biology 
and gene therapy from both biological and clinical standpoints, we have orga- 
nized this book into four sections. The first section presents fundamental 
regulatory mechanisms which are operative in stem cells. Consideration is 
given to the strengths and limitations of protocols for stem cell isolation. The 
validity of markers for the primitive status of stem cell populations is critically 
evaluated. Regulatory mechanisms which support competency for prolifera- 
tion and cell cycle progression as well as down regulation of growth that 
accompanies differentiation are reviewed. Cytokines and growth factors which 
are key modulators of growth control and microenvironmental (stromal) in- 
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fluences are discussed within the contexts of physiological control and as an 
arsenal of factors to selectively influence the extent to which stem cells engage 
in renewal, proliferation and differentiation. 

The second section is devoted to a consideration of stem cells from a 
therapeutic perspective. Preparations of stem cells are addressed in relation 
to retention of biological activities, ability to sustain lineage potentials follow- 
ing ex-vivo expansion and capabilities for both engraftment and differentiation 
following return to the in vivo environment. These are important considera- 
tions for the therapeutic potential of stem cells as vehicles for gene therapy. 
Additionally, insight into regulatory components of tissue remodelling can 
be appreciated. 

Section three addresses delivery systems for gene therapy. It is here that 
the rate limiting steps for many applications of DNA-mediated treatment of 
human disease reside. An overview of the most promising vectors is presented. 
Consideration is given to levels of activity, sustained expression and options 
for conditional activity. Immunization by gene transfer and antisense strategies 
are considered. 

The final section focuses on clinical applications for gene therapy. There 
is a systematic assessment of approaches to eliminate defective genes or replace 
or supplement activities of defective genes by manipulating cells at the molecu- 
lar level. Our intention was not to be inclusive. Rather, we have provided 
examples to illustrate how gene therapy offers viable alternatives to conven- 
tional treatments and options for therapy where currently success has been 
minimal. Examples include but are not restricted to metabolic disorders, coag- 
ulation disorders, anemias, pulmonary diseases, cancer, cardiovascular disease, 
and neurological disorders. 

Because gene therapy is a rapidly advancing field, it would not be realistic 
to comprehensively cover the basic biological and clinical parameters. Rather, 
we have selected components of regulatory mechanisms that are central to 
clinical applications. The therapeutic applications were chosen as representa- 
tive of the potential which gene therapy provides for treatment of human 
disease. The challenges now faced are numerous. These are being met by 
refinements in vector systems as well as gene modifications and improvements 
in stem cell engraftment strategies. 
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COLOR FIGURES 

CHAPTER 7, FIGURE 2, HSV- 1 vector-mediated P-galactosidase transgene expression in 
myogenic cells. L6 mouse myoblasts (A) and differentiated myotubes (B) were infected with 
replication-defective SHZ. 1 vector at an MO1 of 1.0 and stained with X-gal to detect 1acZ 
expressing cells. Both myoblasts and differentiated myotubes are highly transduced by the HSV- 
1 vector. Newborn (C) and adult (D) mouse gastrocnemius muscle were injected with 
2.5 X 106 pfu of SHZ.1 vector and the reporter gene expression examined at 3 days postinjec- 
tion. A significant number of fibers are transduced in newborn but not in adult muscle. 

CHAPTER 7, FIGURE 3, Role of the basal lamina in limiting HSV-1 infection in mature 
myofibers. Normal newborn (A), normal adult (B), and adult merosin-deficient dy/dy mouse 
gastrocnemius (C) was infected with 2.5 X lo6 pfu of the SHZ.1 vector, and collagen IV (fluo- 
rescein; green) as well as HSV-1 infiltration (Cy3; red) were co-localized by immunofluores- 
ence. In newborn animals, we observed a high number of muscle fibers infected by the HSV-1 
vector since both immunofluorescent markers are localized in the same myofibers (A). In adult 
muscle fibers (B), we observed that HSV-1 remains outside the muscle fibers, since the red fluo- 
resence signal does not co-localize with the green immunofluorescence. However, in the dy/dy 
adult mice (C), HSV-1 vector penetrates the mature myofibers since both signals co-localize to 
the inside of mature myofibers as observed in newborn muscle. 
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COLOR FIGURES 

CHAPTER 7, FIGURE 4. Barriers to long-term HSV-1 vector-mediated P-galactosidase 
expression in muscle. SHZ. 1 vector 1 x 107 pfu was injected into newborn gastrocnemius 
and 13-galctosidase expression was examined by X-gal staining at 3 (A) and 6 (B) days 
postinoculation. The large number of P-gal-positive muscle fibers in newborn (A) present 
at 3 days post inoculation disappear by day 6 (B). Similar results were detected in adult 
muscle, even though the transduction frequency in adults at 3 days is greatly reduced com- 
pared with newborn (see Fig. 2C,D). Southern blot analysis for the persistence of the 
HSV-1 vector-mediated transgene DNA following intramuscular injection of 
HSV-1 (SHZ-1) vector were performed (C). DNA 8 pg extracted out of the injected mus- 
cle was digested with BamHI, transferred to nytran membranes, and hybridized with two 
different probes (1acZ and HSV). The 1acZ probe hybridized to a 5.5 kb band in extracted 
muscle DNA at 3 days but did not hybridize to muscle DNA from 15 to 30 day animals. 
The HSV probe hybridized also with a 6 kb band only in muscle DNA at 3 days, demon- 
strating that the vector did not persist. 



COLOR FIGURES 

CHAPTER 7, FIGURE 5. HSV-l- 
mediated cytotoxicity and transgene 
expression in myoblasts in vitro. G8 
mouse myoblasts were infected with vari- 
ous HSV-1 mutant vectors at an MOI of 
5. At various times postinfection, viable 
cell counts were obtained by trypan blue 
exclusion assay, cell monolayers were 
fixed and stained with X-gal, or the level 
of /3-galactosidase was determined by 
ONPG assay. Few SHZ.1 (A) infected 
myoblasts survive or express P-galactosi- 
dase by 72 hours postinfection. However, 
both THZ.1 (B) and THZ.3 (C) infected 
myoblasts survive and continue to 
express the reporter gene at 72 hours 
postinfection. The inserts represent high- 
er magnifications in which individual 
cells can be clearly seen. For SHZ,l (A), 
the majority of the cell monolayer has 
been destroyed. The levels of cytotoxici- 
ty for the three vector constructs versus 
mock infected myoblasts is depicted over 
the various time points (D). As additional 
toxic genes are deleted from the virus 
vector, the level of toxicity is significant- 
ly decreased and approaches that seen in 
mock infected G8 myoblasts. 

(D) HSV-1 Cytotoxicity on G8 Myoblast 
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COLOR FIGURES 

CHAPTER 7, FIGURE 6. HSV-1 vector-mediated gene transfer to dorsal root ganglia 
and spinal cord from direct inoculation of mouse gastrocnemius muscle. Newborn mice 
were infected with 1 X 107 pfu of SHZ. 1 intramuscularly into the gastrocnemius muscle. 
At 3 days postinfection, the animals were sacrificed, and the gastrocnemius, dorsal root 
ganglia, and spinal cord were removed by microdissection. The tissues were frozen, sec- 
tioned, and stained with X-gal to detect 1acZ gene activity. Intact muscle fibers expressing 
the reporter gene (A) were readily detectable at 3 days. The vector spread by retrograde 
axonal transport from muscle to the dorsal root ganglia that innervate this region of the 
gastrocnemius as evidenced by expression of the reporter gene in the peripheral nerves 
(B). The vector was also capable of spreading to the ventral horn of the spinal cord (C,D) 
which possesses projections to the site of inoculation. 



STEM CELL SYSTEMS: 
BASIC PRINCIPLES 
AND METHODOLOGIES 

SUSAN K. NILSSON AND PETER J. QUESENBERRY 

Peter MacCullum Cancer Institute, Melbourne, Australia (S. K. hf.), Cancer Center, 
University of Massachusetts Medical Center, Worcester, MA 0160.5 (P.J.Q.) 

CONCEPTS AND METHODS IN HEMATOPOIESIS 

Hematopoietic cell research has a long and distinguished history. At the 
present time it is probably the best understood proliferation differentiation 
system in mammalian biology. The first beginnings of insight into this area 
involved the utilization of various dyes and stains to identify different subsets 
of cells in the peripheral blood and other tissues. These studies showed a 
variety of cell types that appeared to be largely produced in the bone marrow, 
Studies on bone marrow morphology indicated a relatively ordered sequence 
of differentiation in different cell lineages and eventual transit into the periph- 
eral blood system. 

Studies at Brookhaven after World War II utilizing tritiated thymidine to 
mark cells and map cell cycle established the kinetics of cell production in 
the marrow and distribution in the peripheral blood. These studies, again, 
indicated an orderly progression of proliferation and then differentiation in 
the marrow with release to the blood and a distribution of cells within the 
peripheral bloodstream between a marginating and circulating pool for granu- 
locytes. 
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2 NILSSON AND QUESENBERRY 

Much of the early work focused on erythropoiesis because of the availability 
of the reticulocyte as a marker for newly produced red cells and the utilization 
of radioactive s9Fe as a marker for newly produced red cells. In addition, it 
was found that the induction of polycythemia by hypertransfusion or hypoxia 
resulted in a complete shut off of murine erythropoiesis in the marrow, thus 
providing a model for the testing of substances and their effects on the hemato- 
poietic system (Cotes and Bangham, 1981; Jacobson et al., 1957). This led to the 
demonstration of a humoral agent inducing differentiation into the erythroid 
pathway (Borsook et al., 1954; Cotes and Bangham, 1981; Erslev, 1953; Jacob- 
son et al., 1957; Plzak et al., 1955) erythropoietin. 

The more recent history of hematopoiesis has involved the study of hemato- 
poietic progenitor stem cells and their regulatory influences. These studies 
have led to the definition of a variety of precursor stem cells and hematopoietic 
regulators, several of which are now in clinical use. 

HISTORY 

The study of hematopoietic cell systems initially involved a number of ap- 
proaches utilizing the whole animal and marrow cell production after different 
cytotoxic insults. Granulocyte repopulation and red cell repopulation were 
studied, as were the responses to various injected agents. These types of studies 
represented a beginning, but in fact gave little insight into the hematopoietic 
regulatory systems. The existence of hematopoietic repopulating cells was 
established in the early 1950s in studies on lethally irradiated mice (Ford et 
al., 1956; Lindsley et al., 1955; Mitchison, 1956; Nowell et al., 1956) but perhaps 
the first real break in this area was the description of the colony-forming 
unit-spleen CFU-S by Till and McCulloch (1961). This was the first clonal 
hematopoietic stem cell assay. Extensive studies with CFU-S established that 
the cell that formed nodules on the spleen of irradiated animals had extensive, 
although heterogenous, renewal capacity, had a tremendous proliferative and 
differentiation capacity, and was capable of differentiating into erythroid, 
granulocyte, and megakaryocyte lineages (Curry and Trentin, 1967; Fowler et 
al., 1967; Lewis and Trobaugh, 1964; Siminovitch et al., 1963). This cell was 
relatively dormant, although it could be induced into cell cycle (Becker et al., 
1965; Iscove et al., 1970; Richard, et al., 1970) and provided the first model 
system for hematopoietic stem cells. Subsequent work indicated that the 
CFU-S, as monitored at 8-9 days after irradiation and infusion of marrow 
cells, was in fact a heterogeneous population and probably was made up 
predominately of progenitors. Different populations of cells were monitored 
with longer intervals postirradiation. although even at days 12-14 CFU-S did 

not precisely monitor the long-term engrafting stem cell, as assessed in in vivo 
models (Bertoncello et al., 1985; Jones et al., 1990; Magli et al., 1982; Mulder 
and Visser, 1987; Ploemacher and Brons, 1988a-c, 1989). 
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IN VITRO CLONAL PROGENITOR ASSAYS 

The next big step in the field was the elucidation of in vitro clonal assays 
for granulocyte-macrophage progenitors by Bradley and Metcalf (1966) and 

Pluznik and Sachs (1965). These progenitors responded to exogenous stimula- 
tors with the formation of clones of granulocytes and macrophages in soft 
agar culture. Subsequent studies characterized a relatively large number of 
clonal progenitors in agar, methylcellulose, or plasma clot. These included 
burst-forming unit erythroid, CFU erythroid (Gregory, 1976; Iscove and 
Sieber, 1975; McLeod et al., 1974) colony-forming cell granulocyte- 
macrophage, colony-forming cell granulocyte, colony-forming cell macro- 
phage, CFU megakaryocyte, burst-forming unit megakaryocyte (Bradley and 
Metcalf, 1966; Briddell et al., 1989; Gregory, 1976; Long et al., 1985; Monette 
et al., 1980; Pluznik and Sachs, 1965), GEMM-CFU, and others. Mast cell and 
eosinophil lineages were also determined, and work by Ogawa and colleagues 
showed that with single cell transfer there existed a relatively large number 
of progenitors that showed different lineage predilections in vitro (Nakahata 
and Ogawa, 1982; Ogawa et al., 1985; T. Suda et al., 1983, 1984; J. Suda et 
al., 1984). In general, these progenitor classes were in active cell cycle and 
had limited renewal and proliferative potentials. These classes of cells are 
perhaps best defined now by cytokine responsiveness and time in culture. 

PRIMITIVE CLONAL PROGENITORS AND STROMAL 
BASED ASSAYS 

The next important phase of development of the clonal assay involved the 
characterization of multifactor responsive progenitors. This field was led by 
the initial work of Dr. Ray Bradley, who first characterized synergisms and 
then described, along with Dr. Hodgson, the high proliferative potential 
colony-forming cell (HPP-CFC) (Bradley and Hodgson, 1979; Hodgson and 
Bradley, 1979; McNiece et al., 1986, 1988a,b). This is perhaps, at present, 
the best assay for a primitive progenitor and is characterized by multifactor 
sensitivity, dormancy, and tremendous proliferative and renewal potential. 

Work in this area has evolved, with studies showing that increasing the 
number of growth factors may increase the lineage potential of the assayed 
cells so that seven to nine growth factors may be optimal, especially when 
working with relatively purified stem cells. Additional work utilizing serum- 
free systems and purified cells suggests, that, in fact, for expression of this 
cell, a relatively large number of growth factors (three or more) are needed 
and that increasing growth factors increases the proliferative potential. Other 
primitive progenitors that have been assayed in vitro as potential surrogates 
for engrafting cells include the blast CFU of Ogawa (Nakahata and Ogawa, 
1982; Ogawa et al., 1985; T. Suda et al., 1983,1984; J. Suda et al., 1984) which 
is a highly primitive cell with great proliferative and differentiation potential. 
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In addition, a fairly large amount of work has characterized stromal-based 
systems in which hematopoietic progenitors adhere to and grow on adherent 
marrow stromal cells. The long-term culture-initiating cell (LTC-IC) and 
cobblestone-forming area assay are two of these assays (Ploemacher et al., 
1989; Slovik et al., 1984; Sutherland et al., 1989,199O). These assays do appear 
to monitor relatively primitive cells, although recent work with human cells 
comparing the LTC-IC with cells engrafting and proliferating in immunodefi- 
cient NOD-SCID animals suggests that LTC-IC may monitor a more differen- 
tiated and less primitive hematopoietic stem cell. 

IN VITRO STROMAL-BASED CULTURE SYSTEMS 

A major step forward was the elucidation by Michael Dexter and colleagues 
of the murine “Dexter” long-term marrow culture system (Dexter et al., 1977). 
This culture system produced ongoing hematopoiesis over time, in the obligate 
presence of adherent stromal cells. The classic Dexter system needed hydro- 
cortisone and stroma, and, in the presence of this plus horse serum, ongoing 
granulocyte, macrophage, and megakaryocyte production and the support 
of a wide variety of progenitor/stem cells, including CFU-S, diffusion chamber 
CFU, megakaryocyte CFU, HPP-CFC, and granulocyte-macrophage CFU, oc- 
curred (Doukas et al., 1985, 1986; Levitt and Quesenberry, 1980; McGrath et 
al., 1987; Quesenberry et al., 1984). A variation of this system, the Whitlock- 
Witte system, allowed for B-cell growth (Whitlock and Witte, 1982). These 
stromal-based systems provided the first in vitro models for the microenviron- 
ment and were equally of interest as a potential hunting ground for new stromal- 
based growth factors, a number of which have been isolated from different stro- 
ma1 systems, including steel factor and interleukin-7. 

CYTOKINES 

The number of cytokines discovered to be active on the hematopoietic system 
continues to expand. Initially, erythropoietin for erythropoiesis and the colony- 
stimulating factors for macrophages and granulocytes were defined. Subse- 
quently, multi-CFS or interleukin-3 for multilineage progenitors was character- 
ized and since then a relatively large number of factors have been characterized 
and cloned and some are in clinical trial or clinical practice. It is estimated 
that over 60 factors are active on the hematopoietic system, many of which 
may stimulate both early stem cells for proliferation and differentiation and 
the function of differentiated end cells. These factors frequently synergize, 
and they may inhibit or stimulate proliferation, differentiation, apoptosis, 

function, or motility. Tables 1 and 2 present a noninclusive list of these factors 
with an attempt to order them via their initially described action or their level 
of action on hematopoiesis. 
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TABLE 1 Cytokines Active on Lymphohematopoietic Cells (Interleukins, 
Colony-Stimulating Factors, and Erythropoietin)* 

5 

Cytokine Initially Described or Highlighted Bioactivity 

Erythropoietin 
Granulocyte colony- 

stimulating factor 
Granulocyte-macrophage 

colony-stimulating factor 
Colony-stimulating factor-l 
Interleukin-1 

Interleukin-2 
Interleukin-3 (Multicolony- 

stimulating factor) 

Interleukin-4 
Interleukin-5 

Interleukin-6 

Red cell formation 
Granulocyte colony formation, stem cell release and 

stimulation 
Granulocyte and macrophage colony formation 

Macrophage colony formation 
B and T cell regulator, endogenous pyrogen, and 

inducer of other factors 
T-cell growth factor 
Stimulator granulocyte, macrophage, eosinophil, mast 

cell, and megakaryocyte colony formation and 
interacts with erythropoietin to stimulate erythroid 
bursts 

B-cell proliferation and immunoglobulin secretion 
B-cell differentiation and immunoglobulin secretion; 

eosinophil proliferation and maturation 
B-cell differentiation and immunoglobulin secretion; 

multiple actions on hematopoietic stem 
progenitors 

Interleukin-7 
Interleukin-9 

Interleukin-10 

Interleukin-11 
Interleukin-12 

Interleukin-13 

Interleukin-15 Similar to interleukin-2 actions 

Stimulation of pre-B-cell production 
Erythroid colony formation and stimulation of 

proliferation of a megakaryocyte cell line 
Inhibits cytokine synthesis by T cells; increases 

cytotoxic T-cell numbers and function 
B-cell, megakaryocyte, and stem cell stimulator 
Natural killer cell stimulator; helper T-cell 

proliferation and interferon production by T and 
natural killer cells 

Similar to interleukin-4; B-cell immunoglobulin 
production and isotype switching; stimulates T-cell 
proliferation and inhibits monocyte inflammatory 
cytokine production. 

* Noninclusive 

IN VW0 ENGRAFTMENT ASSAY 

The gold standard for hematopoietic stem cells has been studies of in viva 
renewal and engraftment. These were initially carried out in irradiated murine 
hosts. Early studies looked at radiation survival or renewal using limiting 
dilution approaches. These provided some of the initial insights into hemato- 
poietic stem cells, but were inherently difficult to quantitate and have been 
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TABLE 2 Additional Cytokines Active on Lymphohematopoiesis* 

Cytokine Initially Described or Principal Bioactivity 

Kit ligand (steel factor) 

Basic fibroblast growth factor 
Platelet-derived growth factor 
Hepatocyte growth factor 
Insulin-like growth factor II 
Leukemia inhibitory factor 

Synergistic with many other factors to stimulate 
progenitor and early multi-potential and 
erythroid cells 

Synergistic with other growth factors 
Erythropoietic and granulopoietic progenitors 
Synergistic activity on progenitors 
Erythroid and granuiopoietic progenitors 
Early stem cell and megakaryocyte progenitors 

Others with various activities, predominantly inhibitory, include transforming growth 
p, the interferons and prostaglandins, inhibin, macrophage-inflammatory protein-la, an 
members of the chemokine family, the pentapeptide, and seraspenide. * Noninclusive 

factor- 
d other 

supplanted by other approaches. Harrison and colleagues (1988) have champi- 
oned competitive repopulation in irradiated hosts in which one cell population 
competes with another and quantitative estimates of early or long-term repop- 
ulating are obtained. In these studies, stem cells that are responsible for long- 
term hematopoiesis appear to be dormant and rare and have tremendous 
renewal potential, while those for shorter term may include these cells but 
also a population of more rapidly proliferating cells. More recently, emphasis 
has been placed on the ability to engraft into nonmyeloablated nontreated 
hosts (Peters et al., 1995,1996; Ramshaw et al., 1995; Rao et al., 1997; Stewart 
et al., 1993). Such engraftment appears to be quantitative, the final result 
being determined by stem cell competition between engrafting and donor 
stem cells. The latter model may actually give better engraftment at the stem 
cell level, as there is evidence that cytotoxic therapy or radiation may damage 
the microenvironment and actually impair engraftment (Shirota and Tavassoli, 
1992). These types of assays have allowed one to estimate the meanings of 
some of the surrogate assays. Probably the best correlates with long-term 
renewal are the HPP-CFC and blast CFU with a major question mark remain- 
ing about the LTC-IC or cobblestone-forming area cells. 

STEM CELL PURIFICATION 

To appropriately study stem cell populations, many investigators have worked 
out techniques to separate populations of cells based on differentiation mark- 
ers, physical characteristics, or special epitopes defining primitive cells (Baines 
et al., 1988; Bauman et al., 1986; Berman and Basch, 1985; Bertoncello et al., 

1986; Boswell et al., 1984; Civin et al., 1984, 1987; Engh et al., 1978, 1981; 
Fitchen et al., 1987; Harris et al., 1984; Jordan et al., 1990; Katz et al., 1985; 
Lu et al., 1987; Mulder et al., 1984,1985; Muller-Sieburg et al., 1986; Spangrude 
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et al., 1988; Trask and Engh, 1980). Different approaches have been taken 
for both human and murine hematopoiesis. In general, cells with defined 
differentiated markers are removed by antibody staining using magnetic bead 
and/or fluorescent cell sorting; then specific antigens expressed on primitive 

cells are tagged with antibodies with various fluorochrome tags, and these are 
selectively separated by fluorescent activated cell sorting. In the mouse, C- 
kit, Sea and other epitopes have been used, while in the human antibodies 
distinguishing CD34 and CD38 cells have been frequently utilized. In addition, 
the use of rhodamine and Hoescht dyes to stain cells has allowed for the 
separation of relatively primitive populations. Dull staining rhodamine and 
Hoescht cells seem to mark a population of cells with long-term marrow 
repopulating capacity. The lineage-negative, rhodamine’“/Hoescht’” cells when 
assayed in vitro are approximately 90%-100% multifactor HPP-CFC. Studies 
of these highly purified cell populations have allowed the definition of early 
and long-term repopulating cells. It appears that the longest term repopulating 
cell also has significantly early repopulating potential but that there may be 
other cells with only early repopulating potential. 

Work by Kaufman et al. (1994) has suggested the presence of facilitator 
cells, which may enhance engraftment or long-term expression of stem cells 
in allogeneic systems. More recently, work by Nilsson et al. (1997) has sug- 
gested the existence of an autologous facilitator cell. These highly purified 
populations of stem cells are of significant interest with regard to their potential 
use in gene therapy approaches or marrow stem cell expansion. 

SPECIFIC CONSIDERATIONS REGARDING HUMAN VERSUS 
MURINE HEMATOPOIETIC STEM CELL SYSTEMS 

Studies in the human system have been limited because no repopulation model 
exists. Human bone marrow transplantation has allowed for a definition of 
whole populations with the ability to repopulate, but specific subpopulations 
have not been studied in this mode. Immunodeficient murine models have 
been utilized as an attempt to have a surrogate in vivo assay for human 
hematopoietic stem cells. The SCID or NOD-SCID animals allow for engraft- 
ment of human cells (Lowry et al., 1996), and, although the differentiation 
lineages are skewed and there are problems with this model, this is probably 
the closest one comes to being able to assess human engrafting stem cells. 
The HPP-CFC and possibly the CFU blast are probably the best surrogate 
assays, but caution must be utilized in assessing such assays since there are 
clearly situations in which the in vitro studies may not mirror in vivo engraft- 
ment. A particular example of this are studies in murine species in which 
cytokine exposure of marrow in vitro has lead to an expansion of HPP-CFC 
with cycle induction while markedly decreasing long-term engrafting potential 
(Peters et al., 1995, 1996). The immunodeficient mouse models continue to 
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evolve and hold a promise of being able to carry out more adequate assess- 
ments of human engrafting cells. 

SUMMARY 

Extensive information has been developed on both human and murine stem 
cell systems and their cytokine and stromal regulators. We continue to expand 
our insights into this system with a growing potential for application to gene 
therapy or to marrow stem cell expansion. 
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INTRODUCTION 

The availability of recombinant cytokines and purified subpopulations of early 
hemopoietic progenitor cells has led to an explosion of reports on the regula- 
tion of the self-renewal, proliferation, and differentiation processes in hemo- 
poiesis (Ball et al., 1995; Nicholls et al., 1995; Levesque et al., 1996). However, 
the results from even the simplest in vitro systems involving purified progenitor 
cells, a single growth factor/cytokine, and serum-free conditions can be difficult 
to interpret. Many different criteria are used to purify the progenitor cells, 
and the biological assays used to define the characteristics of these early cells 
vary from long-term repopulation studies to adherence induction or colony 
growth. Consequently, it is often a challenge to know which early hemopoietic 
cells are being studied: stem cells (Ogawa, 1993; Lord and Dexter, 1995) 
multipotential but committed progenitor cells, bispecific lymphohemopoietic 
progenitors, or lineage-specific progenitors. 

Clearly, stem cells exist and can be maintained in culture indefinitely, but 
the only clear example to date is the propagation of murine embryonal stem 
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(ES) cells (Smith et al., 1988; Williams et al., 1988) in the presence of leukemia 
inhibitory factor (LIF). Even after years in culture, these totipotent cells retain 
their ability to contribute to the formation of all tissues. Although a single 
cytokine, LIF, appears to be required to prevent differentiation and maintain 
self-renewal of ES cells indefinitely, as yet there is no equivalent culture 
system for hemopoietic stem cells. 

Mixed cultures of early murine progenitor cells and bone marrow stromal 
cells can produce committed progenitor cells for many months, but until now 
no combination of cytokines has appeared to permit indefinite self-renewal 
of hemopoietic stem cells. Interestingly, complex mixtures of cytokines appear 
to improve the production of early hemopoietic progenitor cells in vitro, but 
whether self-renewing divisions actually occur in vitro is still the subject of 
considerable debate (Lord and Dexter, 1995). Furthermore, it is still far from 
clear whether these in vitro actions of cytokine mixtures are relevant to the 
physiological self-renewal or differentiation of stem cells in animals. 

The theme of this book centers around the latest attempts to introduce 
functional genes into the self-renewing hemopoietic systems; thus this chapter 
focuses on a description and analysis of the cytokines which regulate the early 
hemopoietic progenitor cells. Hopefully, an understanding of the biological 
effects of cytokines on these cells will improve our ability to introduce/repair 
genes in the self-renewing hemopoietic compartment. There is a brief descrip- 
tion of “different” classes of early hemopoietic progenitor/stem cells and a 
discussion of the assays which might be used to predict the effectiveness of 
genetic manipulation strategies. The role of cytokine/growth factor networks 
for the regulation of self-renewal, proliferation, lineage commitment, differen- 
tiation, and function is also presented. Finally, the interactions between stro- 
mal/endothelial cells, the extracellular matrix systems, and the growth factor/ 
cytokine networks have now been explored in detail, and some of the recent 
results of these studies are discussed. 

Clearly, several cytokines/growth factors stimulate the production of other 
hemopoietic regulators. These “endogenous” regulators can act in synergy 
with the exogenous cytokines to influence the hemopoietic process. Whilst 
these cross-inductions can be detected and even characterized in vitro, these 
interactions are extraordinarily difficult to either detect or analyze in animals. 
One example relates to the analysis of the factors controlling the mobilization 
of peripheral blood “stem” cells (Duhrsen et al., 1988; Sockinski et al., 1988). 
Interestingly, regulators which were initially thought to be lineage specific, 
e.g., granulocyte colony-stimulating factor (G-CSF) (Burgess and Metcalf, 
1980) or thrombopoietin (Ebbe, 1997) are known to interact with multipoten- 
tial cells and even with cells in other lineages. Interestingly, even the early 
studies in hemopoiesis suggested that hemopoietic progenitor cells may be 
stimulated by a particular cytokine to produce endogenous cytokines capable 

of controlling the differentiation process (Sachs, 1985). 
Individual cytokines/growth factors can have powerful effects on the pro- 

duction of hemopoietic cells. The effects of cytokines on early progenitor 
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cells have been grouped into three classes (Ogawa, 1993): I, triggering from 
dormancy; II, maintenance of the proliferative stage; and III, synergy with 
cytokines from groups I or II (see Table 1) (Yonemura et al., 1996). The roles 
of several cytokines in each of these processes is explored in some detail in 
several sections of this chapter. 

For many years there has been debate on the role of cytokines in determin- 
ing lineage-specific cell production. One hypothesis holds that stem cells dis- 
play lineage-specific cytokine receptors and that, when the corresponding 
cytokine is present, the stem cell differentiates along that lineage. The other 
hypothesis maintains that stem cells differentiate in a stochastic manner, pro- 
ducing lineage-specific progenitor cells which display particular cytokine/ 
growth factor receptors. In the absence of the corresponding cytokine the 
progenitor cells die; in the presence of appropriate growth factor/cytokine, a 
program of proliferation and terminal differentiation ensues. Clearly, the 
earliest hemopoietic progenitor cells display cytokine receptors, but these do 
not appear to be lineage determinant or even necessary for lineage-specific 
differentiation (e.g., mice lacking c-mpl can still produce platelets) (Alexander 
et al., 1996). 

The significance of inhibitory modulators of hemopoiesis has been difficult 
to establish. However, it has been reported that cytokines such as transforming 
growth factor-p (TGF-fi) (Sitnicka et al., 1996b) and tumor necrosis factor- 
cy (TNF-a) (Jacobsen et al., 1996) can inhibit the division(s) of stem cells 
(both in vivo and in vitro); however, whether there is a regulatory role for 
TGF-P or TNF-a in normal hemostasis is yet to be resolved. 

The chapter concludes with a short summary of evidence relating to the 
possible role of autocrine cytokine/growth factors in the maintenance of the 
leukemic state. There is some evidence that modulation of stimulation such as 
granulocyte-macrophage (GM)-CSF or inhibition of its receptor can influence 
leukemic cell proliferation (Russell, 1992). Combinations of anticytokine 

TABLE 1 Classes of Cytokines Acting on Early Hemopoietic Progenitor Cells’ 

CLASS 

I II 
Triggering (GO-Kycling) Maintenance (Cell Cycle) 

III 
Synergistic 

Interleukin-6 
Interleukin-11 
Interleukin-12 
G-CSF 
Flt-3 ligand 
Leukemia inhibitory factor 
Thrombopoietin 

Interleukin-3 
Interleukin-4 

GM-CSF 

Interleukin-3 
Stem cell factor 

Flt-3 ligand 

l See Ku et al. (1996). 
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agents and cytotoxic drugs offer new possibilities for more effective leuke- 
mia therapies. 

EARLY PROGENITOR CELLS AND CYTOKINE RESPONSIVENESS 

The early hemopoietic progenitor cell compartment consists of all of the 
cells between the self-renewing, multipotential lymphohemopoietic progenitor 
cells, multipotential myeloid progenitor cells, and bispecific progenitor cells. 
All of these progenitors have a capacity for proliferation, but their ability to 
repopulate irradiated recipient mice in the long term diminishes as the progeni- 
tor cells mature (Lord and Dexter, 1995). 

It is not the purpose of this chapter to analyze the definition of the hemopoi- 
etic stem cell (Ogawa, 1993; Lord and Dexter, 1995); however, several biologi- 
cal characteristics are important for an analysis of cytokine action on the 
outcome of both transplantation and gene therapy. It is critical that cells used 
to repopulate a “defective” hemopoietic system (whether the defect is due 
to disease or ablation) be capable of long-term repopulation. It appears that 
the ability of primitive hemopoietic stem cells to repopulate (self-maintain) 
diminishes with increasing numbers of divisions (Hole et al., 1996; Young et 
al., 1996b), yet many techniques for effecting stable genetic alterations often 
require some cell cycling for the integration of the genetic vector. Clearly, ES 
cells can proliferate and self-renew in the presence of LIF, but even the most 
effective cytokine systems have little success in maintaining the long-term 
repopulating ability (LTRA) of primitive hemopoietic stem cells (Traycoff et 
al., 1995). More success appears to be possible by co-culturing the primitive 
hemopoietic stem cells with cytokines and stromal cells (Young et al., 1996b); 
however, whilst the in vitro proliferative and “self-renewal” capacity of hemo- 
poietic cells cultured under these conditions was apparent, the LTRA of these 
cells is yet to be proved (Traycoff et al., 1995; Young et al., 1996b). 

The effects of cytokines on these early progenitor cells (self-renewing) are 
quite profound (Table 1) (Ku et al., 1996). Some cytokines (e.g., interleukin 
[IL]-6, IL-11, or LIF) trigger noncycling stem cells into a proliferative phase 
(Ogawa, 1993; Shah et al., 1996); however, in many experiments this is associ- 
ated with a loss of long-term repopulating cells. In particular, two cytokines, 
IL-3 and IL-12, stimulate the proliferative expansion of cells associated with 
the stem cell compartment, but there appears to be a significant reduction in 
the LTRA of the cells produced in these cultures. Although the definition of 
LTRA has not been standardized (Lord and Dexter, 1995) it is an important 
concept if our understanding of the role of cytokines and/or integrins in the 
regulation of self-renewal and differentiation is to progress. 

Although human stem cells appear to be restricted to the CD34+ population, 

there is some indication that mouse stem cells exist in both the CD34’ and 
CD34l”‘- subpopulation (Osawa et al., 1996). Whilst CD34- do not produce 
colonies with IL-3, when IL-3 and stem cell factor (SCF) are used together, 
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there is a remarkable increase in the formation of large multilineage colonies. 
Subsequent in vivo analyses showed that CD34’ murine progenitors produced 
early but not sustained engraftment, whereas the CD341°‘- subpopulations 
yielded delayed but long-term reconstitution. The existence of at least two 

classes of long-term repopulating cells is supported by genetic marking studies 
(Spangrude et al., 1995). 

Many individual cytokines can influence the survival, proliferation, and 
differentiation of early progenitor cells; most success in generating early hemo- 
poietic progenitor cells has come through the use of multiple cytokines or 
combinations of cytokines with stromal cells/stromal cell lines (Traycoff et 
al., 1995; Young et al., 1996b). While the effectiveness of stromal cell mono- 
layers for maintaining hemopoiesis in vitro has been known for many years, 
the molecular basis of the important interactions between early hemopoietic 
cells and stromal cells is still far from clear. There is now interesting data to 
implicate integrin-extracellular matrix interactions in the maintenance of the 
self-renewal potential of stem cells (Levesque et al., 1996); indeed, the activa- 
tion level of fibronectin receptors expressed by CD34’ hemopoietic progenitor 
cells correlates well with their proliferative potential. Furthermore, the activa- 
tion of the fibronectin receptors on early progenitors appears to be controlled 
by the cytokines which control the proliferation (Levesque et al., 1996): IL- 
3, GM-CSF, and SCF; the synergistic action of these cytokines on proliferation 
also extends to the induction of fibronectin-mediated adherence of early hemo- 
poietic progenitor cells. 

Improvements in bone marrow transplantation and/or the genetic manipu- 
lation of the hemopoietic system will require a better understanding of self- 
renewing, hemopoietic stem cells. For bone marrow transplantation, identifi- 
cation of the normal cells with LTRA should eventually allow the removal 
of neoplastic cells. Expansion of LTRA cells in vitro would allow the establish- 
ment of donor banks on a much wider scale. Whilst the proliferative potential 
of early bone marrow and peripheral blood progenitors is similar, in mice the 
fetal liver progenitors appear to be greater than adult progenitors. If cord 
blood progenitors can be expanded, these cells may have even greater potency 
for transplantation. 

The ultimate source of primitive progenitor cells is arguably ES cells. It is 
not only possible to expand murine ES cells in vitro; several laboratories 
have also been able to generate hemopoietic stem cells from murine ES cells 
(Nakano et al., 1994; Lieschke and Dunn, 1995; Palacios et al., 1995; Hole et 
al., 1996). Once LIF is withdrawn from the ES cell cultures, differentiation is 
initiated, and after 4 days primitive hemopoietic progenitor cells can be de- 
tected. Interestingly, the hemopoietic cells only develop if the embryoid bodies 
remain intact. The repopulation potency of these cells is still under investiga- 
tion, but the ability to manipulate ES cells in culture would make this source 
of hemopoietic cells attractive for genetic therapies. Although no exogenous 
cytokines are necessary for the production of murine hemopoietic progenitor 
cells from ES cells, polymerase chain reaction (PCR) analysis of the embryoid 
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bodies has detected SCF message. Several hemopoietin receptors (e.g., epo, 
SCF, macrophage M-CSF, IL-3, G-CSF, and gpl30) were also detected by 
reverse transcription PCR, but expression was weak (or nonexistent) until 
after the hemopoietic cells were detected (Hole et al., 1996). 

If retroviruses are to be effective genetic vectors, it is essential that cell 
division of the hemopoietic stem cell can be stimulated without inducing 
differentiation. Whilst it is possible to express genes from retroviral vectors 
in some clones of progenitors, these clones invariably cease proliferating after 
30 weeks (Tumas et al., 1996). Unless vectors which can infect quiescent 
hemopoietic stem cells can be developed, it will be essential to develop cyto- 
kine/stromal culture systems which can stimulate some cell division without 
inducing differentiation (Goode11 et al., 1996). If we can improve our under- 
standing of cytokine-receptor and integrin-extracellular matrix signaling, it 
is likely that we will be able to introduce genes into hemopoietic cells with 
self-renewing capacity. 

STROMAL CELL MAINTENANCE OF LONG-TERM 
REPOPULATING STEM CELLS 

The first success in producing significant numbers of hemopoietic progenitors 
in culture was achieved by using bone marrow stromal cells (Dexter et al., 
1977). Dexter and his colleagues established murine bone marrow stromal 
layers and reseeded these with bone marrow cells. They were able to harvest 
white blood cells from these cultures for many months. There has always been 
some uncertaintv about the role of the stromal cells in the maintenance of 
hemopoietic stem cells- are they a source of cytokines, integrin-extracellular 
matrix interactions, or metabolite control? Direct contact between the stroma 
and stem cells appears to be required for the maintenance of B-lymphocyte 
production (Manabe et al., 1994); however, the maintenance of CD34+, lin-, 
HLA-Dr- cells does not require direct interactions with stroma (Verfaillie, 
1993). Indeed, by using purified CD34’ cells from cord blood, more self- 
renewing, long-term culture-initiating cells are produced if direct contact with 
the stroma can be avoided (Abe et al., 1996). 

From the earliest observations on stem cell proliferation and differentiation 
in the spleen, it was suggested that different microenvironments controlled 
the generation of lineage-specific progeny and the self-renewal of stem cells 
(McCulloch, 1970). It appeared that the stromal cells were heterogeneous. 
Indeed, it is probable that onlv a small proportion of the stromal cells es- 
tablished in Dexter cultures are capable of supporting hemopoiesis. Sev- 
eral groups have provided support for this concept by isolating stromal 
cell lines with different abilities for sustaining lymphoid and myeloid cells 

(Deryugina and Muller-Sieberg, 1993). By infecting murine fetal liver cells 
with a temperat ure-sensitive SV40 large-T antigen, many stromal cell lines 
have been devel .oped (Wineman et al., 1996). Many of these clones did not 
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support hemopoiesis at all; others allowed only limited stem cell persistence, 
and one cell line (S17) sustained high levels of primitive, long-term repopulat- 
ing cells (Abe et al., 1996). In transplantation studies the stem cells maintained 
on S17 stromal cells compete well with primary stem cells from bone marrow. 

Whilst many cytokines (flt-3 ligand, SCF, IL-6, IGF-1, and TGF-P) appear to 
be produced by S17 cells, similar combinations of cytokines were produced 
by the stromal cell lines which failed to sustain stem cells. It is still unclear 
whether there is an uncharacterized soluble- or membrane-associated protein 
produced by S17 cells, which is critical for stem cell maintenance. 

Although stromal cell cultures produce many cytokines (Quesenberry et 
al., 1994) the effectiveness of stromal cells for supporting the maintenance 
of early progenitor cells can be modulated by the addition of cytokines to the 
cultures (Szilvassy et al., 1996). Using several independently derived murine 
stromal cell lines (Sys-1, S17, and PA6), Szilvassy et al. observed that IL-3, 
SCF, or LIF increased the ability of the stromal cells to support stem cells in 
4 week cultures. Thus, when purified stem cells (thy-l’” Sea-1’ H2Khi) isolated 
from the bone marrow of 5fluorouracil-treated mice were co-cultured for 2 
weeks with the stromal layer, in the absence of LIF, the long-term renewing 
cells decreased from almost 2% of the initial cell inoculum to 0.25% of the 
final cell suspension. When LIF (10 rig/ml) was added to this stromal cell/ 
stem cell co-culture system, the long-term renewing cells were maintained at 
their original frequency even after 2 weeks. 

Since LIF does not sustain cultures of purified hemopoietic stem cells in 
the absence of stroma, either LIF acts indirectly to induce the production of 
essential “stem cell factor(s)” by the stromal cells or both LIF and a stromal 
cell factor are required to sustain the long-term renewing cells. LIF does 
upregulate the production of several cytokines by stromal cells, including IL- 
lfl, IL-2, IL-6, G-CSF, TGF-P, LIF, and SCF (Szilvassy et al., 1996). In particu- 
lar, the SCF appears to be necessary for the effects of LIF in this stromal 
cell system. 

The induction of cytokines/growth factors by other cytokines is a feature 
of the cytokine/growth factor regulatory network. The induction of growth 
factor/cytokine cascades not only makes the analysis of cytokine action diffi- 
cult, but it has confounded our ability to define the physiology and/or mecha- 
nism of action of a particular growth factor. Even in the simplest cell biological 
system, it is difficult to interpret results in a cause-and-effect framework. G- 
CSF was first detected by its differentiation-inducing activity on murine my- 
eloid leukemia cell line WEHI-3B(D’) cells (Burgess and Metcalf, 1980). 
Further analysis has now shown that the effects of G-CSF on WEHI-3B(D+) 
cells are density dependent (Bohmer and Burgess, 1988) and that the condi- 
tioned medium from high-density WEHI-3B(D+) cells induces the differentia- 
tion. The identity of this factor is still to be determined, but clearly there is 
more to be learned about G-CSF-induced control of differentiation signals 
in myeloid cells. 
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Interestingly, an analysis of peripheral blood stem cells (PBSCs) has re- 
vealed a subpopulation of cells capable of inducing cytokine production from 
stromal cells (Mielcarek et al., 1996). In the presence of G-CSF, the kinetics 
of neutrophil recovery from bone marrow stem cells and PBSC transplants 
are essentially the same, and it is still not clear why PBSCs lead to a more rapid 
platelet recovery than bone marrow-derived stem cells. Since the repopulating 
cells from both sources appear to be similar, it has been suggested that there 
may be accessory cells associated with the PBSCs which improve the produc- 
tion of megakaryocytes and platelets. There are many more T lymphocytes 
associated with G-CSF-mobilized PBSCs? but these are not responsible for 
stimulating cytokine production by stromal cells. It is the CD14’ monocytes 
which induce IL-6 and G-CSF secretion when added to stromal cells. CD14+ 
monocytes secrete IL-la and IL-lp, both of which are required for induction 
of cytokine synthesis by the stromal cells (Bagby, 1989; Dinarello, 1996). 
Whilst IL-6 is known to accelerate the reconstitution of platelets (D’Hondt 
et al., 1995) CD34VPBSCs support early recovery of platelets despite the 
depletion of CD14’ monocytes. Of course, the CD34VPBSCs could contain 
CD14’ precursors which expand and differentiate on transplantation, or the 
peripheral blood CD34’ cells may be qualitatively different from CD34’ stem 
cells from bone marrow. This conundrum might be resolved by identifying 
and removing the CD14’ precursors (if they exist) or perhaps by testing IL- 
la/IL-1P-deficient PBSCs from IL-l-deficient mice in a murine stem cell 
engraftment model (Zheng et al., 1995). 

This discussion would not be complete without mentioning the putative 
inhibitory regulators of long-term repopulating cells produced by the stromal 
cells. TGF-P has an inhibitory effect on hemopoiesis both in vitro and in vivo. 
The presence of TGF-Pl mRNA has been detected in stroma, and the TGF-P? 
protein is present in the media of long-term bone marrow cultures (Cashman et 
al., 1990). TGF-fil has been shown to inhibit the early divisions of long-term 
repopulating cells (LTR-HSC) (Sitnicka et al., 1996b). Using a highly enriched 
population of LTR-HSC (obtained by sorting of lin-depleted bone marrow 
cells for rhodamine]“/Hoecht’” cells), Sitnicka et al. observed proliferation and 
differentiation in the presence of IL-3, IL-6, and SCF. After 8 days in culture, 
the LTR-HSC proliferated from 70 cells to 300,000, but the number of cells 
capable of forming high proliferative potential colonies (HPP-CFC) declined 
from 64 to 0. When TGF-pl (1 rig/ml) was added to the conditioned medium, 
proliferation was reduced sevenfold, but there were actually more HPP-CFCs 
(90 cells) than at the start of the culture. Although there were no GM-CFCs 
at the start of these cultures, after 8 days they represented 4% of the total 
cell number. TGF-Bl (1 rig/ml) inhibited the production of GM-CFC by 50%; 
thus TGF-/3 appears to inhibit the later expansion divisions of progenitor cells 
more than the divisions between the LTR-HSCs and GM-CFCs. 

In culture systems designed to expand human long-term initiating cells 
(Soma et al., 1996) or murine long-term repopulating cells, TGF-P inhibits 
stem cell survival. Indeed, if neutralizing antibodies against TGF-P are added 
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to the 4 day cultures, almost 30% more long-term repopulating cells are 
recovered. TGF-P inhibits the stimulation of stem cells by the flt-3 ligand 
(Jacobsen et al., 1996). Differentiation toward myeloid and lymphoid precur- 
sors is inhibited with equal potency. Similarly, neutralizing antibodies against 

TGF-P stimulate (sevenfold) the clonal proliferation of lin- Sea-1’ stem cells. 
This report also describes inhibitory effects of TNF-cu on hemopoietic stem 
cells; however, TNF-a is considerably less potent than TGF-P. 

There has been a long-standing interest in the molecular mechanisms which 
link the nervous and hemopoietic systems (Savino and Dardenne, 1995). In 
recent years, several neuropeptides have been shown to induce cytokine pro- 
duction by stromal cells and monocytes (Rameshwar et al., 1994). The sub- 
stance P peptide induces the production of SCF by bone marrow stroma 
(Rameshwar and Gascon, 1995), and as a consequence, substance P is an 
indirect stimulator of early hemopoietic events. In contrast, the related neuro- 
peptide NK-A inhibits the production of CFCs in short-term bone marrow 
cultures (Rameshwar and Gascon, 1996). Most of the inhibitory action of 
NK-A is attributable to the induction of TGF-fil secretion from stromal cells. 
Since substance P and NK-A are the products of the same gene, it is conceiv- 
able that regulators of differential splicing are also hemopoietic regulators. 
Clearly, indirect regulation of hemopoiesis through the regulation of cytokine 
production by stromal cells provides a sensitive and powerful system for 
amplifying small changes in a single cytokine of the network. Furthermore, 
it is now clear that the stroma can act to initiate an appropriate hemopoietic 
response to signals emanating from other tissue systems. 

Although competent bone marrow stromal layers can establish spontane- 
ously in vitro, human stromal layers are often unreliable and/or short lived. 
Basic fibroblast growth factor (bFGF) not only increases the rate of establish- 
ment of the stromal layers, but improves the myelopoietic support provided 
by the stromal cells (Oliver et al., 1990; Wilson et al., 1991). Furthermore, 
human stromal cells established in the presence of bFGF are able to support 
bone marrow progenitor cell production for at least 2 months. Using k-FGF, 
Quito et al. (1996) were able to show that stromal cells could support human 
progenitor cell production for more than 8 months. Whilst the FGFs may 
influence the differentiation and/or proliferation of stem or hemopoietic pro- 
genitor cells directly, their major effect appears to be on the survival and 
quality of the stromal layer. It is likely that the FGFs increase the production 
of proteoglycan and extracellular matrix secretion by the stromal cells, and 
it is known that some of these proteoglycans (e.g., heparan sulfate) are required 
for cytokine expansion of long-term culture-initiating cells (Gupta et al., 1996). 
In part, the matrix components are required for the association of the hemopoi- 
etic stem cells with the stroma (Siczkowski et al., 1992; Bruno et al., 1993) 
but these polymers are highly charged and also interact with many of the 
cytokines known to influence the survival of long-term repopulating cells. 

It is interesting to note that the CD34 cell surface marker is a highly 
glycosylated glycoprotein (a sialomucin), and when this is knocked out of the 
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mouse genome there are decreased numbers of progenitor cells (Cheng et 
al., 1996). There is a delay in the establishment of myelopoiesis in both 
CD34-‘- embryoid bodies and CD34-‘- mouse embryos. In the bone marrow 
of adult mice the frequency of colony-forming cells is 3-4 fold reduced, but 
there is not significant change in marrow cellularity or the number and compo- 
sition of either the white or red blood cells. It is important that the range of 
extracellular matrix proteins involved in the modulation of stem cell survival 
be investigated in depth. The right combination of these proteins and cytokines 
may eventually be able to replace the need for stromal cells when expanding 
stem cells in vitro or removing contaminating tumor cells by culture in vitro. 

CYTOKINES AND STEM CELL EXPANSION AND MOBILIZATION 

Until recently, most human hemopoietic culture systems only supported the 
production of mature cells from lineage-specific progenitors, and even complex 
combinations of cytokines had had limited success in sustaining self-renewing 
stem cells in these cultures. However, stimulation of stromal cells and rapid 
metabolite removal in continuous perfusion systems have improved the lon- 
gevity of hemopoietic stem cells in culture (Schwartz et al., 1991a,b). When 
combinations of SCF, IL-l, IL-3, GM-CSF, and erythropoietin are added to 
these perfusion or bioreactor cultures of tumor bone marrow, it is possible 
to achieve a four- to eightfold stimulation of long-term culture-initiating cells 
(Koller et al., 1993). As mentioned earlier, ES cells can produce hemopoietic 
stem cells; however, at present, human ES cells are not readily available for 
ex vivo expansion. Umbilical cord blood stem cells have a greater proliferative 
capacity than their adult counterparts (Broxmeyer et al., 1991; Emerson, 1996). 

Stem cells can be mobilized into the peripheral blood of humans by cytotoxic 
drugs (Juttner et al., 1988) or cytokines (Duhrsen et al., 1988; Bodine et al., 
1996; Yamamoto et al., 1996). The normal frequency of CD34+ cells is usually 
40/100,000 white blood cells. This frequency increases to >1,000/100,000 after 
patients are treated with G-CSF or >300/100,000 after GM-CSF treatment 
(Ho et al., 1996). However, the proportion of early progenitors (CD347 
CD38) in the blood of patients treated with G-CSF is only a quarter of the 
proportion of early progenitors in the blood of patients treated with GM- 
CSF. The combination of G-CSF and GM-CSF produces mobilized PBSCs 
with the characteristics of the CD34’ cells found in umbilical cord blood. 
Furthermore, almost three times as many peripheral blood progenitor cells 
can be harvested using the GM-CSF/G-CSF combination in place of G-CSF 
or GM-CSF alone (Winter et al., 1996). 

Whilst many cytokines induce a rapid mobilization of hemopoietic stem 
cells, there is usually a consequential short-term depletion of bone marrow 

progenitor cells (Bodine et al., 1996). However, 2 weeks after treating mice 
with G-CSF and SCF there was a lo-fold increase in the repopulating ability 
of bone marrow cells (Bodine et al., 1996). It will be interesting to explore 
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whether routine “priming” of potential bone marrow or peripheral blood 
progenitor donors leads to higher yields of repopulating cells. Already it is 
clear that the pretreatment of patients with SCF, followed by G-CSF, increases 
the circulating peripheral blood progenitor cells 30-fold over G-CSF alone 
(Elwood et al., 1996). The quality of the repopulating cells and the timing of 
the priming doses, as well as the most effective cytokine combination, would 
need to be established. 

One combination of cytokines- IL-lp, IL-3, IL-6, G-CSF, GM-CSF, and 
SCF-appears to be very effective for stimulating the production of CD34+ 
cells from peripheral blood (Brugger et al., 1993). It is quite confusing to try 
and predict which combination will be effective for sustaining or expanding 
self-renewing stem cells. For example, there are a number of reports indicating 
that IL-3 and IL-1 drive differentiation (toward the production of lineage- 
specific progenitors) rather than self-renewal, so the repopulation potential 
of these cells is reduced (Yonemura et al., 1996). Similar observations were 
made by one group using either G-CSF or GM-CSF (Brugger et al., 1993) 
but most studies have found G-CSF and GM-CSF to augment/sustain self- 
renewal (Peters et al., 1995). Clearly, the actions of different cytokines are 
dependent on the presence of other cytokines. Thus SCF and IL-3, acting 
together or alone, do not sustain the self-renewing population; however, when 
either IL-6 or IL-1 is added to the cytokine mixture, stem cell survival is 
enhanced. As mentioned earlier, these studies are often complicated because 
an endogenous cytokine network is activated by specific stimulators; e.g., 
G-CSF stimulates the release of IL-la and IL-6 from stromal cell subsets 
(Mielcarek et al., 1996). 

What is the basis of this cytokine synergy? Perhaps there are several subsets 
of stem cells, each with multiple cytokine receptors-thus, the greater the 
range of cytokines, the higher the likelihood of stimulating more stem cell 
subsets. Alternatively, none of the individual cytokines/growth factors may 
be capable of sustaining the stem cell per se, but together they induce the 
secretion of unknown factor(s) from accessory cells (or even the CD34’ cells 
themselves), and it is this factor which is responsible for stem cell maintenance 
or expansion. Yet another possibility lies in a potential requirement of stem 
cells for multiple signaling pathways (e.g., tyrosine kinase, JAKs, integrin 
induction, extracellular matrix secretion, gpl30-associated signals, and phos- 
phoinositol signals) to be activated before self-renewal divisions can be stimu- 
lated. Time and time again, researchers have reported increased stem cell 
production with increasingly complex mixtures of cytokines. A detailed analy- 
sis of the receptor (cytokine) classes and signaling systems triggered by these 
mixtures of cytokines may give some clue to the molecular basis of this synergy. 
If the combinations are involved in stimulating an as yet unknown stem cell 
regulator, it may be necessary to collect conditioned media from the stimulated 
cells, neutralize the known cytokines, and test for factors which modulate 
stem cell survival. Similarly, the adherence status of the stem cells needs 
to be determined; perhaps a particular combination of known cytokines is 
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necessary for induction of the multiple processes required for self-renewal. 
Even at the single cell level, this will be a difficult problem to analyze, as 
induced autocrine factors may be quite potent effecters of self-renewal or 
differentiation. 

FLT-3/FLK-2 LIGAND 

Several years ago, a new family of cytokine receptors, At-3 (also called flk- 
2) was described (Matthews et al., 1991; Rosnet et al., 1991). Flt-3 is clearly 
related to the M-CSF and SCF receptors called c-fms and c-kit respectively, so 
it was reasonable to expect that the ligand for flt-3 would also be a hemopoietic 
regulator (Lyman et al., 1993; Hannum et al., 1994). After identifying, cloning, 
and expressing the At-3 ligand (FL), Lyman et al. (1993) demonstrated that 
it stimulated, albeit weakly, thymidine incorporation by murine fetal liver 
lymphomyeloid stem cells (i.e., AA4.1+, Sea-l+, li@) (Rusten et al., 1996). 
Murine FL also stimulates thymidine incorporation into a CD34’ subpopula- 
tion from human bone marrow cells. Although the proliferative response by 
murine stem cells to FL was significant (eightfold background), the FL re- 
sponse was less than 10% of the response of the stem cells to SCF; the effects 
of FL are much stronger when it is used as a synergistic factor with SCF 
(Lyman et al., 1993). 

The synergistic action of FL extends to co-stimulation of stem cells with 
other cytokines: IL-3, IL-6, G-CSF, GM-CSF; however, SCF appears to be a 
more effective synergistic agent than FL (Hannum et al., 1994; Rasko et al., 
1995; Rusten et al., 1996). The committed murine progenitor cells (AA4.1+, 
Sea-1’ linhigh) do not respond to FL, and there is only a weak synergistic 
interaction between FL and GM-CSF or IL-3. SCF is a much stronger stimula- 
tor of committed myeloid progenitor cells than FL (Hannum et al., 1994). 
There are neither direct nor synergistic actions of FL on erythroid progenitor 
cells. In combination with IL-3, FL was as potent as SCF in stimulating myeloid 
colony formation. Again, the most effective stimulus for colony formation 
from committed myeloid progenitors appears to be a mixture of three cyto- 
kines: SCF, IL-3 and FL (Rusten et al., 1996). When added together with 
SCF, IL-6, IL-U? or IL-3, there is a strong proliferative response of myeloid 
progenitors to FL (Hirayama et al., 1995). FL appears to be the most potent 
stimulus for enhancing the survival of primitive murine stem cells (lin-, kit+, 
Sea-1’) (Rasko et al., 1995). Survival of these cells was enhanced even further 
when both FL and SCF were added to the cultures. The lymphohemopoietic 
progenitor cells (post+fluorouracil, lin-, Ly6a/E+) (Hirayama et al., 1995) 
are also stimulated weakly by FL. 

B-lymphoid progenitor cell production is also stimulated by FL. The strong- 

est response was observed with both FL and IL-11: interestingly, if either IL- 
3 or ILlcv is added to these B-lymphoid-generating cultures, no pre B-cells 
are generated (Hirayama et al., 1995). G-CSF or IL-6 can also combine with 
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FL to generate pre-B cells, and again this stimulation is inhibited completely 
bv IL-3 or IL-la. It has been suggested that FL synergizes with other cytokines 
because it shortens the Gl phase of the cell cycle (Hirayama et al., 1995); 
TGF-P appears to antagonize this effect of FL on Gl. Consequently, the 

doubling time of IL-3-stimulated blast cell colonies can be reduced from 21 
to 17 h with FL. In the presence of TGF-P, IL-3, and FL, the doubling time 
returns to 23 h, but if antisense TGF-P oligonucleotides are added to the IL- 
3/FL-stimulated blast cell colonies, the doubling time decreases to 13 h. 

Clearly, the differential effects of cytokines on the maturation and self- 
renewal of stem cells need to be investigated carefully, but the combination 
of IL-3 (or SCF), FL, and TGF-P antagonists appears to be a strong, cell-free 
proliferative stimulus for early hemopoietic stem cells. (Ohishi et al., 1996). 

FL can stimulate quiescent, human hemopoietic stem cells (CD34+, CD38- 
cells) (Shah et al., 1996). The stimulatory effects of FL have been observed 
in co-culture assays with bone marrow stromal cells and CD34’, CD38- pro- 
genitor cells. In the presence of SCF, IL-6, and IL-3, these cultures increase 
in cell number 30-loo-fold after 3 weeks. When FL is added to the culture 
medium, cell numbers increase 300-2,000-fold (Shah et al., 1996). In the 
absence of stroma, the SCF/IL-G/IL-3 combination fails to stimulate prolifera- 
tion, but if FL is also present, even in the absence of stroma, proliferation 
occurs and cell numbers increase lo-400-fold. Although the IL-6 in the SCF/ 
IL-6/IL-3 combination only increases cell production marginally, the absence 
of either IL-3 or SCF reduces proliferation significantly (Shah et al., 1996). 
Whilst SCFIIL-3 stimulates the expansion of CD34+, CD38- cells (1500-fold) 
in these stromal layer cultures, the expansion only continues for 50-60 days. 
If FL is present as well, there is a greater expansion (3,000-fold) and the 
CD34+, CD38- cells persist for more than 100 days. Again, unless FL is present, 
the production of colony-forming cells stops by 60 days. Indeed, when FL/ 
SCF/IL-3/IL-6 are present, the proliferative capacity of CD34+, CD38- cells 
in this stromal co-culture system increases steadily up to 12 weeks in culture 
(Shah et al., 1996). Gene transfer into hemopoietic stem cells may be facilitated 
by co-culture systems such as this; in particular, since FL appears to stimulate 
the proliferation of quiescent stem cells, it should facilitate the introduction 
of genetic material into repopulating, hemopoietic cells. 

In mice, daily injections of FL (10 pg/day) stimulate progenitor cell produc- 
tion and the mobilization of day 13 CFU-S (Brasel et al., 1996). After 10 days, 
the total number of blood cells increases -3-fold, with a large increase in the 
monocyte population. Despite the daily injections, after 15 days the white cell 
numbers in the blood decrease; however, there is still a fourfold increase of 
white blood cell numbers in the spleen. Thus, despite the increased frequency 
of myeloid progenitor cells after 10 days of FL treatment, there is no profound 
increase in white blood cell numbers in the spleen or blood after 15 or 
20 days; presumably, other cytokines limit the production of mature (func- 
tional) white blood cells. Note that the converse can also be true: in c-mpl-‘- 
(Alexander et al., 1996) and tpo-‘- mice (Carver-Moore et al., 1996) there is 
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a profound reduction in the frequency of myeloid progenitor cells, but no 
change in the number of bone marrow or circulating neutrophils. 

STEM CELL FACTOR (SCF) 

Two of the earliest descriptions of genetic defects affecting hemopoiesis were 
associated with the steel (Sl) and the white spotting (W) mutations of mice 
(Russell, 1979). The absence of c-kit (W) or SCF (Sl) is associated with 
macrocytic anemia, mast cell deficiency, sterility, and pigment defects. Many 
years later, after the stem cell defect (W) and the environmental defect (Sl) 
had been explored in detail, molecular biologists identified the W mutation 
as an SCF receptor (c-kit) defect and the Sl mutation as an SCF (also called 
kit &and Steel Factor) defect. 

Although it is a weak stimulator of in vitro colony-forming cells, SCF 
synergizes with epo, G-CSF, GM-CSF, IL-l, IL-3, IL-6, IL-7, IL-11, and throm- 
bopoietin to increase both the number and size of hemopoietic colonies. SCF 
appears to be a more potent stimulator of cells in the pre-CFC compartment 
(Olweus et al., 1996). In cultures containing SCF, epo, IL-3, IL-6, GM-CSF, 
and G-CSF, an enriched population of primitive murine hemopoietic cells 
(CD34hi, CD38’“, CD50+), usually 1% of CD34+ cells, was capable of generat- 
ing CD34’ cells for 14 days. When SCF is omitted from these cultures? the 
frequency of CD34’ cells decreases from 28 to 17% (Olweus et al., 1996). In 
contrast, the omission of epo does not alter the production of CD34’ cells; 
however, the optimal self-renewal of the CD34hi, CD38’*, CD50’ cells in 
these cultures required both epo and SCF. 

Blast cell colony-forming cells (BC-CFC) have long been used in vitro as 
a surrogate marker for quantitating hemopoietic stem cells (Migliaccio et al., 
1996); however, analysis of BC-CFC subpopulations using flow cytometry and 
rhodamine staining indicates that the stem cells are only a small proportion 
of the BC-CFC (Migliaccio et al., 1996). A primitive stem cell population can 
be prepared by selecting for WGA+, 15X, rho- cells. Almost 10% of these 
cells were capable of permanent reconstitution of W/W” mice. When the 
WGA+, lin-15-, rho’* cells are cultured in the presence of IL-3, SCF, or a 
mixture of the two cytokines, GM-CFC are generated (Migliaccio et al., 1996). 
SCF also combines with IL-3 to stimulate the proliferation and differentiation 
of myeloid cells. SCF also synergizes with a number of cytokines (e.g., IL-l/3 
and LIF) for increasing the generation of HPP-CFU, CFC mix, GM-CFC, 
and BFU-E in culture (Imamura et al., 1996). When all three cytokines are 
present, there is a significant increase in the production of HPP-CFC and 
CFC mixed, so it is reasonable to assume that this combination of cvtokines 
has a powerful stimulatory effect on the survival and expansion of the long- 

term repopulation cells. 
Interestingly, SCF also appears to have a positive effect on the cell systems 

which receive and expand hemopoietic stem cells after transplantation 
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(Broudy et al., 1995). Pretreatment of mice with SCF and IL-11 resulted in 
improved recovery (l,OOO-fold) of GM-CFC from the spleen; furthermore, 
the pretreatment improved the survival of bone marrow transplanted, 5 
fluorouracil-ablated mice (Broudy et al., 1996). The increased numbers of 

progenitor cells might be explained by improved seeding efficiencies of stem 
cells into the spleen or bone marrow (Broudy et al., 1996) and/or by an 
increased capacity of the stroma to stimulate the proliferation of seeded stem 
cells, but the molecular changes on stromal cells induced by SCF/IL-11 have 
yet to be identified. 

GRANULOCYTE-COLONY STIMULATING FACTOR 

G-CSF was discovered as a cytokine capable of inducing the differentiation 
of WEHI-3B(D+) cells (Burgess and Metcalf, 1980). Its apparent lineage speci- 
ficity, when acting on normal bone marrow, suggested that it might be a 
regulator of the later stages of neutrophil production. However, during the 
first clinical trial of human G-CSF, Duhrsen et al. (1988) observed that G- 
CSF stimulated the release of hemopoietic progenitor cells into the peripheral 
blood. While this action of G-CSF may well be indirect, it has been reported 
that purified hemopoietic stem cells (lin-, CD34+, CD387 proliferate for 14 
days in the presence of SCF and G-CSF (Nishi et al., 1996). Both cytokines 
are necessary, as there is little or no proliferation in the presence of either 
cytokine alone. Again, since G-CSF can stimulate the production of other 
cytokines, some caution must be used when interpreting these results. These 
analyses need to be repeated at the single cell level under conditions where 
the effects of induced cytokine production are minimized. 

The mobilization of peripheral blood progenitor cells is one of the most 
useful clinical applications of G-CSF (Prosper et al., 1996; Varas et al., 1996). 
These cells can be purged of tumor cells and used directly for hemopoietic 
reconstitution or manipulated in vitro for subsequent gene therapy. Whilst 
G-CSF stem cell mobilization is already used widely, improved yields of stem 
cells would facilitate both the routine use of these cells and the feasibility of 
gene therapy. By pretreating patients with IL-3, the yield of G-CSF-mobilized 
progenitor cells can be increased threefold (Huhn et al., 1996). Similar synergy 
has been observed by combining SCF and G-CSF (Nishi et al., 1996). In a 
murine model, the use of both cytokines more than doubled the yield of spleen 
colony-forming cells in the peripheral blood (Drize et al., 1996). By optimizing 
the timing of the SCF and G-CSF delivery, even larger increases in human 
PBSCs have been achieved (G.C. Begley, personal communication). In analyz- 
ing the utility of these multiple cytokine regimes, it will be important to 
monitor the long-term repopulation ability of the harvested PBSCs and/or 
stem cells after the in vitro manipulation. Whilst short-term reconstitution 
can be enhanced and the efficiency of gene transfer can be increased by 
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multiple cytokine stimulation, up to now it has 
new genes to the long-term re popula .ting cells. 

proved difficult to transfer 

INTERLEUKIN-3 

IL-3 promotes the survival of primitive human hemopoietic cells (Brandt et 
al., 1994). A synthetic derivative of IL-3 (with lo-fold increased biological 
activity) accelerates the recovery of platelets and neutrophils after radiation- 
induced bone marrow aplasia (Farese et al., 1996). However, questions have 
been raised about the effects of both IL-1 and IL-3 on the self-renewing 
capacity of hemopoietic stem cells (Yonemura et al., 1996). Yonemura et al 
observed short-term (7 day) in vitro expansion (approximately twofold) of 
primitive hemopoietic progenitor cells; however, by 14 days the presence of 
IL-3 had reduced the proportion of Ly6a/E+, c-kit+ cells to 10% of control 
cultures. Similarly, the repopulating ability of primitive murine hemopoietic 
progenitor cells (Ly6a/E+, c-kit) was abolished by culturing in the presence 
of either IL-3 or IL-1 (Yonemura et al., 1996). These cultures all contained 
SCF, IL-6, IL-l 1, and epo, so the effects of IL-3 and IL-l on self-renewal 
capacity must dominate the proliferative and/or survival activities of the other 
cytokines. These observations are difficult to reconcile with many previous 
studies that report that IL-3 and SCF are required for the survival of dormant 
primitive progenitor cells (Bodine et al., 1989; Katayama et al., 1993; Koba- 
yashi et al., 1996). 

THROMBOPOIETIN 

Thrombopoietin (tpo, also called mpl ligand) regulates the production and 
maturation of megakaryocytes and platelets (Ebbe, 1997). Discovered only 
recently, tpo was initially believed to be specific for the megakaryocyte/platelet 
lineage (Kaushansky, 1995). However, tpo also appears to act on primitive 
progenitor cell populations (Zeigler et al., 1994; Broudy et al., 1995; Farese 
et al., 1995; Debili et al., 1997). Indeed, c-mpl-‘- (Alexander et al., 1996) and 
tpo-‘- (Carver-Moore et al., 1996) deficient mice have reduced numbers of 
multipotential hemopoietic progenitor cells in both bone marrow and spleen. 
Despite the reduced numbers of myeloid progenitor cells, the mpl-‘- and 
tpo-‘- mice have normal neutrophil numbers. At present there are no data 
to indicate how the normal neutrophil numbers are achieved. It has also been 
shown that tpo stimulates the expansion of early hemopoietic cells in vitro 
(Kobayashi et al., 1996; Sitnicka et al., 1996a; Young et al., 1996a). Tpo acts 
in synergy with IL-3 to increase the production of primitive hemopoietic cells 

in culture. 
Cytokines (growth factors, interleukins and colony-stimulating factors) reg- 

ulate all aspects of the development of hemopoietic progenitor cells; however, 
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the most potent modulator of the primtive hemopoietic cells appears to be 
bone marrow-derived stromal cells. Stromal cells provide multiple cytokines 
and extracellular matrix components; together with the appropriate hemopoi- 
etic stem cell receptor display, these two signaling systems appear to be re- 

quired for the stimulation of self-renewal cell divisions. At present, it appears 
difficult to introduce new genes into long-term repopulating cells; however, 
the appropriate mixture of cytokines, extracellular matrix components, and 
differentiation inhibitors can be expected eventually to provide the appro- 
priate conditions for gene transfer into stem cells. 

AUTOCRINE STIMULATION IN MYELOID LEUKEMIAS 

The uncontrolled production of myeloid cells which occurs in leukemia can 
be caused by many distinct mechanisms, including the activation of ras (Farr 
et al., 1988) abl (Ben-Neriah et al., 1986) or c-fms (Jacobs et al., 1990). There 
have been a number of reports linking the autocrine production of cytokines/ 
growth factors to leukemogenesis (Cozzolino et al., 1989) but invariably these 
studies have been directed toward the characterization of these cells in vitro. 
Unfortunately, when cells are cultured in vitro, growth factorlcytokine produc- 
tion can be stimulated (Kaufman et al., 1988) so it is difficult to determine 
whether these autocrine regulators influence the initial or even later stages 
of leukemogenesis per se (Lang and Burgess, 1990). 

Several types of mutations appear to influence the leukemogenesis process: 
The activity of nuclear proteins such as myc or myb (Sanchez-Garcia and 
Grutz, 1995) may be perturbed, increasing the ability of early progenitor cells 
to self-renew (“immortalize”). Once lesions such as this are complemented 
by excess growth factor/cytokine (e.g., autocrine) synthesis, cell production 
would be dysregulated. The combined effects of these “immortalizing” and 
“growth factor-related” lesions may lead to excess cells within different hemo- 
poietic compartments, i.e., blast cell leukemias or chronic granulocyte leu- 
kemia. 

Myelomonocytic leukemias are unusual in that they will proliferate in vitro 
without an exogenous source of GM-CSF. Thus, chronic myelomonocytic 
leukemia (CMML) cells are known to secrete sufficient GM-CSF and IL-6 to 
allow colony formation in vitro (Everson et al., 1989). IL-10 inhibits cytokine 
production. IL-10 has been used to demonstrate that autocrine GM-CSF and 
not G-CSF, IL-3, or IL-6 was responsible for the autonomous proliferation 
of CMML cells in vitro (Geissler et al., 1996). 

The proliferative state of leukemic blast cells may be controlled indirectly 
by the cytokine-inductive effects of IL-l (Dinarello, 1996). IL-1 increases the 
production of GM-CSF, which appears to be responsible for the proliferative 
effects of IL-1 (Russell, 1992). 

IL-1 secretion has been associated with several leukemic cell types, includ- 
ing acute and chronic myeloid and acute and chronic lymphocytic leukemias. 
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The induction of IL-lp is associated with the leukemic state; however, its 
proliferative effects appear to be mediated by GM-CSF. Antisense oligonucle- 
otides to GM-CSF mRNA reduce the proliferation of these cells (Russell, 
1992). Thus, AML cell proliferation can be reduced by neutralizing antibodies 
to IL-1p (but not IL-la), soluble IL-l receptor, antisense oligonucleotides 
against IL-l-converting enzyme (Stosic-Grujicic et al., 1995) or, as mentioned 
above, antisense GM-CSF oligonucleotides. 

It is presumed that autocrine GM-CSF facilitates the survival and/or prolif- 
eration of all types of myelomonocytic leukemia cells, but there is no evidence 
that it influences the self-renewal capacity of the leukemic progenitor cells. The 
increased self-renewal capacity of these cells is presumably due to mutations 
controlling the expression of immortalizing genes such as myb or myc. 
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INTRODUCTION 

Proliferation is a fundamental requirement for developmental establishment 
and renewal of tissues. Consequently, an understanding of stem cell biology 
and utilization of stem cells for gene therapy necessitates delineation of growth 
regulatory mechanisms that’ are operative both in vivo and ex vivo. Such 
insight into control of proliferation will facilitate the design of protocols for 
expression of stem cells, including under conditions where transfected genes 
are expressed with fidelity. Equally important, a basis will be provided for 
stringent regulation of the proliferative process under conditions where expres- 
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sion of postproliferative cell and tissue-specific parameters are not compro- 
mised. 

In this chapter, we explore the broad spectrum of signaling mechanisms 
that integrate and amplify growth-related regulatory cues that modulate the 
expression of genes requisite for proliferation and cell cycle control. The 
modularly organized promoter elements of genes that support the onset and 
progression of proliferation are presented as blueprints for growth control 
within the context of responsiveness to mediators of proliferative status. These 
encompass cytokines, growth factors, steroid hormones, and cell cycle regula- 
tory factors that include but are not restricted to cyclins, cyclin-dependent 
kinases, cyclin inhibitors, and tumor suppressor proteins. Additionally, we 
address the activities of factors that mediate the postproliferative downregula- 
tion of cell cycle and cell growth regulatory pathways to support quiescence 
and expression of phenotypic genes at the onset of differentiation (Stein and 
Lian, 1993; Stein et al., 1990). Our rationale is that, from a biological perspec- 
tive, to understand growth control we must define the stringent regulation of 
molecular parameters associated with competency for initiation of prolifera- 
tion and progression through the cell cycle (Baserga and Rubin, 1993). Each 
component of the regulatory cascade indicates a step in physiological control 
(Nurse, 1994). There is growing appreciation for uncompromised operation 
of multiple cell cycle checkpoints that serve as surveillance mechanisms and 
invoke repair pathways or apoptosis under defined circumstances. 

We refrain from providing a catalog of proliferation-associated regulatory 
factors. Our objective is to confine our consideration to those components of 
growth control that contribute insight into rate-limiting events operative at 
principal cell cycle transition points as well as at the onset and termination 
of proliferation. Because the volume of information on cell cycle and growth 
control has expanded dramatically, a single chapter cannot be comprehensive. 
Moreover, to serve the theme of this book, we emphasize functional interrela- 
tionships between physiological regulatory signals that contribute to cell cycle 
control and phenotypic competency. However, we provide references to a 
series of excellent review articles that broadly treat cell cycle regulatory con- 
cepts and serve as databases for an expanded segment of the relevant literature. 

GROWTH REGULATORY MECHANISMS: 
A HISTORICAL PERSPECTIVE 

A historical perspective of cell cycle control offers a conceptual and experi- 
mental basis for our current understanding of growth regulation at the cellular, 
biochemical, and molecular levels. The complexity of proliferation-related 
regulatory mechanisms is becoming increasingly evident. As a result, we are 

expanding our appreciation of interrelationships between cell cycle control 
and accommodation of requirements for proliferation under a broad spectrum 
of biological circumstances that range from early stage cleavage divisions 
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during the initial periods of embryogenesis to compensatory proliferation 
during tissue renewal and remodeling. 

Subdivision of the Cell Cycle Into Functional Stages 

The cornerstone for investigations into mammalian cell cycle control is the 
documentation by Howard and Pelt (1951) nearly four decades ago that 
proliferation of eukaryotic cells, analogous to that of bacteria, requires discrete 
periods of DNA replication (S phase) and mitotic division (M) with a postsyn- 
thetic, premitotic period designated G2 and a postmitotic, presynthetic period 
designated Gl (Fig. 1). The foundation for pursuit of regulatory mechanisms 
associated with growth control and cell cycle progression was provided by an 
elegant series of cell fusion and nuclear transplant experiments (reviewed by 
Prescott, 1976; Heichman and Roberts, 1994). Consequential influences of 
cytoplasm from various stages of the cell cycle on nuclei from other periods 
demonstrated the following basic principles of cell cycle control: (1) the on- 
set of DNA synthesis is determined by cytoplasmic factors present through- 
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FIGURE 1. Checkpoints during cell cycle progression. The four stages of the cell 
cycle (Gl, S, G2, and M) each contain several critical cell cycle checkpoints at which 
competency for cell cycle progression is monitored. Entry and exit of the cell cycle is 
controlled by growth regulatory factors (e.g., cytokines, growth factors, cell adhesion, 
and/or cell-cell contact) which determine self-renewal of stem cells and expansion of 
pre-committed progenitor cells. 
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out S phase but absent in pre-S phase; (2) a nuclear mechanism prevents re- 
replication of DNA without passage through mitosis; and (3) a dominant 
cytoplasmic factor in mitotic cells promotes mitosis in interphase cells irrespec- 
tive of whether DNA replication has occurred. The broad biological relevance 
of cell cycle regulatory parameters is reflected by the phylogenetic conserva- 
tion of control mechanisms in yeast, protozoans, echinoderms, amphibian 
oocytes, and mammalian cells. 

The initial indication that modifications in gene expression are required to 
support entry into S phase and mitosis was obtained from inhibitor studies. 
First observed was the necessity of transcription and protein synthesis for 
DNA replication and mitotic division (Terasima and Yasukawa, 1966; Baserga 
et al., 1965). Restriction points late in Gl and G2 for competency to initiate 
S phase and mitosis were mapped (Sherr, 1993; Dowdy et al., 1993; Pardee, 
1989). Subsequently, by the combined application of gene expression inhibitors 
and modulation of growth factor levels in cultured cells, a mitogen-dependent 
(growth factor/cytokine responsive) period was defined early in Gl in which 
competency for proliferation is established, and a late Gl restriction point 
was identified in which competency for cell cycle progression is attained (Par- 
dee, 1989). 

Cell Cycle Checkpoints 

Checkpoints have been identified that govern passage through Gl and G2 
(Fig. 1), where competency for cell cycle traverse is monitored (Nurse, 1994; 
Sherr, 1993,1994; Dowdy et al., 1993). The first evidence for these checkpoints 
was provided by the observation of delayed entry into S phase or mitosis 
following exposure to radiation or carcinogens. Editing functions are opera- 
tive, and decisions for continued proliferation, growth arrest, or apoptotic cell 
death are executed at these regulatory junctures (White, 1994). Here, long- 
standing fundamental questions deal with the requirement of proliferation 
for the onset of differentiation as well as the extent to which proliferation 
and postproliferative expression of cell and tissue phenotypic genes are func- 
tionally interrelated or mutually exclusive. Knowledge of control that is opera- 
tive at cell cycle checkpoints is rapidly accruing. The complexity of the 
surveillance mechanisms that govern decisions for cell cycle progression is 
becoming increasingly apparent. We are now aware of multiple checkpoints 
during S phase that monitor regulatory events associated with DNA replica- 
tion, histone biosynthesis, and fidelity of chromatin assembly. Mitosis is 
similarly controlled by an intricate series of checkpoints that are responsive 
to biochemical and structural parameters of chromosome condensation, 
mitotic apparatus assembly, chromosome alignment, chromosome movement, 
and cytokinesis. 

Biochemical And Molecular Parameters Of Cell Cycle Control 

Characterization of the biochemical and molecular components of cell cycle 
and growth control emerged from systematic analysis of conditional cell cycle 
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mutants in yeast (Hartwell et al., 1974; Hartwell and Weinert, 1989). These 
studies were the foundation for the concept that cell cycle competency and 
progression are controlled by an integrated cascade of phosphorylation- 
dependent regulatory signals. Cyclins are synthesized and activated in a cell 

cycle-dependent manner and function as regulatory subunits of cyclin- 
dependent kinases (CDKs). The CDKs phosphorylate a broad spectrum of 
structural proteins and transcription factors to mediate sequential parameters 
of cell cycle control (Fig. 2). By complementation analysis, the genes for 
mammalian homologs of the yeast cell cycle regulatory proteins have been 
identified. In vivo overexpression, antisense, and antibody analyses have veri- 
fied conservation of cell cycle-dependent regulatory activities and have vali- 
dated functional contributions to control of cell cycle stage-specific events. 
The emerging concept is that the cyclins and CDKs are responsive to regulation 
by the phosphorylation-dependent signaling pathways associated with activi- 
ties of the early response genes, which are upregulated following mitogen 
stimulation of proliferation (reviewed bv Hunter and Pines, 1994; Hartwell 
and Weinert, 1989; MacLachlan et al., 1995) (summarized in Fig. 2). Cyclin- 
dependent phosphorylation is functionally linked to activation and suppression 
of both ~53 and Rb-related tumor suppressor genes, which mediate transcrip- 
tional events involved with passage into S phase. The activities of the CDKs 
are downregulated by a series of inhibitors (designated CDIs) and mediators 
of ubiquitination, which signal destabilization and/or destruction of these 
regulatory complexes in a cell cycle-dependent manner. Particularly signifi- 
cant is the accumulating evidence for functional interrelationships between 
activities of cyclin-CDK complexes and growth arrest at Gl and G2 check- 
points, when editing and repair are monitored following DNA damage. It is 
at these times, and in relation to these processes, that apoptotic cell death is 
invoked as a compensatory mechanism. 

During Gl, expression of genes associated with deoxynucleotide biosynthe- 
sis are upregulated (e.g., thymidine kinase, thymidylate synthase, dihydrofolate 
reductase) in preparation for DNA synthesis (King et al., 1994; Pardee and 
Keyomarsi, 1992; Johnson, 1992). As ce.lls progress through Gl, regulatory 
factors required for initiation of DNA replication are sequentially expressed 
and/or activated. Following stimulation of quiescent cells to proliferate, expres- 
sion of the fos/jun-related early response genes is induced early in Gl, playing 
a pivotal role in activation of subsequent cell cycle regulatory events. In S 
phase, DNA replication is paralleled by and functionally coupled with histone 
gene expression, providing the necessary basic chromosomal proteins (Hl, 
H4, H3, H2A, and H2B) for packaging newly replicated DNA into chromatin 
(Azizkhan et al., 1993; Plumb et al., 1983). During G2, regulatory factors for 
mitosis are synthesized, and modifications of chromatin structure to support 
mitotic chromosome condensation occur (reviewed by MacLachlan et al., 
1995). Mitosis involves a sequential remodeling of genome architecture from 
uncondensed chromatin to highly condensed chromosomes and back to chro- 
matin; assembly and subsequent disassembly of the mitotic apparatus; break- 
down and reformation of the nuclear membrane; and modifications in activities 
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of factors required for reinitiation of cell cycle progression, quiescence, or 
differentiation. 

As the sophistication of experimental approaches for dissection of promoter 
elements and characterization of cognate regulatory factors increases, there 
is an emerging recognition of cyclic modifications in occupancy of promoter 
domains and protein-protein interactions that control cell cycle progression. 
The changes observed in the site II cell cycle regulatory promoter element 
of the histone gene illustrate such changes in factor occupancy and activities 
that are functionally linked to activation, suppression, and subtle modifications 
in levels of expression that are proliferation dependent (van Wijnen et al., 
1994, 1996; Vaughan et al., 1995; Stein et al., 1989; Holthuis et al., 1990; Pauli 
et al., 1987). 

Recently, considerable attention has been directed to experimentally ad- 
dressing transcriptional regulatory mechanisms that are associated with cell 
cycle and growth control. However, the importance of control at post- 
transcriptional levels should not be underestimated. For example, cell-cycle 
dependent modifications in histone mRNA processing and stability contribute 
to linkage of histone gene expression with DNA replication and the S phase 
of the cell cycle (Harris et al., 1991; Marzluff and Pandey, 1988; Morris et al., 
1991; Pelz et al., 1991; Pardee, 1989). Compartmentalization of cell cycle 
regulatory factors and/or cognate gene transcripts, as well as phosphorylation 
of regulatory proteins, are components of post-transcriptional growth control 
(Zambetti et al., 1987; Birnbaum et al., 1997). 

Multiple, Interdependent Cycles Operative During Proliferation 

Several interdependent cycles are functionally linked to control of prolifera- 
tion. The first is a stringently regulated sequential series of biochemical and 
molecular parameters that support genome replication and mitotic division. 
The second is a cascade of cyclin-related regulatory factors that transduce 
growth factor-mediated signals into discrete phosphorylation events, control- 
ling expression of genes responsible for both initiation of proliferation and 
competency for cell cycle progression. Other cell cycle-related regulatory 
loops involve chromosome condensation, spindle assembly, metabolism, and 

FIGURE 2. Regulation of the cell cycle by cyclins, CD&, and CDIs. Cell cycle 
progression is determined by an integrated cascade of positive (e.g., cyclins) and 
negative (e.g., CDIs) cell cycle regulatory factors that influence the activities of cyclin- 
dependent kinases. CDKs mediate phosphorylation of pRb-related proteins, which 
results in activation of E2F and other transcription factors, as well as induction of Gl/ 
S phase-related gene expression by E2F-dependent and E2F-independent mechanisms. 
The activities of CDKs are also influenced by phosphorylation (e.g., CDK-activating 
kinase [CAK, Wee-l], dephosphorylation [cdc25], and ubiquitin-dependent prote- 
olysis). 
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assembly of cdc2 and assembly/disassembly of DNA replication factor com- 
plexes (replicators and potential initiator proteins [Stillman, 1996; Hamlin et 
al., 1994; Muzi-Falconi and Kelly, 1995; Clyne and Kelly, 1995; Dubey et al., 
1996; Gavin et al., 1995; Gossen et al., 1995; Leatherwood et al., 1996; Carpen- 
ter et al., 1996; Wohlgemuth et al., 19941). It is becoming increasingly evident 
that each step in the regulatory cycles governing proliferation is respon- 
sive to multiple signaling pathways and has multiple regulatory options. The 
diversity in cyclin-CDK complexes accommodates control of proliferation 
under multiple biological circumstances and provides functional redundancy 
as a compensatory mechanism. The regulatory events associated with the 
proliferation-related cycles support control within the contexts of (1) respon- 
siveness to a broad spectrum of positive and negative mitogenic factors; 
(2) cell-cell and cell-extracellular matrix interactions; (3) monitoring se- 
quence integrity of the genome and invoking editing and/or apoptotic mecha- 
nisms if required; and (4) competency for differentiation. 

Accommodation of Unique Cell Cycle Regulatory Requirements in 
Specialized Cells 

Consistent with the stringent requirement for fidelity of DNA replication and 
DNA repair to execute proliferation, stage-specific modifications in control 
of cell cycle regulatory factors have been observed to parallel physiological 
changes and perturbations in growth control. Some striking examples of physi- 
ological changes are regulatory mechanisms that support developmental tran- 
sitions during early embryogenesis, when DNA replication and mitotic division 
occur in rapid succession in the absence of significant Cl or G2 periods. In 
contrast, proliferation in somatic cells of the adult requires passage through 
a cell cycle with Gl, S, G2, and mitotic periods that are operative and necessary. 
Often, a prolonged Gl period provides support for long-term quiescence of 
cells and tissues while retaining the competency to reinitiate proliferation for 
tissue remodeling and renewal. 

The abrogated components of growth control in transformed and tumor 
cells are associated with and functionally linked to both the regulation and 
regulatory activities of cyclin-CDK complexes. Characteristic alterations have 
been associated with progressive stages of neoplasia and specific tumors (re- 
viewed by Hunter and Pines, 1994; Hartwell and Weinert, 1989). Consequently, 
tumor cells are providing us with valuable insight into rate-limiting regulatory 
steps in cell cycle and cell growth control. In addition, we are increasing our 
opportunity to therapeutically rectify proliferative disorders in a targeted 
manner. Particularly challenging is the possibility of restoring fidelity of regula- 
tory mechanisms operative at cell cycle checkpoints, when responses to apop- 

totic signals prevent accumulation and phenotypic expression of mutations 
associated with growth control perturbations. 
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FACTORS CONTROLLING PROLIFERATION AND 
CELL CYCLE PROGRESSION: THE REGULATORY AND 
REGULATED MECHANISMS 

We present an overview of the principal components of positive and negative 
control that govern entrance into and progression through the cell cycle (re- 
viewed by Norbury and Nurse, 1992). Emphasis is on the regulated and regula- 
tory parameters of cell cycle control, especially initiation of proliferation and 
Gl and G2 functions that ensure that the factors required for the next phase 
have been synthesized and that the previous phase has been completed. Transi- 
tions through and between different phases of the cell cycle that are regulated 
by checkpoints are described when certain prerequisites must be met for 
progression to occur (Hartwell and Weinert, 1989). The factors that support 
activities at these cell cycle checkpoints are discussed in relation to ultimately 
ensuring that newly divided cells receive a full and intact complement of 
hereditary material. 

Entry of Quiescent Cells Into the Cell Cycle 

When quiescent cells (GO) are stimulated to proliferate and divide, they enter 
Gl, the first phase of the cell cycle where the enzymes required for DNA 
replication are synthesized. Before a cell can progress through Gl and begin 
DNA synthesis (S phase), it must pass through a checkpoint in late Gl, which 
is known as the restriction point (Pardee, 1989). At this restriction point, both 
positive and negative external growth signals are integrated into the cell cycle. 
If conditions are appropriate, the cell proceeds through the remainder of Gl 
and enters the S phase. Once the cell passes the restriction point, it is refractory 
to withdrawal of mitogens or to growth inhibitory signals and is committed 
to progressing through the remainder of the cell cycle unless it is subjected 
to DNA damage or metabolic disturbance (Pardee, 1989). In mammalian cells, 
progression through the cell cycle is regulated by the activity of a family of 
threonine/serine kinases designated cyclin-dependent kinases (Morgan, 1995). 
CDKs are regulated by both positive and negative phosphorylation and their 
reversible association with specific cyclins during defined phases of the cell 
cycle. In general, the levels of CDK proteins remain relatively constant during 
the cell cycle, whereas the expression of specific cyclins is confined to distinct 
phases of the cell cycle where they are quickly degraded after having completed 
their function. 

The retinoblastoma protein (Rb), a tumor suppressor, is a member of a 
family of related proteins that include ~107 and ~130. Rb has been shown 
to have a critical role in the regulation of cell proliferation, particularly in 
progression through Gl (reviewed by Weinberg, 1995). Rb functions as a 
signal transducer, receiving both growth-promoting and -inhibitory signals 
and linking them to the transcriptional machinery required for cell cycle 
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progression or cell cycle arrest. In quiescent cells or cells re-entering Gl from 
mitosis, Rb exists in an underphosphorylated or dephosphorylated state. As 
cells are stimulated to proliferate and enter the cell cycle, Rb becomes progres- 
sively phosphorylated. In early Gl, Rb is phosphorylated by CDK4 and CDK6, 
in conjunction with their obligate catalytic partners the D-type cyclins (Meyer- 
son and Harlow, 1994; Matsushime et al., 1994). When quiescent cells are 
exposed to growth factor signals, and depending on the cell type, one or more 
members of a family of delayed early response genes, the D-type cyclins are 
induced. Combinations of the D-type cyclins are expressed in a cell type- 
specific manner. This evidence suggests that D-type cyclins have a key role 
in sensing and integrating mitogenic signals to the cell cycle (Sherr, 1993). 
However, other growth factor-dependent events are required for the forma- 
tion of active CDK4-cyclin D complexes and subsequent cell cycle entry as 
well as progression. Cyclin D and CDK4 ectopically overexpressed in fibro- 
blasts do not assemble in active complexes in the absence of serum. However, 
the exact biochemical link between mitogenic signaling cascades and the ex- 
pression of D-type cyclins have not been identified. The D-type cyclins have 
been shown to bind to Rb by a consensus amino acid motif, LXCXE, that 
functions to target CDK4 and CDK6 to Rb (Dowdy et al., 1993; Ewen et al., 
1993). Rb phosphorylation by cyclin D-CDK4/6 complexes is first detected 
in mid-G1 and is maximal near the GUS transition. 

In its unphosphorylated state, Rb exists as a heterodimer with specific 
members of the E2F family of transcription factors (Weinberg, 1995). Other 
E2F family members bind specifically to either ~107 or ~130. Rb phosphoryla- 
tion results in the dissociation and activation of E2F. E2F is a heterodimer 
composed of E2F and DP-related factors. Activation of the E2F family of 
transcription factors positively regulates genes required for entry into S phase 
and DNA synthesis that include cdc2, c-myc, cyclin A, dihydrofolate reductase 
(DHRF), DNA polymerase-cu, thymidine kinase (CTK), thymidylate kinase 
(TMK), dihydroorotate synthase (CAD), and ribonucleotide reductase M2 
(RNR) (reviewed by Nevins, 1992; LaThangue, 1994). Growth inhibitory sig- 
nals that specifically arrest cells in Gl maintain Rb in a hypophosphorylated 
state as a heterodimic complex with E2F, repressing E2F activity and prevent- 
ing the expression of genes required for DNA synthesis. 

Progression through the late Gl restriction point is controlled by a CDK2- 
cyclin E complex. As cells reach the GUS transition, Rb phosphorylation 
shifts from being mediated by cyclin D-CDK complexes to cyclin E-CDK2 
complexes. The cyclin E gene is responsive to E2F regulation and is transiently 
expressed with mRNA levels being maximal at the GUS transition. The E2F- 
responsive nature of cyclin E results in regulation of cyclin E activity by a 
positive feedback loop. The exact functions of Rb phosphorylation by these 
different CDK complexes are not known. However, CDKs may function to 

change Rb phosphorylation from a mitogen-dependent state (cyclin D-CDK4) 
to a mitogen-independent state (cyclin E-CDK2) (Sherr, 1996). Rb phosphor- 
ylation continues throughout the remainder of the cell cycle until anaphase; 
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these phosphorylations are mediated by cyclin A- and cyclin B-dependent 
kinases, depending on the cell cycle phase. Cyclin E is rapidly degraded by 
a ubiquitin-dependent proteolysis as cells enter S phase. CDK2 phosphoryla- 
tion of cyclin E is required for this process. 

Cyclin A synthesis is induced in late Gl by activated E2F. CDK2-cyclin 
A is required for the initiation of DNA replication and to support DNA 
synthesis throughout S phase. As discussed below, cyclin A-dependent kinases 
are involved in phosphorylating substrates that are components of replication 
origins. In addition, CDK2-cyclin A phosphorylates DP-1, which results in 
decreased E2F transactivation activity as cells enter S phase. Once a cell 
completes mitosis, Rb is dephosphorylated in anaphase by a type 1 phospha- 
tase (Durfee et al., 1993). 

At the onset of mitosis, chromosome condensation is mediated by cdc2- 
cyclin B-dependent phosphorylation of a number of substrates (Guadagno et 
al., 1993; Swenson et al., 1986; Pines and Hunt, 1987). Phosphorylation of 
histone Hl by cdc2-cyclin B modifies chromatin structure through alterations 
in nucleosome interactions (Minshull et al., 1989; Jerzmanowski and Cole, 
1992). cdc2-cyclin B also contributes to chromosome condensation by phos- 
phorylating and consequently activating caseine kinase, which is a topoisomer- 
ase II activator (Reeves, 1992). cdc2 has been functionally linked to control of 
mitosis by phosphorylation-dependent abrogation of lamin phosphorylation, 
which results in nuclear envelope breakdown. In addition, both cdc2-cyclin 
A and cdc2-cyclin B promote microtubule formation from centromeres (Nigg, 
1992, 1993; Ohta et al., 1993). 

The complexity of cdc2 regulation in relation to cell cycle control is illus- 
trated by phosphorylation-dependent changes at the onset of mitosis. During 
G2, cdc2 is inactivated by phosphorylation of Tyr-15 by Wee-l. Initiation of 
mitosis is functionally coupled to inactivation of Wee-l by phosphorylation, 
which is mediated by a series of kinases that include the niml kinase. cdc25 
phosphatase dephosphorylates cdc2 at the onset of mitosis, and the cdc2-cyclin 
B complex phosphorylates and activates cdc25. Phosphorylation of Thr-161 
by CDK-activating kinase (CAK) (MO15 or CDK7) in association with cyclin 
H is required for maximal cdc2 activity. 

Cell Cycle Regulation in Continuously Dividing Cells 

Compared with quiescent cells that enter the cell cycle, some cells undergo 
a high ra te of expan sion and do not exit the cell cycle after 0 ne divis ion but 
undergo conti nuous division. For example, emb ryonic cells, ce 11s in tissues 
that undergo a high rate of renewal such as in the lining of the intestine, the 
skin, hematopoietic linages, and cancer cells, continuously divide without 
exiting the cell cycle. Because the critical events that determine entry and 
progression through the cell cycle reside in Gl, particularly at the restriction 
point, these cells may bypass some of the rate-limiting events determining 
cell cycle competency (reviewed by Sherr, 1996). A classic example is the 



52 STEIN ET AL. 

overexpression of cyclin Dl in a variety of tumors, including esophageal, 
hepatic, head and neck, breast, colorectal, and some sarcomas. Overexpression 
of cyclin Dl has been correlated with hyperplastic and neoplastic cell growth 
phenotypes in a number of these tissues that are characterized by reduced 
growth factor requirements and shortened cell cycle transit. Normal cells that 
undergo continuous division are able to respond to signaling pathways that 
prevent uncontrolled proliferation, while cancer cells abandon these controls 
and remain in the cell cycle (Sherr, 1996). 

Negative Regulation of CDK Activity by CDK Inhibitors 

In the past 5 years a number of proteins that bind to and inhibit the activity 
of CDKs have been identified and designated CDK-inhibitor proteins (CDIs; 
reviewed by Hunter and Pines, 1994) (see Table 1). These proteins are ex- 
pressed in a tissue- and cell type-specific manner and have been associated 
with diverse responses such as growth arrest, differentiation, and apoptosis. 
The role of these proteins in these responses have been demonstrated in gene 

TABLE 1 Properties of Cyclin-Dependent Kinase Inhibitors 

Inhibitor Specificity Comments 
Phenotype of 

Knockout Mouse 

PI5 
INK4b CDK4/CDK6 Inducible by TGF-P1 

(Hannon and Beach, 
1994) 

PI6 
INK4a CDK4/CDK6 Constitutively expressed 

(Serrano et al., 1993) 

PI8 
INK4c CDK4lCDK6 Guan et al (1994) 

Pl9 
INK4d CDK4/CDK6 Interacts with Nur77 

(Chan et al., 1995) 
p21 CiPl Universal Inducible by p53/MyoD 

(Guo et al., 1995; 
El-Deiry et al., 1993) 

p27Ki~l Universal Activated by TGF-Pl, 
cell-cell contact 
(Polyak et al., 1994a,b) 

Develop spontaneous 
tumors at early age, 
increased sensitivity to 
carcinogens (Serrano et 
al., 1996) 

Defective Gl checkpoint 
control (Deng et al., 
1995) 

Increased body size, organ 
hyperplasia, female 
sterility (Kiyokawa et 
al., 1996; Nakayama et 
al., 1996; Fero et al., 
1996) 

. p57K’P2 Universal Associated with terminal 
differentiation 
(Matsuoka et al., 1995) 
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knockout experiments. These proteins can be divided into two families based 
on structural homology and amino acid similarity. The Cip/Kip family, which 
includes ~21, ~27, and ~57, all contain a region of homology that mediates 
their binding to CDKs and is required for their inhibition of CDK activity. 

The INK family, which includes ~15, ~16, ~18, and ~19, contain multiple 
ankyrin repeats. These two families differ in substrate specificity, with the 
Cip/Kip family targeting a wide range of CDK-cyclin complexes, and are 
therefore considered universal CDIs. The INK family appears to be specific 
for CDK4 and CDKG. 

In addition to their distinct substrate specificity, CDIs are also grouped 
into two categories based on their expression, namely, the constitutive and 
the inducible. Some of the constitutively expressed CDIs, such as p16 and 
~27, have been shown to bind to cyclin-CDK complexes. The activity of these 
complexes depends on the stoichiometry of CD1 binding. It is thought that 
the constitutively expressed CDIs act to prevent inappropriate cell cycle pro- 
gression and that the levels of cyclins and CDKs must exceed a threshold 
level of constitutive CD1 in order for cell cycle progression to occur. Recent 
studies suggest that p27 Kipl may be required for restriction point control (Coats 
et al., 1996). The levels of ~27~‘p’ are increased in fibroblasts deprived of 
serum mitogens and consequently arrested in Gl. Serum stimulation of these 
cells results in cell cycle progression and decreased levels of ~27~‘p’. Mice 
nulliyzgous for p27 demonstrate a number of phenotypes that include an 
overall body size that is one-third larger than the wild-type controls, female 
sterility that is associated with a defect in luteal cell differentiation, and pitu- 
itary adenomas. The increase in animal size is due to an increased number of 
cells, not to increased cell size. A variety of stimuli have been shown to induce 
different CDIs (see Table 1). p21ciP’ is transcriptionally activated by the tumor 
suppressor ~53 in response to DNA damage (El-Deiry et al., 1993). In addition, 
a number of lines of evidence suggest that p21ciP1 may have a functional role 
in differentiation of a variety of cell types. MyoD, a skeletal muscle-specific 
bHLH transcription factor that induces terminal cell cycle arrest associated 
with skeletal muscle differentiation, has been shown to induce the levels of 
P21 ciP1 (Halevy et al., 1995). In situ hybridization of developing mouse embryos 
demonstrates that p21 mRNA is localized to tissues that primarily contain 
postmitotic differentiated cells (Parker et al., 1995). CDIs have been shown 
to be regulated at transcriptional and post-translational levels. 

Roles for Cell Cycle Regulatory Factors in Differentiation 

Because acquisition of tissue-specific phenotypes is normally associated with 
growth arrest, most of the attention to cell cycle regulatory factors within the 
context of differentiation has been focused on mechanisms that ensure exit 
from the cell cycle as a prerequisite for differentiation. These mechanisms 
include hypophosphorylation of Rb and decreased representation or activity 
of cyclin-CDK complexes, with recent emphasis on the upregulation of CDIs 
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during differentiation. While this concept and its significance to carcinogenesis 
have been addressed in several recent reviews (Weinberg, 1995; MacLachlan 
et al., 1995; Kranenburg et al., 1995a; Marks et al., 1996) here we present 
representative evidence demonstrating that many factors controlling cell cycle 
progression acquire additional roles postproliferatively and are in fact active 
in the differentiation process of various cell types. 

pRb and Related Proteins. The best characterized function of the Rb gene 
is the association of hypophosphorylated pRb with E2F transcription factors. 
Consequently, phosphorylation of pRb by CDKs during mid and late Gl 
results in the timely transcriptional activation of E2F-regulated genes (re- 
viewed by Weinberg, 1995; Nevins, 1992; La Thangue, 1994). However, it is 
now clear that pRb function is not confined to its roles in the control of cell 
cycle progression and maintenance of quiescence. Numerous investigators 
have reported high abundance of pRb in a variety of postmitotic cell types, 
where it is mostly found hypophosphorylated (Yen et al., 1993: Kiyokawa et 
al., 1993; Szekely et al., 1993; Cordon-Card0 and Richon, 1994; reviewed in 
Weinberg, 1995). Perhaps the best evidence for postproliferative roles for 
pRb is provided by pRb gene ablation studies. Cell proliferation in early 
mouse embryos lacking functional pRb initially appears normal, possibly at- 
tributable to functional redundancy with the pRb-related proteins ~107 and/ 
or ~130. However, at midgestation, abrogation of neural development and 
erythropoiesis occur, resulting in prenatal lethality (Jacks et al., 1992; Clarke 
et al., 1992; Lee et al., 1992, 1995; reviewed by Weinberg, 1995; Slack and 
Miller, 1996). Biochemical and cellular analyses of the pRb-deficient cells 
confirmed maturation defects and p53-dependent premature apoptosis of spe- 
cific neuron populations (Lee et al., 1994; Morgenbesser et al., 1994). In 
addition, pRb plays a role in myoblast differentiation, as demonstrated by 
the abrogation of this process in pRb-deficient cells (Schneider et al., 1994; 
Novitch et al., 1996; reviewed by Wiman, 1993). Similarly, in vitro adipocyte 
differentiation in Rb-deficient fibroblasts is blocked and is restorable upon 
re-expression of pRb (Chen et al., 1996). Finally pRb has been implicated in 
sustaining the differentiation state of HL60 human leukemia cells (Yen and 
Varvayanis, 1994). pRb-induced differentiation has been attributed to its abil- 
ity to interact with and modulate activity of transcription factors, such as 
MyoD (Gu et al., 1993), adipogenic inducers of the UEBP family (Chen et 
al., 1996) NF-IL6, the glucocorticoid receptor (Singh et al., 1995) ATF-2, 
(reviewed by Sellers and Kaelin, 1996; Kouzarides, 1995; Chen et al., 1995) 
and possibly some newly identified (Buyse et al., 1995) and yet to be identified 
transcription factors. From the standpoint of new functions that cell cycle 
regulatory molecules acquire during differentiation, it is of particular interest 
that Rb family members may function postproliferatively as stable complexes 

with E2F transcription factors, which in some cases are observed predomi- 
nantly in terminally differentiated cells (see, for example, Corbeil et al., 1995; 
Jiang et al., 1995; Shin et al., 1995). 
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Like pRb, the related proteins ~107 and ~130 interact with E2F transcription 
factors via their “pocket domain.” Unlike pRb, they also interact with cyclin- 
CDK complexes via a sequence resembling a domain found in CDIs. However, 
as with pRb, mice lacking both ~107 and ~130 do not exhibit a generalized 
cell cycle defect, but rather specific defects in chondrocytic growth and limb 
development, with neonatal lethality (Cobrinik et al., 1996). Thus, while pRb 
plays a role in neural and hematopoietic development, ~107 and ~130 become 
critical later, during skeletal development. In vitro, upregulation of ~130 in 
differentiating L6 cells has been implicated in myotube formation (Kiess et 
al., 1995a), and ~107 has been recently found in a transcription factor complex 
bound to the bone-specific osteocalcin promoter (van Gurp et al., 1997). 
Thus, all three members of the Rb gene family seem to play tissue-specific 
differentiation-related roles in addition to their more traditional regulatory 
roles in cell cycle progression. Inhibition of apoptosis by pRb family members 
as a mechanism that maintains a differentiated phenotype is discussed else- 
where in this chapter. 

Cyclin-Dependent Kinases. Whereas most CDKs normally function during 
active cell proliferation, two members of this family of enzymes, CDKS and 
CDK7, are clearly different (Table 2). CDKS is expressed in the central 
nervous system in a specific spatial and temporal fashion. In situ analyses 
indicate that it is excluded from mitotic neurons, and functional assays demon- 
strate postmitotic kinase activity associated with CDK5 in differentiating neu- 
rons (Tsai et al., 1993). Finally, manipulations of CDK5 and its ~35 partner 
protein in vitro resulted in direct effects on neurite outgrowth in cortical 
cultures (Nikolic et al., 1996), and targeted deletion of CDK5 in mice resulted 
in defective brain development and perinatal lethality (Ohshima et al., 1996). 
Thus, CDK5 plays a critical role in central nervous system development. 
Unlike CDKS, the CAK CDK7 is abundant in diverse cell types, both prolifer- 
ating and differentiated (Bartkova et al., 1996). Other CDKs (e.g., CDC2, 
CDK2, CDK4) have been occasionally observed in some postproliferative 
cells (Table 2) usually without, but in some cases with (Bartkova et al., 1996; 
Dobashi et al., 1996; Smith et al., 1997; Gao et al., 1995; Kranenburg et al., 
1995a; Jahn et al., 1994) associated kinase activity. The requirement of these 
kinases for cell cycle progression makes it difficult to directly address their 
role in cell differentiation using gene ablation approaches. 

Cyclins. There is increasing evidence for cell type-specific postproliferative 
retention and even upregulation of cyclins in differentiating cells (Table 2). 
However, in most cases no kinase activity is associated with these postprolifera- 
tive cyclins, and therefore their function may be related to association with 
other, nonkinase, proteins, such as pRb (e.g., Chen et al., 1995) or, as recently 
suggested, nuclear hormone receptors (Zwijsen et al., 1997). In one case, 
the postproliferative upregulation of cyclin E has been shown to support an 
osteoblast differentiation-related kinase activity, suppressible by inhibitory 
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TABLE 2 Persistence or Upregulation of Cyclins and Cyclin-Dependent Kinases 
in Differentiating Cells 

Cyclin A 

Cyclin B 

Cyclin Dl 

Cyclin D2 

Cyclin D3 

Cyclin E 

cdc2 

CDK2 

CDK4 

CDK5 

CDK7 
Pctaire 1 

Pctaire 3 

NGF-induced PC12 pheochromocytoma cells (Buchkovich and Ziff, 
1994) 

DMSO-induced HL60 cells (Burger et al., 1994) 
Lens fiber cells (Gao et al., 1995) 
Primary rat calvarial osteobiasts (Smith et al., 1995) 
DMSO-induced HL60 cells (Burger et al., 1994) 
Hepatocytes (Loyer et al., 1994) 
Kidney cells (Godbout and Andison, 1996) 
Senescent WI-38 human diploid fibroblasts (Lucibello et al., 1993) 
NGF-induced PC12 pheochromocytoma cells (Dobashi et al., 1995; 

Yan and Ziff, 1995; Tamaru et al., 1994; van Grunsven et al., 1996) 
TPA-induced HL60 cells (Horiguchi-Yamada et al., 1994; Burger et 

al., 1994) 
Megakaryocytes (Dami, HEL, and K562 cell lines) (Willhide et al., 

1995) 
P19 embryonal carcinoma (Kranenburg et al., 1995a) 
Specific neural populations (Ross et al., 1996: Ross and Risken, 1994) 
P19 embryonal carcinoma (Kranenburg et al., 1995a) 
L6, L8, G8, and C2C12 myoblasts (Kiess et al., 1995b; Rao and Kohtz, 

1995; Jahn et al., 1994) 
HMBA-induced MEL cells (Kiyokawa et al., 1994) 
Intestinal epithelial cells (Chandrasekaran et al., 1996) 
Hepatocytes (Loyer et al., 1994) 
Primary rat calvarial osteoblasts (Smith et al., 1995, 1997) 
Senescent WI-38 human diploid fibroblasts (Lucibello et al., 1993) 
L6 myoblasts (Kiess et al., 1995a,b) 
NGF-induced PC12 pheochromocytoma cells (Dobashi et al., 1995) 
Lens fiber cells (Gao et al., 1995) 
Sertoli cells (Rhee and Wolgemuth, 1995) 
C2C12 (Jahn et al., 1994) 
Sertoli cells (Rhee and Wolgemuth, 1995) 
L6 myoblasts (Kiess et al., 1995a,b) 
NGF-induced PC12 pheochromocytoma cells (Yan and Ziff, 1995) 
Sertoli cells (Rhee and Wolgemuth, 1995) 
Intestinal epithelial cells (Chandrasekaran et al., 1996) 
L6 myoblasts (Kiess et al., 1995a,b) 
NGF-induced PC12 pheochromocytoma cells (Dobashi et al., 1996; 

Yan and Ziff, 1995) 
P19 embryonal carcinoma (Kranenburg et al., 1995a,b) 
Embryonic mouse neurons (Tsai et al., 1993) 
Embryonic Xenopus neurons (Gervasi and Szaro, 1995) 
Quiescent cells (various types) (Bartkova et al., 1996) 
Sertoli cells (Rhee and Wolgemuth, 3995) 

Sertoli cells (Rhee and Wolgemuth, 1995) 
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activity residing in proliferating osteoblasts (Smith et al., 1997). Additional 
evidence for involvement of cyclins in cell differentiation come from experi- 
ments manipulating their levels. Transgenic mice overexpressing cyclin Dl 
under the control of an immunoglobulin enhancer contained fewer mature B 
and T cells (Bodrug et al., 1994); The myeloid cell line 32D fails to differentiate 
in the presence of overexpressed cyclins D2 or D3, probably due to their 
interaction with pRb and/or ~107 (Kato and Sherr, 1993). Cyclin Dl gene 
ablation in mice resulted in breast- and nervous tissue-specific defects (Fantl 
et al., 1995; Sicinski et al., 1995). Consistent with this result, overexpression of 
cyclin Dl in mouse mammary epithelial cells resulted in a more differentiated 
phenotype (Han et al., 1996). These findings may be attributed to the CDK- 
independent activation of the estrogen receptor by cyclin Dl (Zwijsen et al., 
1997). In some other cases, however, cyclins may support the induction or 
maintenance of a differentiated phenotype by activation of CDKs (Bartkova 
et al., 1996; Dobashi et al., 1996; Smith et al., 1997; Gao et al., 1995; Kranenburg 
et al., 1995a; Jahn et al., 1994) or association with pRB/E2F differentiation- 
related complexes (Kiyokawa et al., 1994). 

In summary, the similarities of cell cycle regulatory molecules among vari- 
ous tissues, as well as across species, suggest common mechanisms underlying 
cell cycle control in diverse cell types. However, it is becoming clear that 
specific cells have unique cell cycle requirements. This is evidenced by cell 
type-specific representation of cell cycle regulatory factors and by cell type- 
specific effects observed following over- and underexpression of these mole- 
cules. Moreover, as cells acquire specific phenotypic properties, some cell 
cycle regulatory factors persist or even become more abundant postprolifera- 
tively. Not only Rb family members but also cyclins and CDKs seem to 
play roles in cell type-specific differentiation processes. We are currently 
witnessing the initial steps in a growing field, investigating how these cell cycle 
regulatory molecules acquire new functions during differentiation, includ- 
ing interactions among themselves, with E2F and other transcription factor 
families, and with transcriptional elements of growth- and differentiation- 
related genes. 

TRANSCRIPTIONAL CONTROL DURING THE CELL CYCLE 

Transcriptional Activation and Suppression of Genes Involved in 
Nucleotide Metabolism at the Restriction Point of the Gl/S Transition 

During the GUS phase transition, three critical events occur that prepare the 
cell for the duplication of chromatin. First, genes encoding enzymes involved 
in nucleotide metabolism are activated to ensure that cellular deoxynucleotide 
triphosphate pools are adequate for the onset of DNA synthesis. Second, 
multiprotein complexes at DNA replication origins are assembled that both 
regulate the initiation of DNA synthesis and prevent re-initiation at the same 
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origin. Third, histone proteins are synthesized de nova to accommodate the 
packaging of newly replicated DNA into nucleosomes. Transcriptional activa- 
tion of gene expression at the GUS phase transition represents the initial rate- 
limiting step for cell cycle progression into S phase. 

The restriction point prior to the GUS phase transition integrates a multi- 
plicity of cell signaling pathways that monitor growth factor levels, nutrient 
status, and cell-cell contact. This integration of positive and negative cell 
cycle regulatory cues culminates in the transcriptional upregulation of genes 
encoding enzymes and accessory factors that directly and indirectly control 
nucleotide metabolism and DNA synthesis (Fig. 3). 

Transcriptional control at the 
GUS phase transition: 

FIGURE 3. Transcriptional control at the GUS phase transition. The genes encoamg 
enzymes involved in nucleotide metabolism (e.g., TK and DHFR) and histone biosyn- 
thesis (e.g., H4 and H3) each are controlled by diverse arrays of promoter regulatory 
elements (open boxes) which influence transcriptional initiation by RNA polymerase 
II (grev ovals). E2F elements in the promoters of the TK and DHFR genes interact 
with heterodimeric E2F factors that associate with CD&, cyclins, and pRb-related 
proteins. In contrast, histone genes are controlled by the site II cell cycle regulatory 
element, which interacts with CDP and IRF2 proteins. Analogous to E2F-dependent 
mechanisms, CDP interacts with cdc2, cyclin A, and pRb, whereas IRF2 performs an 
activating function similar to “free” E2F. The presence of binding sites for SPl in the 
promoters of GUS phase-related genes provides a shared mechanism for further 
enhancement of transcription at the onset of S phase. 
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Analysis of the thymidine kinase (TK) promoter and cognate promoter 
factors has revealed that maximal TK gene transcription involves at least three 
distinct c&acting elements (MTl, MT2, and MT3) (Fridovich-Keil et al., 1993; 
Dou et al., 1994a,b; Dou and Pardee, 1996; Li et al., 1993; Good et al., 1995). 

These elements interact with cell cycle-dependent (e.g., Yil and Yi2) and 
constitutive (e.g., SPl) DNA-binding proteins. The Yi complexes interacting 
with the MT2 motif are associated with ~107, as well as cyclin- and CDK- 
related proteins (Dou et al., 1994a,b; Dou and Pardee, 1996; Li et al., 1993; 
Good et al., 1995). The Yi complexes are analogous to or identical with E2F- 
related higher order complexes containing cyclins, CDKs, and pRb-related 
proteins. Interestingly, cyclins A and E may represent the labile and rate- 
limiting restriction point proteins, which were originally postulated based on 
results from early studies on cell growth control (Dou et al., 1993). 

Each of the GUS phase genes is controlled by different arrays of &acting 
promoter elements and cognate factors. One unifying theme among many 
promoters of the R-point genes is the presence of E2F and SPl consensus 
elements. Thus, one mechanism by which the cell achieves coordinate and 
temporal regulation of these genes at the GUS phase boundary is directly 
linked to the release of transcriptionally active E2F from inactive E2F-pRb 
complexes. The disruption of E2F-pRb is mediated by CDK4-CDK6- 
dependent phosphorylation of pRb in response to growth factor stimulation 
and cell cycle entry. Hence, the E2F-dependent activation of the R-point 
genes provides linkage between the onset of S phase and control of cell growth. 

The E2F transcription factor represents a heterogenous class of heterodim- 
ers formed between one of five different E2F proteins (i.e., E2F-1 to E2F-5) 
and one of three distinct DP factors (DP-1 to DP-3). The various E2F factors 
may display preferences in promoter specificity, differ in the regulation of 
their DNA-binding activities during the cell cycle, and bind selectively to 
distinct pRb proteins (Meyers and Hiebert, 1995; Chen et al., 1995). The 
mechanism by which this multiplicity of E2F factors orchestrate transcriptional 
regulation of diverse sets of genes at the GUS phase transition is only beginning 
to be understood. Apart from the role of “free” E2F in activating genes at 
the GUS phase transition, promoter-bound complexes of E2F factors associ- 
ated with pRb-related proteins, cyclin A, and CDK2 have active roles in 
repression of gene expression during early S phase (Krek et al., 1994). 

E2F-responsive transcriptional modulation of R-point genes requires par- 
ticipation of the SPl family of transcription factors (e.g., SPl and SP3). For 
example, the TK promoter contains one E2F site and one SPl site, and both 
are required for maximal transcriptional responsiveness at the GUS phase 
boundary (Karlseder et al., 1996). This synergistic enhancement involves direct 
protein-protein interactions between E2F and SPl. Consistent with the critical 
role of SPl in cell cycle control of gene expression, protein-protein interac- 
tions between SPl and pRb can also occur, suggesting that pRb can modulate 
the activities of E2F and SPl in concert. Analogous to the TK promoter, the 
DHFR promoter is regulated by four SPl elements that, together with E2F, 
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mediate transcriptional upregulation at the GUS phase transition (Wade et 
al., 1995; Good et al., 1996; Schulze et al., 1994; Wells et al., 1996; Azizkhan 
et al., 1993; Schilling and Farnham, 1994,1995; Wells et al., 1997). Interestingly, 
SP3 selectively represses SPl activation of the DHFR promoter, but not the 
TK or histone H4 promoter (Birnbaum et al., 1995b). It appears that the 
cellular ratio of SPl and SP3 levels may influence specific classes of cell 
cycle-regulated genes, but the physiological function of this regulatory mecha- 
nism remains to be elucidated. 

Initiation of DNA Synthesis in Relation to Transcriptional Control at the 
Gl/S Phase Transition 

Conditions that establish competency for the initiation of DNA synthesis in 
vertebrates are monitored in part by the origin recognition complex (ORC) 
(Hickey and Malkas, 1997; Stillman, 1996). This complex appears to contain 
sequence-specific proteins that mark the location of DNA replication origins. 
Prior to S phase, the labile Cdc6p protein associates with ORC, which stages 
the subsequent binding of Mcm proteins (“licensing factors”) to form large 
origin-bound pre-replication complexes. The mechanism by which these com- 
plexes facilitate the onset of template-directed synthesis of DNA remains to 
be established. However, activation of S phase-dependent CDKs is required 
for the initiation of DNA replication, but this event is also thought to prevent 
assembly of new pre-replication complexes (Stillman, 1996). This hypothesis 
provides a potential mechanism for stringent control of chromosomal duplica- 
tion, which should occur only once during each somatic cell cycle. Thus, 
checkpoint controls at the onset of DNA synthesis serve to signal cellular 
competency for S phase entry and maintenance of the normal diploid genotype 
upon mitosis. 

Once DNA synthesis has been initiated, replicative activity is confined to 
specific locations within the nucleus, referred to as DNA replication foci. 
DNA replication foci represent subnuclear domains that are thought to be 
highly enriched in multisubunit complexes (“DNA replication factories”) con- , 
taining enzymes involved in DNA synthesis, including DNA polymerases cx 
and 8, PCNA, and DNA ligase (Hickey and Malkas, 1997; Leonhardt and 
Cardoso, 1995). The concentration of these factors at DNA replication foci 
that are associated with the nuclear matrix provides a solid-phase framework 
for understanding catalytic and regulatory components of DNA replication. 

Coordinate Activation of Multiple DNA Replication-Dependent Histone 
Genes During the Gl/S Phase Transition 

The initiation of histone protein synthesis at the GUS phase transition is 

tightly coupled to the start and progression of DNA synthesis. To’ prevent 
disorganization of nuclear architecture and chromosomal catastrophe during 
chromosome segregation at mitosis, it is critical that newly replicated DNA 
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is packaged immediately into nucleosomes. Histones permit the precise pack- 
aging of 2 m of DNA into chromatin within each cell nucleus (diameter 
approximately 10 pm). This functional and temporal coupling poses stringent 
constraints on multiple parameters of histone gene expression, because so- 

matic cells do not have storage pools for histone protein or histone mRNAs. 
The vast number of histone polypeptides that must be synthesized and the 
limited time of S phase allotted for this process necessitate a high histone 
protein synthesis rate. Mass production of each histone subtype occurs at an 
average rate of several thousand proteins per second throughout S phase. 
Moreover, because each 0.2 kb of DNA is packaged by nucleosomal octamers 
composed of histones H2A, H2B, H3, and H4, the stoichiometric synthesis 
of each of the histone subtypes is essential for efficient DNA packaging. 
Consequently, histone gene regulatory factors integrate a series of cell signal- 
ing pathways that monitor the onset of S phase and coordinate the expression 
of 50-100 distinct histone gene subtypes. 

The first rate-limiting factor of histone gene expression is the enhancement 
of a low transcription rate that persists throughout the cell cycle (Plumb et 
al., 1983). Histone H4 gene transcription has been extensively studied, and a 
series of &-acting elements and cognate factors have been identified by our 
laboratory (Vaughan et al., 1995; van Wijnen et al., 1994, 1996; Birnbaum et 
al., 1995a; Guo et al., 1995; Aziz et al., 1998; Stein et al., 1994). We first showed 
that genomic occupancy of histone gene promoter elements occurs throughout 
the cell cycle (Pauli et al., 1987) which was subsequently also shown for the 
R-point gene DHFR (Wells et al., 1996) by others. The constitutive occupancy 
of promoter regulatory elements is consistent with the concept that protein- 
protein interactions, post-translational modifications, and alterations in chro- 
matin structure are important factors in modulating transcription of histone 
genes and other genes expressed during S phase (Chrysogelos et al., 1985, 
1989; Moreno et al., 1986; Pemov et al., 1995; Ljungman, 1996). Similar to 
the R-point genes, the presence of SPl-binding sites is critical for maximum 
activation of histone genes. However, unlike the R-point genes, the majority 
of histone genes do not contain E2F elements. Rather, a sophisticated and 
E2F-independent transcriptional mechanism has evolved for coordinate acti- 
vation of histone genes. 

As with E2F-responsive genes, E2F-independent transcriptional control 
mechanisms must account for GUS phase-dependent enhancement of tran- 
scription, as well as attenuation of gene transcription at later stages of S phase. 
The key cell cycle element for histone H4 genes is a highly conserved promoter 
domain designated site II, which encompasses binding sites for IRF2, the 
homeodomain-related “CCAAT displacement protein” GDP/cut, and the 
TATA-binding complex TFIID (Vaughan et al., 1995; van Wijnen et al., 1994, 
1996; Aziz et al., 1998; Stein et al., 1994). IRF2 is required for maximal 
activation of histone gene transcription and appears to function at the GUS 
phase boundary in a manner analogous to “free” E2F by enhancing cell 
cycle-dependent transcription rates by about threefold (Vaughan et al., 1995). 
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Phosphorylation of IRF2 in vivo occurs primarily on serine residues, which 
may be mediated by several ubiquitous kinases including casein kinase II, 
protein kinase A, and protein kinase C (Birnbaum et al., 1997). Interestingly, 
IRF2 activity does not appear to be directly linked to phosphorylation by 
mitogen-activated protein kinases or CD&. 

Involvement of the GDP/cut homeodomain protein in cell cycle control 
was initially established by the finding that this factor is a component of the 
HiNF-D complex (van Wijnen et al., 1996). In the multisubunit HiNF-D 
complex, the GDP/cut protein is associated with pRb, cyclin A, and CDKl/ 
cdc2 (van Wijnen et al., 1994,1997; Shakoori et al., 1995). HiNF-D may have 
a bifunctional role in H4 gene transcription. For example, binding of the 
HiNF-D complex to the H4 promoter is essential for maximal H4 gene pro- 
moter activity in cells nullizygous for IRF2. However, overexpression of the 
GDP/cut DNA-binding subunit of HiNF-D results in repression of H4 pro- 
moter activity (van Wijnen et al., 1996). GDP/cut in association with pRb, 
CDKUcdc2, and cyclin A may perform a function very similar to that of the 
multiplicity of higher order E2F complexes. These CDP complexes bound to 
cyclins, CD&, and pRb-related proteins attenuate the enhanced levels of 
histone gene transcription during mid S phase, when physiological demand 
for histone mRNAs begins to diminish. 

Similar to the R-point genes, histone gene promoters have auxiliary ele- 
ments (e.g., site I) that support transcriptional activation during the cell cycle. 
For example, histone H4 genes contain binding sites for YYl and SPl. The 
interaction of SPl with site I modulates the efficiency of H4 gene transcription 
by an order of magnitude (Birnbaum et al., 1995a). The binding of YYl to 
multiple sites in the histone H4 promoter may facilitate gene-nuclear matrix 
interactions (Guo et al., 1995; Last et al., unpublished data). In addition, it 
has recently been shown that YYl associates with the histone deacetylase 
rpd3. The possibility arises that post-translational modifications of histone 
proteins when bound as nucleosomes to the H4 promoter may parallel the 
modifications in chromatin structure that accompany modulations of histone 
H4 gene expression (Chrysogelos et al., 1985, 1989). 

Stoichiometric synthesis of histone mRNAs and proteins requires coordi- 
nate control of histone gene expression at several gene regulatory levels. At 
the transcriptional level, coordinate activation of the five histone gene classes 
at the GUS phase transition may be mediated by GDP/cut, which has been 
shown to interact with the promoters of all major histone gene subtypes. The 
association of CDPlcut with pRb, cyclin A, and CDKUcdc2 as components of 
the HiNF-D complexes interacting with DNA replication-dependent histone 
genes provides direct functional linkage between transcriptional coordination 
of histone gene expression and cyclin/CDK signaling mechanisms that mediate 
cell cycle progression. 

The secondary levels at which histone gene expression is coordinated occur 
by post-transcriptional mechanisms, including transcript elongation and 3’ end 
processing, that produce mature histone mRNAs. Histone mRNAs do not 
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have polyA tails, but instead contain a unique histone-specific hairpin-loop 
structure. Histone 3’ end processing is mediated by U7 snRNP complexes 
(Marzluff and Pandey, 1988; Schumperli, 1988) and accessory proteins that 
recognize histone mRNA 3’ ends are being characterized. It has been postu- 

lated that histone mRNA 3’ end processing is a key step in histone gene 
expression (Marzluff and Pandey, 1988; Schumperli, 1988; Harris et al., 1991) 
but the regulatory events that connect activation of this process to cell cycle 
progression remain to be established. However, because all histone mRNAs 
have highly similar structural elements at the 3’ end, the recognition of these 
structures by regulatory factors (Wang et al., 1996; Martin et al., 1997) may 
represent an important mechanism by which mature histone mRNAs are 
produced, transported to specific cytoplasmic locations, translated, and de- 
graded. 

Selective Downregulation of Histone Gene Expression Upon Cessation of 
DNA Replication at the S/G2 Transition 

When cells approach the S/G2 transition, most of the genome has been repli- 
cated, and the demand for histone proteins to package newly replicated DNA 
diminishes. Cells must ensure that histones do not accumulate in excess, as 
these highly basic proteins would likely interfere with cellular and particularly 
nucleic acid metabolism. Therefore, histone mRNAs are selectively degraded 
during late S phase in concert with the completion of DNA synthesis. Molecu- 
lar mechanisms have been elucidated that account for post-transcriptional 
control of histone gene expression during S phase by modulating mRNA 
stability. The histone mRNA-specific stem-loop structure plays a key role in 
regulating histone mRNA turnover. This stem-loop motif is present in all 
mRNAs encoding the live cell cycle-regulated histone subtypes. Therefore, 
this structure is considered pivotal in maintaining the stoichiometric balance 
of the five histone classes and coupling with DNA replication. Selective degra- 
dation of histone mRNA when DNA synthesis is halted is mediated by a 
3’ exonuclease and requires active translation of histone mRNA bound to 
polyribosomes (Marzluff and Pandey, 1988; Schumperli, 1988; Stein and Stein, 
1984: Zambetti et al., 1987). Interestingly, mRNA destabilization does not 
occur when histone mRNA is targeted to membrane-bound ribosomes rather 
than to ribosomes associated with the nonmembranous cytoskeleton. Thus, 
histone mRNA degradation is a dynamic process that requires macromolecular 
complexes at specific subcellular locations. 

It has been shown that histone proteins mediate histone mRNA degradation 
(Pelz and Ross, 1987) and that histone mRNA half lives are modulated during 
the cell cycle (Morris et al., 1991). Because histone mRNAs are most stable 
when free histone protein concentrations are minimal and highly unstable 
when histone proteins accumulate in excess, it appears that selective downreg- 
ulation of histone gene expression is achieved by an autoregulatory mech- 
anism. 



64 STEIN ET AL. 

Molecular Mechanisms Monitoring Chromosomal Integrity During the 
Cell Cycle 

The integrity of the genome and fidelity of the encoded genetic information 
is monitored at key cell cycle stages to ensure that daughter cells receive a 
duplicate copy of the chromosomal complement. DNA damage checkpoints 
that decide between cell cycle progression, cell cycle inhibition, and apoptosis 
have been identified in Gl, S, and G2. Several factors have been shown to 
be involved in DNA repair pathways, including the tumor suppressors p53 
(Elledge, 1996) and IRFl (Tanaka et al., 1994; Tamura et al., 1995) the ataxia 
telangiectasia (AT)-related proteins (Elledge, 1996) and the p53-inducible 
gene ~21 (Sherr and Roberts, 1995). DNA signaling pathways must involve 
a sensor that is linked to damaged DNA. However, definitive proof of factors 
performing this sensoring task have not been identified in mammalian cells. 
One DNA damage repair pathway may involve activation of p53 by the “AT- 
mutated” (ATM) protein. This results in p53-dependent activation of ~21 and 
subsequent inhibition of cell cycle stage-specific CDKs. However, alternative 
pathways involving the “AT and rad-related” (ATR) protein, as well as IRFl 
exist. The importance of DNA repair pathways during the mammalian cell 
cycle is reflected by conservation of analogous mechanisms in yeast 
(Elledge, 1996). 

Cell death by apoptosis is an important checkpoint that functions to elimi- 
nate cells that have undergone catastrophic genetic damage. An important 
component of this checkpoint is the p53 tumor suppressor gene, which is a 
transcriptional regulator of genes controlling both cell cycle progression and 
cell death (reviewed by Levine, 1997). p53 normally has a very short half life, 
but accumulates in response to DNA damage or other stressors. p53 function, 
by its ability to transactivate p21”‘P, is to ensure that in response to genetic 
damage cells arrest in Gl, thereby allowing cells to repair their damaged DNA 
(reviewed by Sherr, 1996). If the DNA damage is too great, the cell will enter 
the apoptotic pathway. 

Apoptosis is characterized by condensation of chromatin followed by frag- 
mentation of the nucleus as a result of endonuclease digestion of DNA be- 
tween nucleosomes. Biochemical events and molecular markers functionally 
related to the promotion or prevention of apoptosis have been identified. 
A number of cell cycle regulatory proteins (c-fos, c-myc, c-jun, cdc2) and 
transcriptional activators (~53, IRFl, IRF2) appear to be upregulated in re- 
sponse to apoptosis-inducing stimuli and have been implicated, therefore, as 
essential mediators of the process (reviewed by Pandey and Wang, 1995). The 
fact that the p53 gene is the most frequently mutated gene in human cancers 
demonstrates its key role in these pathways. In addition, p53independent 
pathways leading to apoptosis have been identified that require IRFl and 
IRF2 and that appear to be cell type specific (Tamura et al., 1995; Tanaka et 

al., 1994). 
Several genes have been identified that function in the decision-making 

process between cell survival and cell death. bcl-2 blocks cell death in thymo- 
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cytes induced by growth factor deprivation, glucocorticoids, and y irradiation, 
but not death induced by all stimuli (Korsmeyer, 1992). bax, a homolog of 
bcl-2, heterodimerizes with and inactivates bcl-2, promoting cell death (Oltvai 
et al., 1993). A number of other bcl-2 family members, including alternatively 

spliced forms, that are involved in apoptosis have been identified (Boise et al., 
1993). p53-dependent modulation of these genes may be a critical regulatory 
process that initiates apoptosis. For example, ~53 is a direct transcriptional 
activator of the pro-apoptotic bax gene and can downregulate survival genes 
such as bcl-2 (Miyashita and Reed, 1995). A family of interleukin-l@- 
converting enzyme (ICE) proteinases that may be involved in the activation 
of endonucleases(s) responsible for degradation of DNA have been identified 
(Flaws et al., 1995; Miura et al., 1993). Other substrates that are cleaved by 
ICE-like proteases during apoptosis include the DNA repair enzyme 
polyADP-ribose polymerase and pRb (Janicke et al., 1996). 

Apoptosis is an important component of growth control during embryogen- 
esis, organogenesis, and tissue morphogenesis, as well as in the maintenance 
of proliferation homeostasis in many adult tissues (Clarke, 1990). However, 
the signaling cascades contributing to the activation of the apoptotic pathway 
are not well defined. Molecular mechanisms mediating these responses may 
derive from specific pre-apoptotic signaling molecules, e.g., Msx expression 
in developing limbs, disruption of cell-extracellular matrix, and cell-cell inter- 
actions, that can influence cell death pathways. 

CONTROL MECHANISMS THAT MODULATE THE ACTIVITIES 
OF CELL CYCLE REGULATORY FACTORS 

Cell Cycle Stage-Specific and Ubiquitin-Dependent Turnover of Gene 
Regulatory Factors 

The activation and inactivation of cell cycle regulatory factors at specific 
stages of the cell cycle occur at multiple levels and are often achieved by 
a combination of control mechanisms. As discussed above, CDK-mediated 
phosphorylation pathways represent an important level of control. For exam- 
ple, the DNA-binding activity of the histone gene regulatory HiNF-D complex 
is dramatically increased at the GUS phase boundary in stem cells (Shakoori 
et al., 1995; van Wijnen et al., 1997). This increase in HiNF-D activity occurs, 
although the levels of the DNA-binding subunit GDP/cut remain constant. 
Concomitantly, levels of CDKl-cdc2 and cyclin A are increased, and pRb 
becomes hyperphosphorylated (Shakoori et al., 1995; van Wijnen et al., 1997) 
which is known to occur in a CDK-dependent manner. 

The inactivation of regulatory factors represents an equally important cell 
cycle control mechanism. Recently, many studies have focused on the role of 
ubiquitin-dependent proteolysis of factors by the 22 S proteasome (Tanaka 
and Tsurumi, 1997). The ubiquitin-proteasome system involves a large number 
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of enzymes mediating ubiquitin activation (El), ubiquitin conjugation (E2), 
or ubiquitin ligation (E3) that modulate turnover of cell cycle regulatory 
proteins (reviewed by King et al., 1997). For example, degradation of Gl 
cyclins involves the CDC34 protein. CDC34 is a ubiquitin-conjugating enzyme 
and is conserved between yeast and vertebrates. The CDC34 gene is essen 
for the Gl/S phase transition. Ubiquitin-dependent degradation is also 

tial 
in- 

volved in constitutive turnover of cyclins throughout Gl, reflecting the labile 
nature of Gl competency factors such as cyclin E. 

Ubiquitin-dependent degradation also performs a key regulatory function 
during the G2/M transition (King et al., 1997). The E2 enzymes encoded by 
UBC4 and UBC9 are involved in degradation of specific cyclins prior to the 
onset of mitosis. Similarly, completion of mitosis is regulated by the anaphase- 
promoting complex. This high molecular weight ubiquitination complex is 
essential for chromosome segregation, but specific molecular targets have not 
been identified. Apart from degradation of cyclins at specific stages during 
the cell cycle, ubiquitin- dependent proteolysis may also be important for 
regulating the activities of oncoproteins, including c-fos, c-jun, and IRF2. 

Parameters of Nuclear Architecture Influencing Cell Cycle Control 

Intracellular targeting of cell cycle regulatory proteins may contribute to 
cell cycle control by concentrating the activities of these factors to specific 
intracellular domains. For example, CDC2/cdkl displays a dispersed sub- 
nuclear distribution, but is also highly concentrated at the centrosomes (Pock- 
winse et al., 1997). This subnuclear location may regulate the assembly of the 
mitotic spindle. Association of cyclin B with membranes may be functionally 
linked to the breakdown of the nuclear membrane and/or subsequent forma- 
tion of the nuclear envelope after mitosis (Jackman et al., 1995). The presence 
of the tumor suppressor protein ~53 in the cytoplasm or nucleus has been 
correlated with cell growth control and the neoplastic phenotype of the cell 
(Moll et al., 1996). The retinoblastoma protein pRb (Mancini et al., 1994) as 
well as transcription factors related to the c-fos and c-jun oncoproteins (van 
Wijnen et al., 1993) are associated with the nuclear matrix in a cell cycle- 
and/or cell growth-dependent manner. The association of DNA ligase I and 
DNA methyltransferase with nuclear matrix-associated DNA replication do- 
mains also provides a mechanism for integrating enzymatic and regulatory 
functions at specific locations (Leonhardt and Cardoso, 1995). Furthermore, 
the PML protein (Weis et al., 1994; Grande et al., 1996) and AML proteins 
(unpublished data) are redirected to distinct subnuclear domains as a conse- 
quence of structural modifications in these proteins due to chromosomal trans- 
locations in promyelocytic or myelogenous leukemias. 

Because modifications in nuclear architecture are hallmarks of cancer cells, 

it is of considerable importance to define molecular principles governing 
the normal targeting of gene regulatory molecules to specific subnuclear do- 
mains. Recently, we have shown that the transcriptionally active AML-1B 
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protein, a gene regulatory factor with a causative role in the progression of 
acute myelogenous leukemia, contains a 31 amino acid nuclear matrix- 
targeting signal (NMTS) (Zeng et al., 1997). The NMTS contributes to trans- 
activation in vivo and directs the hematopoietic and bone-specific family of 

AMLKBF regulatory factors to sites within the nucleus that are transcription- 
ally competent (Zeng et al., 1998). This NMTS is an autonomous protein 
domain that is absent in the transcriptionally inactive protein isoform AML- 
1. The NMTS is the frequent target of rearrangements due to chromosomal 
translocations that result in the separation of the NMTS, as well as a closely 
associated trans-activation domain, from the DNA-binding domain of AML- 
1B. Hence, stringent control of intranuclear targeting may represent an impor- 
tant mechanism for maintaining the normal cell growth phenotype of so- 
matic cells. 

CONCLUSION 

The necessity for stringent control of cell cycle and growth regulatory mecha- 
nisms is becoming increasingly appreciated. There is acute awareness of the 
required fidelity of growth control to support proliferation during development 
and tissue remodeling throughout the life of an organism. Significant inroads 
are being made into elucidation of both stimulation of proliferation and exit 
from the cell cycle for establishment and maintenance of cells and tissues with 
specialized functions. Equally important, we are gaining insight into controls 
that are operative to sustain pools of stem cells with competency to expand 
in response to physiological demands and commit to specific phenotypes. 

Studies carried out during the past several years have provided indications 
of key regulatory points during the cell cycle that support competency for 
proliferation and cell cycle progression. A series of checkpoints have been 
functionally defined that monitor fidelity of the complex and interdependent 
regulatory events that control each cell cycle transition and initiation as well 
as cessation of proliferation. The extensive repertoire of growth regulatory 
factors that have been identified and characterized offer valuable clues to 
control of growth and differentiation. We are beginning to understand interre- 
lationships of growth regulatory mechanisms with components of cellular 
architecture. Additionally, we are learning effective ways to control prolifera- 
tion under a broad spectrum of conditions. Consequently, new approaches 
are emerging for treatment of proliferation disorders that include but are not 
restricted to cancer. Our capabilities for controlling the growth properties of 
stem cells without compromising options for phenotype development are 
expanding. One can be confident that insight into parameters of gene expres- 
sion that control stem cell proliferation and differentiation is forthcoming. 
It is realistic to expect enhanced options for development of targeted and 
physiologically regulated gene therapy that provides sustained effectiveness. 
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STEM CELL TRANSCRIPTION 

SHERMAN M. WEISSMAN AND ARCHIBALD S. PERKINS 

Department of Medicine, Human Genetics and Pathology, Yale University School of 
Medicine, New Haven, CT 06510 

INTRODUCTION 

Two decades ago, the emerging field of eukaryotic molecular biology began 
to cut its teeth on the complicated issue of tissue-specific gene transcription. 
Each wave of advancement since then, propagated by concomitant advances 
in technology, brought the description of new transcription factors and novel 
mechanisms of regulation. Sequence databases now teem with nearly countless 
zinc fingers proteins, helix-loop-helix proteins, homeodomain proteins, and 
other transcription factors. In parallel, developmental biologists have identi- 
fied some of the mechanisms of cell fate determination and cell induction. 
The focus of this chapter is to encapsulate these advances as relevant to the 
question of what defines a stem cell: How is a stem cell population generated? 
How is it maintained? How do cells depart from the stem cell pool into 
committed derivatives? We focus on the hematopoietic system, since it is one 
about which a good deal is known, and draw upon others as needed. Despite 
the accumulation of a large body of facts and knowledge, we are still in the 
early phases of grappling with the questions posed above. In summarizing 
what is known in the field of transcriptional regulation of stem cells, we hope 
to provide the reader with an appreciation for what has been accomplished 
and a sense of what challenges lie ahead. 
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BIOLOGY OF STEM CELLS 

Anatomy 

A discussion of transcriptional regulation of stem cells in hematopoiesis may 
begin with a consideration of the ontogeny of blood cell progenitors and the 
regulation of blood cell production. In birds, amphibians, and mammals there 
are two anatomical sites at which hematopoietic cells originate: an extraembry- 
onic site and an intraembryonic site (Zon, 1995). These different anatomical 
sites subserve two different functions: The former supports early stage embryos 
at a time in development when the size of the embryo creates a limited demand 
on oxygen transport to the tissues, while the latter supports later-stage embryos 
and the fetus, where there is substantial tissue mass that demands considerable 
oxygen delivery. Thus, the initial phase of hemopoiesis is of limited capacity, 
while the latter, or definitive, hemopoietic system is more robust. Given the 
presence of the maternal immune system, the primary requirement made of 
intrauterine hematopoiesis is red blood cell production, although by in vitro 
assays it is clear that hematopoietic progenitors of the myeloid and lymphoid 
lineages are present (Auerbach et al., 1996). 

In mammalian embryos, the yolk sac serves as the extraembryonic site, while 
in frogs this function is served by the ventral blood islands. The intraembryonic 
origin of hematopoiesis in mice is the para-aortic area near the mesonephros 
and genital ridge (AGM, for aorta-gonad-mesonephros) (Godin et al., 1993; 
Medvinsky et al., 1993; Muller et al., 1994). This shifts to the fetal liver at 
days 12-14 of gestation. 

The contribution of cells from either site to embryonic hepatic hematopoie- 
sis and adult hematopoiesis may vary at least quantitatively between species. 
For example, in the frog the ventral blood islands (VBI, the extraembryonic 
source) can make a small contribution even to adult erythropoiesis. The contri- 
bution of the VBI to hematopoietic cell populations does not simply decline 
with time: VBI-derived B cells and leukocytes actually increase markedly, 
although transiently, near the time of metamorphosis (Chen and Turpen, 
1995). 

In the mouse some controversy remains, but intraembryonic stem cells seem 
to be the major progenitors for adult hemopoiesis. Yolk sac hematopoiesis in 
the mouse is primarily erythropoietic and produces nucleated erythrocytes 
that are larger than adult erythrocytes. Interestingly colony-forming unit cells 
(CFUs) are detectable by 7-8 days of gestation in the yolk sac, although the 
earliest reported stem cells, as judged by transplantation, were seen at day 
11 (Auerbach et al., 1996). Multipotential stem cells appear intraembryonically 
at embryonic day 9.5, and only appear somewhat later in the yolk sac, raising 
the possibility that these yolk sac cells are derived from the embryonic circula- 

tion (Dieterlen-Lievre et al., 1997). In addition, mature hematopoietic cells 
in the yolk sac appear with rapid kinetics, significantly faster than is seen 
during marrow replacement with definitive stem cells. These differences in 
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kinetics suggest that in the early yolk sac mature cells develop from a pool 
of cells that are significantly more mature than true stem cells. Therefore, early 
hematopoiesis may bypass in part or whole the stem cell stage of development. 

Concept of a Hematopoietic Stem Cell 

By definition, a stem cell is able to reconstitute all hematopoietic lineages, 
including the formation of additional stem cells. One can assay for stem 
cells by a variety of methods, the most meaningful of which is the long-term 
reconstitution of an irradiated recipient, typically a mouse. Experimentally, 
stem cells can be isolated on the basis of the presence of certain cell surface 
markers, such as CD34 (Krause et al., 1994) Sea-1, and c-kit, and the absence 
of lineage markers (Spangrude et al., 1988). A recent report shows that cells 
that are c-kit and Sea-1 positive but CD34 negative can also engraft long term 
(Osawa et al., 1996). One ordinarily reconstitutes a mouse with no fewer 
than several hundred stem cells. However, the actual number of these cells 
needed to repopulate an irradiated mouse long term is very likely lower, 
and may be as low as one. It is hypothesized that two populations of cells 
are needed: (1) committed progenitors that provide initial engraftment and 
(2) stem cells that give long-term engraftment (Jones et al., 1990). With atten- 
tion to this experimental difficulty, it becomes increasingly likely that there 
is a population of stem cells in normal (mouse) marrow such that a single cell 
can completely repopulate the hematopoietic system. Whether there are even 
more flexible stem cells that also can contribute to the endothelium is a matter 
of current discussion. 

Stem Cell Renewal vs. Commitment 

By necessity, some cell divisions must result in two progeny that assume 
different cell fates. A number of models exist for asymmetrical cell division 
in experimental organisms, such that the two progeny of a single division cycle 
are different from each other (Horvitz and Herskowitz, 1992). In some strains 
of Saccharomyces cerevisiae, after cell division the progeny of the mother cell 
switch mating type while the progeny of the daughter do not. This ensures 
that a population of cells contains similar numbers of cells of each mating 
type. The lineages of daughter cells are formally analogous to stem cells in 
that they continue to reproduce both themselves and cells of the alternate 
mating type. Mating type switching is mediated by an endonuclease that is 
only expressed at certain stages of the cell cycle and only in cells that will 
switch mating type. Current models suggest that the asymmetrical regulation 
of expression of this endonuclease is mediated by an asymmetrical concentra- 
tion of a factor that is a negative regulator of transcription in daughter cells 
as compared to mother cells (Amon, 1996; Bobola et al., 1996; Jansen et al., 
1996; Sil and Herskowitz, 1996). 
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In metazoan organisms, the origins of asymmetry have been extensively 
studied in Drosophila oogenesis and embryogenesis. Each oocyte precursor 
divides four times, generating 16 cells, of which 15 become nurse cells and 
one the oocyte. One basis of assymmetry may be the nonequivalent localization 
of the 16 cells with respect to one another that arises with these division. 
Subsequent asymmetrical localization of molecules in the oocyte and asymmet- 
rical delivery of signaling molecules between nurse cells and oocyte produce 
the principal axes for embryonic development. 

Positional cues play a role in Caenorhabditis elegans stem cell ontogeny: 
In vulvar development, the daughters of a given progenitor form a single layer 
of cells that all have similar developmental potential, but the fate that the 
progeny cells assume depends on their proximity to an external anchor cell 
that apparently sends a diffusible intercellular signal to these cells (Newman 
et al., 1996). In the frog, asymmetry is present in the oocyte and furthered bv 
a postfertilization rotation of the cytoplasm, with an axis determined by the 
site of sperm entry. In the earliest cell divisions in mouse embryos, there is 
a regulated form of cell division such that the orientation of mitotic spindles 
is not random but involves rotations that ensure a specific relation of the axes 
of division of the earliest progeny cells. 

Thus, two basic mechanisms-asymmetrical progeny or progeny localized 
in an asymmetrical environment -are theoretically possible in the case of 
hematopoietic stem cells (Morrison et al., 1997). The bone marrow stroma, 
which can influence blood cell development, may provide asymmetrical cues. 

Intrinsic Vs. Instructive Models of Blood Cell Development 

A panoply of cytokines, interleukins, growth factors, and interferons have 
been implicated in the proliferation, survival, differentiation, and activation 
of hematopoietic stem cells and their committed progenitors (Dexter and 
Spooncer, 1987; Metcalf, 1989; Whetton and Dexter, 1989). Their discovery 
and characterization led to the idea that these ligands, through interaction 
with specific receptors on the cell surface of early progenitors, may drive 
hematopoietic cells into different lineages and provide instructive cues for 
differentiation. However, experiments by Dexter and coworkers support an 
intrinsic model of differentiation (Fairbairn et al., 1993). It had been shown 
that cultured interleukin (IL)-3-dependent myeloid progenitors (FDCP-mix) 
can differentiate in the presence of certain cytokines, such as granulocyte 
colony-stimulating factor (G-CSF), but in the absence of any factor will un- 
dergo apoptosis. It was unclear, however, whether the G-CSF was providing 
an instructive signal that directed differentiation or a survival signal that 
allowed the innate differentiation program to manifest itself. By transferring 
in the antiapoptotic gene bcl-2, they were able to maintain the cells in the 

absence of factors and observed that many differentiation features emerged. 
These included changes in nuclear morphology and activation of specific tran- 
scripts associated with differentiation (Fairbairn et al., 1993). These results 
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suggest that committed myeloid progenitor cells have an intrinsic ability to 
differentiate into mature cells and that the role of the growth factors is to 
enable the cell to express this program through supporting cell survival and 
preventing cell death. Consistent with this model are data obtained from gene 

targeting experiments in which mice bearing loss of either cytokine genes 
(Dranoff and Mulligan, 1994; Kopf et al., 1996; Leischke et al., 1994a,b) or 
genes for their receptors (Nishinakamura et al., 1996) continue to produce 
mature hematopoietic cells, albeit at a much lower number, and sometimes 
exhibiting abnormal function. 

The importance of these models to stem cell biology and to transcriptional 
regulation of differentiation is fundamental. An instructive model suggests 
that signals initiated by the binding of ligands to cell surface receptors lead 
to transcriptional changes that are key determinants of stem cell maintenance 
and maturation. In an intrinsic model of hematopoietic cell differentiation, 
cytokine signaling serves mainly to counter cell death and does not per se 
lead to changes in transcription that are integral to the differentiation process. 
These transcriptional changes are mediated by cell autonomous mechanisms 
about which little information is available at present. Unlike muscle differenti- 
ation, in which MyoD as a single “master” gene can initiate a whole program 
of differentiation, there does not appear to be as of yet such master genes 
for hematopoiesis. Nonetheless, through a variety of approaches discussed 
below, numerous transcription factors that appear critical for blood cell devel- 
opment have been identified. 

Cellular Commitment and Restriction of Differentiation Alternatives 

One of the central questions concerning stem cell biology is the mechanism 
by which the stem cell becomes committed to a particular lineage and thus 
restricted in its pluripotency. These studies have been hampered by technical 
hurdles: Direct access to normal stem cells that are synchronized at a specific 
early step in differentiation is experimentally very difficult and uncertain. 
Hence conclusions have been based on analyses of mixed cell populations of 
primary bone marrow cells or on results obtained from cultured cell lines that 
may differ from their normal counterparts vis li vis patterns of gene expression 
and mechanisms of transcriptional regulation. Paradoxically, primitive cells 
may express genes that are hallmarks of mature cells (Hu et al., 1997), suggest- 
ing that the complex of regulatory events leading to initial expression of 
lineage-specific genes may be quantitatively and qualitatively different from 
the regulatory processes that determine expression of the gene at later stages 
of differentiation. After initial expression of genes that are characteristic of 
a given lineage, a series of further events must occur so that the relatively 
small number of incompletely differentiated precursor cells ultimately give 
rise to a large population of cells expressing a restricted subset of the gene 
products found in the early precursor. Thus there appears to be a loosening 
of gene expression, followed by a severe restriction in gene expression concom- 
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itant with an upregulation of selected transcripts. Among the steps that must 
be accomplished are lineage-specific silencing of selected genes expressed in 
precursors; cell proliferation to generate appropriate numbers of end-stage 
cells; regulation and suppression of apoptosis; and progressive amplification 
in the level of expression of specific gene products, such as the hemoglobin 
chains, and down regulation of other genes, such as those for various markers 
of the precursor cells. The expression of cell type-specific and housekeeping 
genes must be coordinated with the stage of maturation of a cell so that the 
cell does not prematurely enter into terminal differentiation. Although little 
is known about the mechanisms in play, regulation may hypothetically involve 
use of different transcription factors or complexes to regulate the same gene 
at different stages of development in a single lineage as well as in different lin- 

Coupling of Cell Cycle and Apoptosis to Differentiation: Can 
Differentiation Be Uncoupled From Gl Arrest? 

The maintenance of the stem cell or progenitor cell phenotype requires sup- 
pression of apoptosis (Jacobson et al., 1997) and a block to differentiation. 
While active cycling is not required, these cells must retain the capacity to 
enter the cell cycle upon appropriate stimulation. As cells depart from the 
stem cell pool and become committed progenitors, a series of complex decision 
points are encountered within each cell cycle that are believed to influence 
the differentiation process. The advancement of a cell toward a differentiated 
phenotype is accompanied by a series of transcriptional changes that are 
associated with a slowing of the cell cycle. Certain transcripts, such as c-my, 
that are implicated in cell cycle advancement are downregulated, while certain 
gene products, such as Rb, the retinoblastoma gene product, accumulate. Both 
of these changes are thought to be concordant with the slowing of the cell 
cycle: c-myc is known to activate the cdc25 gene (Galaktionov et al., 1996) 
a positive regulator of the cell cycle, and Rb, through association with the 
transcription factor E2F, is known to repress the activation of genes necessary 
for the Gl to S transition (P.L. Chen et al., 1995; Sanchez and Dynlacht, 
1996). But is slowing of the cell cycle necessary for differentiation? Several 
recent experiments suggest that it is not. Certain mutants of Rb, identified by 
scanning mutagenesis of the protein, are unable to halt the progression of Gl 
to S, but are able to induce the differentiation of osteosarcoma cells (Sellers, 
WR et al., 1998). In addition, the overexpression of certain antiapoptotic 
genes, such as bcl-2, can help to maintain cell growth but do not appear to 
interfere with differentiation. These findings argue that the transcriptional 
regulatory pathways that control differentiation, and thus are likely also impli- 
cated in maintenance of stem cell phenotype, are distinct from those that 

control the cell cycle. 
It is clear that stem cell pools must be resistant to apoptotic cell death. 

However, controlled cell death is a central component of developmental pro- 
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cesses in hematopoiesis, best exemplified in the immune system. In both the 
B-cell and T-cell lineages, cells bearing receptors that interact too strongly with 
host antigens must be downregulated or eliminated. Selection of developing T 
cells is particularly complex. It involves both positive selection for cells that 

are able to recognize antigen in the context of self but not nonself-MHC 
antigens and also elimination of cells that recognize self-antigens too avidly. 
Developing thymocytes are sensitive to both radiation-induced and steroid- 
induced apoptosis, and the thymic epithelium itself may be steroidogenic 
(Zilberman et al., 1996). However, steroids may protect thymocytes against 
apoptosis induced by other agents. The interesting suggestion has been made 
that the balance between steroid levels and self-recognition-induced apoptosis 
in the thymus may serve to eliminate both thymocytes that entirely fail to 
recognize self, because of steroid apoptosis, and thymocytes that recognize 
self too strongly, because the stimulus to apoptosis is too strong to be countered 
by the steroid levels (Ashwell et al., 1996). 

Feedback at the Organismal Level 

As discussed above in the context of intrinsic vs. instructive models of hemo- 
poiesis, extrinsic cues may not be required for cellular maturation. However, 
this does not mean that these extracellular signaling molecules do not have 
an important role in the organismal regulation of hematopoiesis. Some mecha- 
nism must exist to tell the marrow to increase the production of certain lineages 
in times of heightened demand or deficit. For the granulocytic series, it is not 
established what this signal is, although CSFs may play an important role. Both 
G-CSF and granulocyte-macrophage (GM)-CSF stimulate the production of 
granulocytes in adult animals and to this extent play a role similar to that of 
erythropoietin for red cells. However, gene knockout of these factors does 
not prevent the formation of mature granulocytes so that the factors are 
not necessary for either specification or significant expansion of this lineage 
(Metcalf et al., 1996). The mechanism by which the organism senses granulo- 
penia, however, remains obscure. 

It is well established that erythropoietin is essential for a positive feedback 
stimulus in the presence of anemia and decreased oxygen-carrying capacity. 
It is interesting, however, that a portion of yolk sac erythropoiesis in the mouse 
is independent of erythropoietin or the erythropoietin receptor. Conversely, 
productive intrahepatic erythropoiesis in the developing animal is strictly 
dependent on this signaling system (C.S. Lin, et al., 1996; Wu et al., 1995). 
An interesting parallel is that certain transcription factor gene knockouts 
(vi& infra) selectively spare the initial yolk sac erythropoiesis while blocking 
subsequent hematopoietic development. However, these effects may not be 
truly analogous since the fetal livers from mice lacking erythropoietin or the 
erythropoietin receptor actually contain an increased number of erythroid 
(E) blast-forming units (E-BFU) and E-CFU, while the transcription factor 
knockouts exhibit decreased numbers of these progenitors. Nonetheless, these 



88 WEISSMAN AND PERKINS 

results highlight the distinction between extraembryonic and intraembryonic 
hematopoiesis. 

Thrombopoietin and its receptor mpl regulate platelet levels by stimulating 
megakaryocyte production. However, mice with a knockout of the thrombo- 
poietin gene still have some platelets and megakaryocytes (Carver-Moore et 
al., 1996; de Sauvage et al., 1996) indicating that, as with erythropoietin, the 
hormonal stimulation system is not obligatory for establishment of the relevant 
differentiation pathway. The feedback loop regulating thrombopoietin levels is 
not fully elucidated, but may involve removal of thrombopoietin by circulating 
platelets. Mice lacking the mpl receptor for thrombopoietin are also markedlv 
deficient in platelets, but in addition show some deficiency of hematopoietic 
precursors. Further thrombopoietin can stimulate the proliferation of hemato- 
poietic precursor cells in vitro (Ramsfjell et al., 1996) and rescue BFU-E colony 
formation from GATA-1 -‘- embryonal stem cells (Kieran et al., 1996) suggest- 
ing there may be more than one role for this system in hematopoietic regulation. 

ROLE OF TRANSCRIPTION FACTORS IN STEM 
CELL REGULATION 

General Transcription Apparatus 

The general transcription apparatus responsible for forming mRNA includes 
a core RNA polymerase II that itself is a multipeptide complex and a variety 
of associated general transcription factors that may also have a role in other 
processes such as DNA repair (Orphanides et al., 1996). It is beyond the scope 
of this chapter to discuss these factors other than to note that there are several 
proteins of the general transcription apparatus that may serve as adaptors 
that are necessary for the function of specific types of transcription activation 
domains present on cell type specific factors, including those reviewed below 
(Hampsey and Reinberg, 1997; Laemmli and Tjian, 1996; Zawel and Rein- 
berg, 1995). 

Multiple Modalities of Transcription Factor Function 

Transcription factors generally have a modular construction that greatly expe- 
dites analysis of their function (Calkhoven and Ab, 1996). The gene for a 
typical transcription factor may consist of one or more segments that encode 
protein domains that mediate transcription activation (Triezenberg, 1995) 
together with separable segments that encode domains with sequence-specific 
DNA-binding properties. Other segments may encode domains such as leucine 
zippers or poz domains that specifically interact with other proteins such as 

other transcription factors, and yet other segments that encode domains in- 
volved in the regulation of the DNA-binding or transcriptional activity of the 
overall factor. These gene segments may be excised and recombined to create 
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factors that would, for example, contain a transcription activation domain 
from one factor attached to a sequence recognition and DNA-binding domain 
from another factor, even when one component is derived from yeast and the 
other from animal cells. This underlies a number of useful assays, including 

the yeast two hybrid system widely used for finding proteins that interact with 
a given target protein (Fields and Song, 1989). 

Several sequence-specific DNA-binding protein motifs recur in multiple 
transcription factors, and representative crystal structures have been deter- 
mined (Nelson, 1995). One common motif is the zinc finger (Knegtel et al., 
1995; Pieler and Bellefroid, 1994) a structure that consists of a peptide with 
a tetra-complexed zinc. One finger may make contact with three successive 
residues in DNA, and it is even possible, to a limited extent, to construct 
proteins with desired sequence specificity by combining zinc fingers along 
established rules (e.g., Choo et al., 1994). Other motifs, such as the helix-turn- 
helix motif, or the homoeobox structure, depend for their sequence specificity 
on an alpha helical domain that binds DNA by inserting into the major groove 
of DNA. The homeodomain proteins, by themselves, typically have rather 
nonspecific DNA-binding ability. However, through heterodimerization with 
certain partners, this binding ability becomes much more specific (Chang et 
al., 1996). Proteins of the HMG group bind to DNA in the minor groove and 
cause varying degrees of helical bending. 

Activation domains are also quite heterogeneous. One large class consists 
of acidic domains, but these may contain nonacidic amino acids such as phenyl- 
alanine that are necessary for the activation function (Cress and Triezenberg, 
1991). Runs of proline or glutamine may also be hallmarks of transcription 
activation domains. These transcription activation domains may function by 
interaction either directly with general transcription factors such as the TATA- 
binding factor (TBF) or TFIIB, or through specific members of a group of 
coactivator proteins (TAFs) that themselves form a complex with TFIID. 
Regardless of whether specific protein contacts are known or not, the details 
of how transcription activation is achieved in these cases are obscure. 

Formation and Maintenance of Gene-Specific Transcription Complexes 

The process of establishing stable states of active or potentially active transcrip- 
tion units in a cell type is, not surprisingly, very complex and probably different 
for different genes. In some cases, such as the heat shock proteins, transcription 
factors and even RNA polymerase II may be located on promoters before 
activation (Quivy and Becker, 1996) while the determining factor, the HSF 
transcription factor, either only binds DNA after heat shock (Landsberger 
and Wolffe, 1995) or is prebound but becomes activated by phosphorylation. In 
other cases, such as the interferon gene, there appears to be highly cooperative 
interactions among several different factors necessary to form an activation 
complex. The presence of DNase-hypersensitive sites at the transcription initi- 
ation sites of genes presumably reflects the assembly of such protein complexes 
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and is in general tissue specific, although the hypersensitive sites may be 
present even in the absence of the accumulation of gene transcripts. Activated 
states of genes also may be stabilized by covalent modifications such as DNA 
demethylation in mammalian cells. Interestingly, there are reports that de- 
methylation may be an active process (Razin and Shemer, 1995) that does 
not require DNA replication but may involve RNA (Weiss et al., 1996). 

Histones and Nucleosomes. Nucleosome placement may be critical for deter- 
mining the activity of a promoter, as in the yeast PH05 promoter (Svaren and 
Horz, 1997) and can serve to bend the DNA in such a way as to bring in 
proximity transcription factors whose binding sites are widely separated on 
linear DNA. Recently there has been considerable progress in defining cellular 
systems involved in assembly of histones on DNA or in modifying the position- 
ing of histone on the DNA. One system, developed by Stillman and his 
coworkers (see Verreault et al., 1996) will assemble histone octamers de nova, 
but only works on newly replicated DNA in a coupled system. Another 
remarkable system (Varga-Weisz et al., 1995) will not only assemble histones 
on preformed DNA but promotes sufficient histone mobility so that, for 
example, chainging the ionic strength of the medium results in changes in the 
internucleosome spacing of preformed chromatin. Two related systems have 
been identified in several organisms including yeast, where the abundant 
multiprotein RSC complex has also been found to be essential for mitotic 
growth (Cairns et al., 1996). 

Acetylation of the N-terminal portion of core histones has been known for 
some time to be present particularly in active chromatin. Acetylation of differ- 
ent N-terminal lysines in histones H3 and H4 appear to serve different biologi- 
cal functions. Thus certain lysines in the N termini of histones H3 and H4 are 
acetylated in newly formed histones and this is part of the process of nuclear 
import and chromatin assembly. Other residues are acetylated specifically in 
histones in euchromatin, in some cases more specifically in genes that are 
being transcribed. Recently there has been considerable progress in character- 
izing and cloning histone acetyltransferases with different specificities and 
functions (Brownell and Allis, 1996; Parthun et al., 1996). The yeast transcrip- 
tion activation factor GCN5 and its Tetrahymena and human analogs have 
been shown to be histone acetylases (Brownell et al., 1996; Kuo et al., 1996; 
Wang et al., 1997) indicating that histone acetylation may be part of a mecha- 
nism used by transcription factors for gene activation. Mammalian analogs of 
yeast histone acetylases have been found, and the large coactivator protein 
CPB not only associates with other histone acetylases but apparently has 
an endogenous histone acetylase activity (Bannister and Kouzarides, 1996; 
Ogryzko et al., 1996). Even one of the TBF-associated TAF components of 

the TATA box-binding general transcription factor TFIID has been found 
to have histone acetylase activity (Mizzen et al., 1996). Specific histone deacety- 
lases have also been identified (Taunton et al., 1996; Wolffe, 1996). 
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HA4G Box Proteins. In addition to nucleosomes, architectural proteins, such 
as those containing HMG boxes, may establish the degree of DNA bending 
in the promoter region and may determine, or be essential for, the activity 
of a gene. The HMG box proteins fall into two classes: those, such as HMG- 

IY, that are relatively sequence nonspecific and generally expressed; and those, 
such as LEF-1, that show restricted patterns of cell type expression and more 
specificity in DNA binding. 

Polycomb and Trithorax Group Proteins. Genetic analyses in Drosophila 
have shown that while the initiation of gene activation or inactivation may be 
mediated by one class of proteins, the maintenance of the state of the gene 
during development is dependent on a different class of proteins. It is envi- 
sioned that there are multiprotein systems for maintaining the activity (en- 
coded by the trithorax group of genes) or inactivity (polycomb group) of 
target genes. In Drosophila, specific sequences termed PRE elements (Pirrotta 
et al., 1995; Zink and Paro, 1995) may be recognized by polycomb proteins 
and serve as initiation sites for assembly of these maintenance complexes that 
then can affect the activity of larger regions of DNA. Nucleic acid and protein 
homologies and limited biochemical studies indicate that homologous systems 
for stabilizing activated or silenced states operate in animal cells. Unfortu- 
nately, in no case is there an atomic level, or even a complete molecular 
level, understanding of the structure of the chromatin in a silenced DNA 
protein complex. 

The mammalian homologs of Drosophila polycomb gene family proteins 
may be important in the regulation of hematopoiesis. The vav gene encodes 
a remarkable protein that contains a pleckstrin homology domain, SH3 and 
SH2 homology domain, regions of homology with guanine nucleotide ex- 
change factors, sites for tyrosine phosphorylation, and nuclear localization 
signals. Vav is expressed exclusively in cells of the hematopoietic system 
and has been shown by gene knockout studies to play an important role in 
lymphocyte proliferation and signaling from antigen receptors. Recently vav 
has been shown to interact with the mammalian homolog of Drosophila en- 
hancer of zeste protein, a putative member of the polycomb group (Hobert 
et al., 1996). 

The Bmi-1 gene of mice encodes a homolog of the Drosophila posterior sex 
combs protein, and knockout of Bmi-1 causes severe defects in hematopoiesis 
(Vanderlugt et al., 1996). Overexpression of Bmi-1, via retroviral insertional 
activation, is associated with leukemia in mice (van Lohuizen et al., 1991) 
and transgenic mice may show homeotic-like anterior transformations of body 
structures (Alkema et al., 1997). The Bmi-1 protein has a RING finger domain 
(Borden and Freemont, 1996; Saurin et al., 1996; Lovering et al., 1993) that 
is important for its localization to specific nuclear domains (Cohen et al., 
1996) which can be visualized as speckled dots with anti-Bmi-1 antibodies. 
Bmi-1 exists in the nucleus as a complex with Mel18 (Tagawa et al., 1990) 
M33, and Mphl, which share homology to the Drosophila polycomb (Me118 
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[Tagawa et al., 19901 and M33 [Pearce et al., 19921) and polyhomeotic (Mph1 
[Alkema et al., 19971) genes. The findings that this group of mammalian 
genes all bear similarity to Drosophila polycomb group genes, and can cause 
homeotic-like transformations when disrupted in mice, and that their proteins 
exist as a complex in defined nuclear structures together suggest that this 
represents a functional equivalent to the Drosophila complex and may exert its 
effects through modification of gene expression at multiple loci via alteration in 
chromatin structure. 

MLL (All-l) 

The Mll-1 or All-l gene (Mbangkollo et al., 1995) was first recognized because 
of its dysregulation and involvement in chromosome translocations in various 
leukemias (Downing and Look, 1996; Joh et al., 1996; Rubnitz et al., 1996). 
The gene encodes an amino acid motif known as the SET domain that is also 
found in the trithorax group of Drosophila genes involved in maintaining or 
extending the expression range of homeobox genes (see above). Mice carrying 
a heterozygous disruption of the Ml1 gene show neurological abnormalities 
with posterior shifting of the anterior boundaries of expression of certain 
HOX genes (Yu et al., 1995). These mice showed decreased numbers of red 
cells, megakaryocytes and B cells, consistent with a role for this gene in 
hematopoiesis. Knockout of the Ml1 genes in embryonic stem cells in cultures 
produces cells that readily form immature hematopoietic colonies but fail to 
produce mature lineage restricted colonies (Fidanza et al., 1996). These results 
are all consistent with a role for the Ml1 gene in upregulating or maintaining 
the expression of HOX genes that is analogous to that of the Drosophila 
trithorax gene and with the suggestion that leukemic rearrangements of Ml1 
produce a dominant-negative product that interferes with normal Ml1 function. 

Non-DNA-Binding Proteins in Transcription Complexes. Proteins that do 
not themselves have DNA-binding motifs may regulate transcription by associ- 
ating with specific combinations of transcription factors on DNA. These pro- 
teins presumably can mediate both positive and negative synergy between 
transcription factors, and their role in cellular physiology is only beginning 
to be appreciated. These proteins may be considered coordinator factors. 
Examples include the CBP/p300 proteins that interact with a number of tran- 
scription factors (Janknecht and Hunter 1996) the well-known cell cycle regula- 
tory retinoblastoma protein and the related protein ~107 (Bartek et al., 1996; 
P.L. Chen et al., 1995; Muller, 1995; Sanchez and Dynlacht, 1996). E2F and 
DP are transcription factors that have intrinsic DNA-binding activity. The 
E2F-DP heterodimeric complex can activate late Gl and S phase cell cycle- 

dependent transcription. However, the retinoblastoma protein, in its under- 
phosporylated form, will bind to the E2F-DPl complex, converting it from a 
transcriptional activator to a repressor. Conversely, the retinoblastoma protein 
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can also bind to transcription factors and activate them, promoting differentia- 
tion (P.L. Chen et al., 1996). 

A remarkable example of transcriptional regulation is that exerted by the 
action of a non-DNA-binding regulatory protein, through its association with 

promoter-binding proteins and promoter DNA of the MHC class II genes. 
Patients with the bare lymphocyte syndrome appear to be normal except for 
the consequences of a failure to express structurally normal MHC class II 
antigens. Mach and colleagues (1996) have elegantly elucidated the molecular 
defects in these patients. One group of subjects was particularly fascinating 
in that all factors generating in vitro gel shifts with regulatory elements for 
the class II genes were present and intact, indicating that all of the DNA- 
binding regulatory proteins for class II genes were present in lymphocytes 
from patients with the syndrome. However, complementation assays with 
cDNA libraries led to the cloning of a gene for a protein (CIITA) that bound 
to the promoter only in the presence of the complete set of other factors. 
This protein did not bind to DNA directly and did not interact strongly enough 
with any single factor to be detectable in in vitro protein-protein interaction 
assays or in the yeast two-hybrid system. Regulation of the new protein appar- 
ently is sufficient to account for many apsects of class II regulation, such as 
response to interferon-y, or the shut down of class II genes in maturing plasma- 
cytes. 

It is striking that the CIITA protein is apparently needed only for the 
transcription of a very small set of genes related to class II function. The 
point of this illustration in the present context is that this protein would 
not necessarily have been detected by the conventional molecular biological 
procedures, which aim at finding factors that bind to and act at a given 
promoter. It was only the uncovering of a mutant that drew attention to the 
protein. This could be a unique example, but the possibility exists that other 
factors active in stem cell formation or differentiation at the transcriptional 
level could be similarly elusive. 

Negative ReguZatoPy Proteins. In addition to positive regulators of transcrip- 
tion, negative regulation can occur at multiple levels. The “coordinator” pro- 
teins referred to in the above paragraphs can act as negative regulators as 
well as positive regulators, as seen, for example, in the silencing of E2F- 
responsive promoters by the Rb-E2F complex. The Id gene encodes a widely 
expressed helix-loop-helix (bHLH) protein that lacks a DNA-binding domain 
(Benezra et al., 1990). It can dimerize with bHLH transcription factors via 
the HLH domain and neutralize them by preventing DNA binding (Sun et al., 
1991). This has been studied particularly in muscle development (Weintraub, 
1993), but similar effects are expected in hematopoiesis where several bHLH 
proteins, such as SCL/Tall, are involved in lineage specification. The zinc 
finger protein MZFl is preferentially expressed in hematopoietic cells and 
can prevent the induced expression of CD34 and c-myb during differentiation 
of embryonic stem cells (Perrotti et al., 1996). Several other DNA-binding 
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proteins have been observed to negatively regulate some aspect of hematopoi- 
etic lineage expression, but their physiological role in general needs to be 
elucidated in more detail. Other negative regulatory transcription factors may 
be generated from alternatively spliced forms of mRNA of transcription- 
activating proteins. 

Modes of Regulation of Transcription Factor Activity. The activities of tran- 
scriptional regulatory proteins are controlled by a variety of mechanisms, 
including cellular localization, post-translational modification, and proteolytic 
processing. Phosphorylation plays an important role in the regulation of tran- 
scriptional activity in many systems, including the hematopoietic system. 
Among other notable examples are the central role of phosphorylation of 
STAT factors in the transcriptional response to interferon and cytokines (Ihle, 
1996) the role of phosphorylation of IKB and NF-KB in the inflammatory 
response (Z.J. Chen et al., 1996; Lee et al., 1997) and the role of phosphoryla- 
tion in modulating the activity of NFAT transcription factors (Park et al., 
1995; Ruff and Leach, 1995; Shaw et al., 1995) and therefore regulating the 
expression of cytokines such as IL-2 by T cells. 

Attenuation of mRNA Transcription. In prokaryotes a common mechanism 
of regulation of mRNA level is at the level of transcription attenuation. Here 
transcription initiation may occur normally, but elongation of the transcript 
is reduced or completely blocked at certain regulated sites. In prokaryotes 
transcription termination may be controlled by secondary structural rearrange- 
ments that occur during translation of the nascent RNA or by proteins that 
bind to specific sites in the DNA. The former mechanism is not thought to 
be available to animal cells because translation occurs in the cytoplasm. How- 
ever, a number of cases of potential transcriptional attenuation have been 
described for various genes, including myc (Roberts and Bentley, 1992). A 
recent report suggests that transcription of at least the first exon of embryonic 
P-globin chains may occur in adult erythroid cells, although transcription of 
downstream exons is depressed and essentially no embryonic globin is pro- 
duced (Kollia et al., 1996). 

Post-Transcriptional Regulation of mRNA Levels. At stages of differentia- 
tion at which lineage choice is determined by the relative level of various 
factors, post-transcriptional regulation of specific mRNA abundance could 
well prove as important as changes in the level of transcription factors. The 
area of post-transcriptional regulation of gene expression at the level of mRNA 
processing and stability, translational regulation, and protein stability during 
hematopoietic cell differentiation and development has not been as extensively 
studied as have the transcriptional regulators. Some striking examples of these 

effects are known, however. For example, as erythropoietic cells mature in 
vitro there may be a marked up regulation of the mRNA for the Tall transcrip- 
tion factor (see below) with a parallel decline in the levels of Tall protein 
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(Murrell et al., 1995). Globin mRNA becomes less stable when K562 cells 
are induced to differentiate along the megakaryocytic lineage by treatment 
with PMA (Lumelsky et al., 1991). A ribonucleoprotein assemblage on the 
3’ untranslated region of a-globin mRNA confers stability to the mRNA 
(Wang et al., 1995; Weiss and Liebhaber, 1994) and a different complex 
appears to function on the 3’ untranslated region of P-globin mRNA (Russell 
and Liebhaber, 1996). In view of the known effects of 3’ mRNA sequences 
on translation in other systems, it would not be surprising to find that such 
ribonucleoprotein complexes modify translation efficiency as well as stability 
of mRNA. 

TRANSCRIPTIONAL REGULATION IN HEMATOPOIESIS 

Successive Expression: Transcriptional Cascades in Hematopoiesis 

Methods for preparing pure populations of hematopoietic stem cells are still 
evolving, and there is probably more than one type of cell that is able to cause 
long-term generation of the lineages in vivo, as discussed elsewhere in this 
volume. The actual number of stem cells that can be obtained from an organism 
is very small. Normal stem cells cannot be expanded in vitro in pure populations 
synchronized with respect to their level of differentiation. As a result, informa- 
tion about the molecular content and gene regulation in stem cells has to 
be obtained or inferred from specialized approaches such as (1) single-cell 
polymerase chain reaction; (2) cultured cell line models; (3) gene knockout 
and transgene experiments; and (4) study of the transcriptional regulation of 
stem cell genes in other cell types. The data available from all these sources 
are for the most part limited and uneven, and the present chapter includes 
only selective examples of the type of information obtained by the above 
means and some discussion of gene control during the replication and early 
differentiation of hematopoietic stem cells. 

Somatic cells of any lineage express at a significant level only a small 
fraction of the genes of an organism. For a gene such as globin there must 
be a first point in differentiation at which “significant” levels of this gene are 
expressed. It follows, therefore, that at that point the correct combination of 
transcription factors and chromatin structure that permit expression must also 
exist. Simplistically, one might have imagined that this expression is triggered 
by a unique combination of regulatory factors that mediate and create, for 
example, an “erythropoietic state” in the precursor cell and that expression 
of this group of regulatory factors mediates the entire process of erythropoietic 
differentiation. Not surprisingly, the actual process of erythroid differentiation 
is much more complex and multitiered. 

One example of a potential transcription factor cascade is that provided 
by the factors GATA-1 and GATA-2 in erythroid differentiation (Weiss and 
Orkin, 1995a). Both transcription factor genes contain GATA-binding sites 
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in their promoters and, in principle, might be subject to auto- and cross- 
regulation. GATA-2 is normally expressed earlier in hematopoietic differenti- 
ation than is GATA-1 and in a broader range of cells. In the absence of 
GATA-1, there is a SO-fold increase in the level of GATA-2 expression in 
erythroid cells (Weiss et al., 1994). On the other hand, GATA-1 expression 
occurs even in the absence of GATA-2 (F.Y. Tsai et al., 1994). 

A different type of cascade is illustrated by the ets-related transcription 
factor PU.l (SPIl). This factor is expressed in cells of the myelomonocytic 
and B-cell lineages and, along with C-EBPcw and perhaps AMLl (CBFa2), 
provides cell type-specific activation of a number of genes in these lineages, 
including cytokine receptors (Smith et al., 1996; Zhang et al., 1996). Stimulation 
of these receptors in turn can promote differentiation and expansion of the 
hematopoietic cells and also activate other transcription factors. PU.l also 
activates its own transcription (H. Chen et al., 1995) providing an additional 
measure of positive feedback. 

Finally, in the absence of knowledge of a gene’s function, it is dangerous 
to presume that, because knockout leads to the disappearance of a given 
lineage, the gene in question has a function unique to that lineage. A curious 
extreme example is the recently reported knockout of DNA ligase 1. This 
protein is thought to play an important role in lagging strand synthesis during 
DNA replication. However, homozygous knockout embryos lived to about 
day 16 postconception and showed no gross morphological abnormalities 
other than pallor and a small liver. There was a marked deficiency or complete 
lack of intraembryonic erythropoiesis, although initial results suggest that the 
total number of nonerythroid hematopoietic cells in the fetal liver of these 
animals was normal (Bentley et al., 1996). No explanation is currently available 
for the highly selective effect of knockout of this very generally expressed gene. 

Transcription Factor Complexes and Interactions 

The theme of combinatorial action of transcription factors to form active, or 
inactive, heterodimers arises so frequently as to be more the rule than the 
exception in transcriptional control, and the hematopoietic system presents a 
number of examples. For example, the selective expression of fetal (y-globin) 
versus adult globin P-like chain mRNA is a relatively intensively studied 
example of the combinatorial action of transcription factors in regulating the 
expression of specific genes. GATA-1 is required for high level expression of 
both genes, but EKLF, the erythroid-specific Kruppel-like zinc finger transcrip- 
tion factor (see p. 113) is strictly required for expression of adult P-globin 
but not for fetal y-globin production (Donze et al., 1995; Nuez et al., 1995; 
Perkins et al., 1995). Conversely there is a stage-specific selector element 
(Amrolia et al., 1995) in the fetal globin promoter that requires a heteromeric 

complex that contains a widely expressed transcription factor (CP2) and an 
additional stage-specific factor whose cloning has not yet been reported (Jane 
et al., 1995). 
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A number of dynamic processes may serve to reinforce differentiation 
along one lineage and repress alternative states of differentiation in hemato- 
poietic cells. For example, the GATA-1 transcription factor that is expressed 
at high levels in differentiated erythroid cells activates its own transcription and 

may depress the transcription of GATA-2, which is found in less differentiated 
hematopoietic cells. In addition, among other genes, GATA-1 promotes tran- 
scription of the erythropoietin receptor, which presumably can transmit signals 
favoring erythropoietic development. We are only at the beginning of under- 
standing such positive and negative crossover signals that occur at the tran- 
scriptional level during differentiation and development of the various hemato- 
poietic lineages. 

In addition to sequences proximal to the start of transcription, more distal 
sequences may be important for establishing the levels and tissue specificity 
of gene expression. The effect of these genetic elements can be either activation 
of transcription or insulation (Chung et al., 1993) of promoters from the effects 
of enhancers or silencers of nearby genes or heterochromatin. These remote 
control regions were first discovered for the @globin gene cluster, where 
sequences known as locus control regions (LCRs) were detected both function- 
ally (Blom van Assendelft et al., 1989; Talbot et al., 1989; Tuan et al., 1989) and 
because they represented sites of erythroid-specific DNase hypersensitivity 
(Forrester et al., 1987; Tuan et al., 1985). The globin LCRs, which reside up 
to 50 kilobases upstream of the genes they activate, consist of four hypersensi- 
tive (HS) regions. The HS sites contain clusters of sequences that bind tran- 
scription factors, including multiple GATA sites and functionally important 
paired NFE2 sites (Dillon and Grosveld, 1993; Grosveld et al., 1990). 

There are specific DNA segments that act to shield a gene or gene cluster 
from the activating or repressing influences of surrounding chromosomal 
DNA. These elements are referred to as boundary elements or insulators and 
are being studied intensively in Drosophila (e.g., Hagstrom et al., 1996) and 
in the globin cluster (Chung et al., 1993). The LCR acts as a boundary element 
on the chromosome and can protect genes from the inhibitory influence of local 
chromatin. For instance, in transgenic mice that are prepared with constructs 
containing globin genes flanked by LCRs, there is full activity of the globin 
gene, independent of its site of integration. The effect of the LCR on gene 
activity is mediated by increasing the number of cells expressing the gene 
rather than by increasing the rate of transcription of the gene in each cell 
(Boyes and Felsenfeld, 1996). In particular, with the full LCR, pericentromeric 
transgenes are still expressed in all murine fetal liver erythroid cells, while 
constructs carrying incomplete LCRs are expressed in only a fraction of the 
cells at any one time (Milot et al., 1996). The latter phenomenon is reminiscent 
of position effect variegation of periheterochromatic gene expression in Dro- 
sophila. The chicken insulator from the globin cluster has been narrowed 
down to a 250 basepair region that contains a DNase hypersensitive site and 
binding sites for a number of proteins (Chung et al., 1997) but is itself different 
from a promoter. The mechanism of action of boundary elements and their 
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specificity with respect to enhancers and 
that require further investigation. 

promoters are important subjects . 

Widely Expressed Factors With a Role in Hematopoiesis 

HOX Cluster Positional Identity Genes in Hematopoiesis? The study of 
mutations in Drosophila that affect the body plan has led to an emerging 
understanding of molecular control of development. One particular class of 
mutations, in which one body segment is converted into another, has yielded 
a wealth of information. This class, termed homeotic, consists of mutations in 
genes that are clustered in the Drosophila genome and exhibit a high degree 
of similarity to one another. These genes share a common element, the homeo- 
box, which consists of a 183 nucleotide segment encoding a helix-turn-helix 
protein motif that mediates interaction with DNA, primarily with the sequence 
ATTA (Lawrence and Morata, 1994). These proteins function as transcription 
factors to regulate the expression of subordinate genes (largely unidentified) 
that presumably enact specific features of body plan development (Botas, 
1993). In higher eukaryotes, including mammals, homeobox genes are clus- 
tered into four groups. A, B, C, and D, each of which is homologous to the 
single cluster in Drosophila (Kappen and Ruddle, 1993; Maconochie et al., 
1996; Ruddle et al., 1994). 

The analysis of the pattern of HOX gene expression within developing 
organisms revealed the remarkable feature that the spatial extent of expression 
in the embryo correlated with the position of the gene on the chromosome 
in both insects and, with additional complexities, vertebrates (Krumlauf, 1993, 
1994): HOX genes located at the 3’ end of the cluster are expressed in domains 
that extend into the anterior portions of the embryo, while those at the 5’ 
end are expressed only toward the posterior pole. Cell fate determination 
seems to be controlled by the 3’-most limit of the HOX gene cluster expressed 
in the cell. 

Through a comparison of similarly positioned genes between groups of 
vertebrate HOX genes, it was found that homeobox genes often bore more 
resemblance to genes in the analogous position in a different cluster (known 
as a parafog) than to genes within their own cluster, although not all members 
of the family are represented in any single cluster (Maconochie et al., 1996). 
These findings are consistent with the establishment of an ancestral HOX 
cluster by local gene duplication, followed by duplication of the entire cluster, 
and this duplication provides some of the stronger evidence for the hypothesis 
that tetraploidization occurred one or more times during early vertebrate 
evolution (Holland and Garcia-Fernandez, 1996). In vertebrates a major effect 
of expression of HOX genes may be to promote the expansion of particular 
cell populations as well as or instead of specifying the cell fate. 

In addition to these “clustered” HOX genes are a number of dispersed, 
nonclustered genes that are scattered throughout the genome. These are, for 
the most part, more distantly diverged from the clustered HOX genes. Some 
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of these have been identified at sites of chromosomal breakpoints in leukemias 
and appear to play important roles in hematopoiesis (Hatano et al., 1991; 
Kamps et al., 1991). 

The binding specificity of HOX proteins is, in general, not high: They all 

appear to bind to the ATTA motif despite the fact that they have different 
functions in development and, thus, presumably different target genes. A 
possible resolution of this dilemma is provided by the findings that, within 
the cell. HOX proteins likely bind to DNA as heterodimers with other proteins 
and that one result of this complex formation is acquisition of a much higher 
degree of binding specificity. For instance, it was recently found that divergent 
homeobox proteins of the Pbx family can heterodimerize with various mem- 
bers of the clustered HOX family of proteins (Shen et al., 1996) and that in 
doing so the HOX proteins acquired the ability to bind to a more defined 
DNA-binding site (Chang et al., 1996). There are three Pbx genes that have 
been identified, as well as a family of more distantly related genes, called 
Meis (Nakamura et al., 1996a). Interestingly, two of these genes were identified 
because of their role in leukemia: Pbx is located at a t(1;19) in human pre-B 
cell ALL, a translocation that results in the formation of a fusion protein 
between the helix-loop-helix protein E2A and Pbx (Kamps et al., 1991). Meisl 
was identified as a site of retroviral insertion in murine myeloid leukemias 
(Moskow et al., 1995). Remarkably, in the same tumors, retroviral insertions 
are also found within the HOX A cluster, resulting in activation of HOXA9 
and HOXA7 (Nakamura et al., 1995). This provides genetic evidence for 
cooperativity between the divergent and the clustered HOX genes, which may 
have as its basis the need for both heterodimerizing partners to be activated 
for the particular leukemogenic effect. It is not known precisely which HOX 
genes are on in ALLs with the t(1;19) translocation or what target genes are 
critical for Pbx- or Meis-induced leukemogenesis. 

The pattern of HOX gene expression in hematopoiesis has been studied 
fairly extensively and is the subject of an excellent recent review (Lawrence 
et al., 1996), and it is clear that, in addition to their well-established role in 
body plan determination in segmented regions of the organism, they play an 
important role in hematopoiesis. Certain genes of the HOX A, B, and C 
clusters have been found to be expressed in both hematopoietic cell lines and 
in primary bone marrow cells. In cell lines with erythroid potential, most of 
the genes of the HOX B cluster (eight of nine genes) and some of the HOX 
C cluster are expressed. In myelomonocytic cells, HOXAlO is expressed, and 
in lymphoid cells certain HOXB genes (B7 and B4) and HOXC4 are expressed. 
In leukemic cells, HOXAlO is expressed at high levels in myeloid leukemias 
and may be a marker of diagnostic utility (Lawrence et al., 1996). As mentioned 
above, two other HOXA genes, HOXAB and HOXA7, are sites of retroviral 
insertions in murine myeloid leukemias, and in human leukemias HOXA9 is 
part of a chimeric protein with NUP98, a nucleoporin protein, encoded by 
t(Tl1) (plQ15) (B orrow et al., 1996: Nakamura et al., 2996b). In the acute 
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myelomonocytic cell line WEHI3B, there is aberrant activation of HOXB8 
via insertion of the retrovirus-like intracisternal A-type particle genome. 

In primary human bone marrow cells, the level of HOX genes is such that 
HOXA > HOXB + HOXC, and HOXD gene transcripts are undetectable 
(Lawrence et al., 1996). In CD34’ progenitors, both HOXA and HOXB genes 
are expressed. During commitment to myeloid and erythroid progenitors, 
genes in the 3’ end of these clusters (e.g., HOXB3) are suppressed, while at 
later stages, the 5’ genes (e.g., HOXAlO) are downregulated (Sauvageau et 
al., 1994). HOXB3 expression appears to be confined to the very early progeni- 
tor, the long-term culture-initiating cell (LTC-IC [Sauvageau et al., 19941). 
Another HOXB member, HOXBG, is expressed in murine yolk sac hematopoi- 
etic cells. Strikingly, the HOXD cluster of genes does not seem to be expressed 
at all in hematopoietic lineages. 

Functional studies that would support a specific role for the HOX genes 
in hematopoiesis are limited, yet compelling. First, as mentioned above, a 
number of HOX genes are implicated in acute leukemias, indicating that their 
overexpression can lead to a deregulation of control of hematopoietic cell 
growth and differentiation. Second, overexpression studies indicate a domi- 
nant effect of HOXB4 and HOXBS expression in primary murine hematopoi- 
etic progenitor cells: HOXB8 transduction led to enhanced ability to generate 
IL-3-dependent cell lines and an expansion of progenitors. At low frequency, 
the mice developed leukemia (Perkins and Cory, 1993). HOXB4 expression 
in transduced bone marrow cells in repopulated mice led to an increase in 
the most primitive cells, but in no abnormalities in the peripheral blood and 
no increased incidence of leukemia (Sauvageau et al., 1995), and overexpres- 
sion of HOXB4 in embryonic stem cells increased the number of progeni- 
tors for mixed myeloid-erythroid colonies and definitive erythroid colonies 
(Helgason et al., 1996). HOXAlO expression in bone marrow of reconstituted 
mice led to an increased number of megakaryocytic and primitive blast colo- 
nies, as well as an increased progenitor pool. In older animals, this progressed 
to a CML-like illness, while in secondary recipients of transduced marrow 
fulminant acute myeloid leukemias developed (Thorsteinsdottir et al., 1997). 
Although HOXB3 is downregulated earlier than other HOX genes in hemato- 
poiesis, overproduction of HOXB3 surprisingly leads to a increase in myeloid 
precursors but not an expansion of the stem cell population. Further support 
for a role of HOX genes in hematopoiesis comes from gene targeting studies: 
Homozygous mutation of HOXA9 in mice causes a generalized hematopoietic 
hypoplasia, reduced numbers of lumphocytes and granulocytes in the periph- 
eral blood, small spleen and thymus, and decreased numbers of committed 
progenitors, but no change in the number of pluripotent progenitors (Law- 
rence et al., 1995). The combined results of hypoplasia in HOXA9 deficiency 
and leukemia with HOXA9 overexpression indicate a role for the gene in 
expansion of hematopoietic cells, but at a point beyond the pluripotent pro- 
genitor. 
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Other Homeobox Genes. Other homeobox genes that may play specific roles 
in hematopoietic development include the HOXll gene. Absence of this gene 
in mice causes asplenia (Dear et al., 1995; Roberts et al., 1994, 1995), while 
overexpression of an unrearranged HOXll gene is associated with some 

T-cell leukemias (Lichty et al., 1995) and forced expression of HOXll in 
murine hematopoietic precursor cells led to a high incidence of cell immortali- 
zation (Hawley et al., 1994). Curiously, the HOXll protein may interact 
directly with protein phosphatases and thus disrupt the G2/M cell cycle check- 
point (Kawabe et al., 1997). 

A special subset of homeobox genes, the PAX family (Mansouri et al., 
1996) is defined by the presence of a conserved paired box motif. The mamma- 
lian genome contains at least nine PAX genes. These genes play a role in 
specification of a number of differentiation events, such as eye development, 
vertebral specification, and genesis of neural crest-derived tissues. A particular 
PAX gene, called MIX-l, has been identified as one that responds with imme- 
diate early kinetics to the TGF-P-related intercellular mediators activin and 
BMP-4 (Mead et al., 1996). The latter protein is a putative ventralizing signal 
molecule that may be involved in blood cell development (Zhang and Evans, 
1996) as injection of BMP-4 cDNA induces ectopic globin formation in devel- 
oping frog embryos. Dominant negative mutants of MIX-I inhibit ventraliza- 
tion by BMP-4 (Mead et al., 1996). Recent studies further suggest that MIX 
proteins may have their activity modified by heterodimer formation in vitro. 
A possible pathway through which BMP-4 can regulate MIX gene transcription 
is via activation of MAD proteins (Thomsen, 1996) known to be downstream 
effecters of signaling molecules in the TGF-P family. This provides a skeletal 
outline of one part of a possible path by which the erythropoietic system is 
induced to form during embryogenesis. This aspect of the pathway may involve 
other homeobox genes, since MIX-2, a close homolog of MIX-l, has recently 
been identified and has a pattern of expression similar to that of MIX-l. 
Furthermore, additional homeobox genes such as PV.l (Ault et al., 1966) and 
Xom (Ladher et al., 1996) are induced by BMP-4 and have ventralizing effects. 

The POU homeobox family of proteins (Verrijzer and Van der Vliet, 1993; 
Wegner et al., 1993) is a subset of homeobox-containing transcription factors 
that also have a second DNA-binding domain, termed the POU domain, 
linked to the homeodomain by a flexible linker (Herr and Cleary, 1995). Both 
domains bind to DNA via the major groove, but do so on opposite faces. The 
two domains together recognize the octamer sequence SATGCAAAT3’. 
The POU homeobox genes play numerous roles in development through the 
control of the transcription of tissue-specific as well as “housekeeping” genes. 
This family of proteins includes the “octamer” binding factors OCT-1 and 
OCT-2 that bind to an e ight basepair motif present in an immunoglobulin 
enhancer, as well as other factors that h ave been studi ed par titularly for their 
role in nervous system or in embryonic development. An extensive discussion 
of these proteins is largely out of the scope of the present chapter. We only 
note that OCT-2 (Latchman, 1996), originally considered to be a factor impor- 
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tant for general B-cell development and immunoglobulin expression, may have 
a more limited role in the regulation of late B-cell-specific genes (Corcoran et 
al., 1993; Konig et al., 1995). Also, the specific activation via octamer sequences 
in B cells involves, in addition to OCT-1 or OCT-2, a B-cell-specific coactivator, 
OCA-B (Luo et al., 1992) that binds DNA in the presence of OCT-2 (Cepek 
et al., 1996; Gstaiger et al., 1996) making specific contacts within the octamer 
motif. Interestingly, OCA-B can bind to and act synergistically with CIITA 
(Kern et al., 1995) to activate class II MHC gene promoters (Fontes et al., 
1996). 

c-myc and myb: Proliferation vs. Differentiation 

Two transcription factors, myc and myb (Graf, 1992) have been implicated 
in the repression of differentiation and stimulation of proliferation in hemato- 
poietic precursors. 

The myb family consists of three members a-myb, b-myb, and c-myb 
(Introna et al., 1994). c-myb is expressed mostly in hematopoietic tissues, 
while b-myb is broadly expressed. a-myb expression within the hematopoietic 
system is largely limited to B cells and related lymphomas and leukemias. All 
three myb genes bind to the hexanucleotide PyAACG/TG and seem to activate 
transcription with the relative effectiveness a-myb > c-myb > b-myb. c-myb 
has been studied to the greatest extent and seems to have both a specific effect 
in inducing hematopoietic genes and a general effect in blocking hematopoietic 
differentiation and promoting proliferation of precursor and differentiating 
cell lines. 

The c-myb protooncogene was initially recognized because it was the pro- 
genitor of the v-myb oncogene, associated with retrovirally induced avian 
myeloblastosis. v-myb cooperates with C/EBP to induce the expression of the 
promyelocyte-specific mim-1 gene in erythroid cells or fibroblasts so that the 
synergistic action of these two transcription factors can act as a switch to 
activate myelocyte-specific genes (Mink et al., 1996a). Furthermore, embryonic 
stem cells transfected with intact, but not mutant, c-myb underwent erythromy- 
eloid differentiation and formed colonies in methylcellulose cultures in the 
absence of growth factors (Melotti and Calabretta, 1996) and constitutive 
expression of c-myb transformed avian yolk sac cells to produce cell lines 
with characteristics of both myeloid and macrophage lineages (Fu and 
Lipsick, 1997). 

The c-myb gene is most abundantly expressed in hematopoietic progenitor 
cells, and its level falls as the cells mature and differentiate, a pattern of 
expression that is consistent with a role in promoting cell proliferation and 
inhibiting cell differentiation. While a number of potential gene targets for 
myb transcriptional activation have been identified, none of these fully explain 

the role that Myb has in myelopoiesis. These putative targets include AMLl 
(Ghozi et al., 1996) c-kit (Chu and Besmer, 1995) GATA-1 (Melotti and 
Calabretta, 1996) the CD34 gene that encodes a cell surface marker often 
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used to identify early human hematopoietic precursors (Perrotti et al., 1996) 
and the c-myc gene. However, the block in differentiation of hematopoietic 
cells caused by myb overexpression seems to occur at a stage earlier than that 
caused by myc (see below), and thus the myb-induced block is not likely to 
be a consequence of myb-induced myc expression. 

Homozygous knockout of the c-myb gene in mice results in embryonic 
lethality at day 15 of gestation (ML Mucenski et al., 1991). Yolk sac erythropoi- 
esis is apparently normal. However, the animals become profoundly anemic 
by embryonic day 15, with a severely reduced number (although not a total 
absence) of enucleated red cells and a ninefold decrease in intrahepatic CFU- 
GM progenitor cells. Lymphopoiesis was also reported to be blocked in these 
mice, although megakaryocytes were generated at wild-type levels in the 
mutant embryos. The evidence indicates that the defect in these mice is related 
to an inability to expand the definitive precursor cell populations rather than 
a complete block to maturation, at least in the erythropoietic lineage. These 
findings suggest an essential role for myb in the proliferation of early hemato- 
poietic cells (H.H. Lin et al., 1996). 

myc is a basic leucine zipper helix-loop-helix transcription factor that has 
been implicated in proliferation, cell death, differentiation, and oncogenesis. 
myc transcripts are rapidly induced in a large variety of cell types in the 
course of mitogenic stimulation, and myc expression is low in quiescent cells, 
suggesting an important role in cellular proliferation. As with myb, transfection 
of myc blocks the differentiation of erythroid cells, suggesting an important 
role in the control of cellular differentiation and/or proliferation. Consistent 
with this, myc has been implicated in the etiology of several neoplasms: The 
myc family was originally recognized because a mutated c-myc gene was 
incorporated, as v-myc, into an avian retrovirus that produced leukemia. In 
addition, c-myc is deregulated by a number of chromosomal translocations 
in B-cell neoplasms in humans. Conversely myc is downregulated when ter- 
minal differentiation is induced, and forced downregulation of c-myc with 
antisense oligonucleotides inhibits proliferation and induces differentiation 
(Liebermann and Hoffman, 1994). 

Knockout of the c-myc gene in mice leads to early lethality and widespread 
defects, suggesting an essential role in development (Davis et al., 1993). Em- 
bryonic stem cells homozygous for c-myc null alleles are fully viable and can 
contribute to most cell lineages in chimeric animals, which shows that c-myc 
does not play an essential role for proliferation and differentiation within 
specific organs. This suggests that other proteins, perhaps c-myc family mem- 
bers, carry out essential c-myc functions. In addition to having a role in 
proliferation and differentiation, expression of c-myc can promote apoptosis 
on growth factor withdrawal, for example, in 32Dc13 myeloid progenitor cells. 
Expression of myc can induce apoptosis (Packham and Cleveland, 1995), even 
in the absence of cell cycle progression (Packham et al., 1996). 

The regulation of the levels of c-myc gene product is exceedingly complex 
(Marcu et al., 1992; Michelotti et al., 1996). Transcription occurs from four 
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promoters, and these may be regulated by ribonucleoprotein binding and by 
factor binding to single-stranded DNA or DNA in the H configuration (Mirkin 
and Frank-Kamenetskii, 1994) as well as conventional double-stranded DNA- 
binding factors, including myb (Cogswell et al., 1993). In addition, regulation 
is effected at the level of transcript elongation (Roberts and Bentley, 1992). 
Both c-myc mRNA and protein are quite unstable, with half lives in the 
range of a half hour or less, providing additional levels at which regulation 
might occur. 

The myc protein interacts with a number of proteins through a variety of 
dimerization motifs. myc contains both a helix-loop-helix domain, as well as 
a leucine zipper motif, both of which mediate dimerization. myc protein medi- 
ates transcription through dimerization with another helix-loop-helix protein, 
MAX. Current understanding of myc action is that the myc-MAX hetero- 
dimer acts as a transcriptional activator via a CAACGITG motif, known as 
an E box binding site. MAX may also heterodimerize with a growing family 
of other proteins, termed MAD proteins (Hurlin et al., 1994). MAD-MAX 
heterodimers may act as transcriptional repressors, in some cases interacting 
physically with mammalian homologs of the yeast sin3 transcriptional repres- 
sor (Harper et al., 1996) and these products in turn may interact with yet 
other repressors such as the N-car corepressor of transcription factors of the 
steroid receptor class (Aland et al.). 

The list of direct transcriptional targets of myc is growing, although not 
yet sufficient to account for all the actions of myc. Proposed targets include 
prothymosin cy, the ODC (ornithine) decarboxylase gene and (Ryan and 
Birnie, 1996) the cell cycle regulatory phosphatase cdc25 (Galaktionov et 
al., 1996). In addition, c-myc seems to have separable effects on repressing 
transcription. myc can interact (Roy et al., 1993a) with TFII-I (Roy et al., 
1993b), a transcription factor proposed to act at initiator elements, which are 
defined as DNA sequences adjacent to the transcription initiation site that 
may promote transcription initiation even in the absence of a TATA box. 
This interaction of myc and TFII-I may act in vitro and in vivo to inhibit 
initiator-dependent transcription, including that of cyclin Dl. This action is 
independent of MAX. Recently, additional actions of myc have been de- 
scribed, including the inhibition of the activity of C/EBP-a! and -p transcription 
factors (Mink et al., 1996b). This inhibition does not seem to involve myc 
DNA-binding domains, and the mode of action is currently unknown. This is 
of interest though, as the C/EBP genes have been implicated in induction of 
various differentiation genes in hematopoietic, hepatic, and adipose cells and 
is an attractive candidate for at least one of the pathways by which myc can 
arrest differentiation. myc also interacts with and may modify the action of 
the YY-1 zinc finger transcription factor (Shrivastava and Calame, 1995), a 
factor that can either activate or repress transcription, depending on the 
promoter context. Finally, myc can interact with both the Rb-like protein 
~107 (Ryan and Birnie, 1996) and the components of the basal transcription 
apparatus, specifically the TATA-binding protein (TBP) (McEwan et al., 1996) 
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and the large subunit of TFII-F (McEwan et al., 1996). The relative importance 
of these interactions is not clear. 

Nuclear Receptor Family 

This protein family consists of a number of zinc finger-containing transcription 
factors that are related in structure and show similarities in the sequences of 
their DNA-binding sites. They are characterized functionally by their ability 
to bind both a small molecule ligand, frequently lipophilic, and a bipartite 
DNA sequence. Many binding sites consist of direct repeats of the AGGTCA 
half-site. The half-sites may be separated by between one and five bases, 
depending on which specific receptor they bind, and may sometimes be ar- 
ranged as inverted rather than tandem repeats (Glass, 1994). For example, 
half-sites separated by a single base may bind the RXR receptor; half-sites 
separated by two bases may serve as a retinoic acid response element; three 
base separation provides a site for the vitamin D receptor; four bases a site 
for the thyroid hormone receptor; and five for a retinoic acid receptor (Man- 
gelsdorf and Evans, 1995). The receptors may bind DNA as either homo- or 
heterodimers and can both positively and negatively regulate transcription. 
Characteristic members include the receptors for thyroid hormone, vitamin 
D3, retinoic acid receptors, and so forth. 

The steroid receptors proper include the androgen, estrogen, progesterone, 
and steroid receptors. They function as homodimers that bind to a palindrome 
with half-site sequence AGAACA (Beat0 et al., 1996). In addition to their 
role in activating transcription, steroid receptors may act as reciprocally antag- 
onistic mediators to block APl, NF-KB, and relA transcriptional activation 
(Caldenhoven et al., 1995; van der Saag et al., 1996), perhaps accounting for 
some of their antiinflammatory actions. 

The majority of nonsteroid ligand-binding receptors function as heterodim- 
ers, commonly in association with a member of the RXR receptor group, 
receptors that bind specifically to 9-cis retinoic acid. Most of these receptors 
are activated by specific ligands, although there are a number of orphan 
receptors for which no ligand has yet been identified. Conversely, there are 
additional natural ligands for the retinoic acid receptors (Achkar et al., 1996). 
Some members of the family appear to bind tightly to DNA in the absence 
of ligand, and these may have no natural ligand. In addition to dimerization, 
various members of this family of factors can associate with cofactors including 
the SMRT (also termed TRAC) and N-car genes that function as transcription 
repressors. They can also associate with one of several coactivator factors 
(Beat0 et al., 1995; Mangelsdorf and Evans, 1995), including RIP140 and 
RIPMO, the RING finger protein TIFl, (Beat0 et al., 1995; Fraser et al., 1997; 
Mangelsdorf and Evans, 1995); the CBP/p300 proteins involved in interactions 
with a number of transcription factors (Kamei et al., 1996); and even the 
TFIIB component of the basal transcription apparatus (Glass, 1994). 
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Retinoic acid, in particular, is a well-known and extensively studied inducer 
of differentiation in various developmental systems. All-trans retinoic acid can 
stimulate transcription through RAR-RXR heterodimers binding to direct 
repeats of the consensus sequence AGGTCA separated by two or five bases. 
9-cis retinoic acid can stimulate transcription through RXR homodimers bind- 
ing at consensus sites separated by a single T residue. There are retinoic acid 
receptor-binding sites in the promoter regions of various homeobox genes, 
and these could mediate some of the developmental effects of retinoic acid. 

The mRNA for the retinoic acid receptor RARcv is expressed widely in 
hematopoietic cells. Retinoic acid has been shown to induce the myelomono- 
cytic leukemia cell line HL60 to differentiate down the neutrophil lineage. 
On the contrary, retinoic acid can inhibit erythroid colony formation and also 
inhibit G-CSF-induced myeloid colony growth from human murine and bone 
marrow (Rusten et al., 1996). Curiously, it may have either no effect or may 
stimulate IL-3- or GM-CSF-induced GM colony formation. Expression of a 
dominant-negative form of the retinoic acid receptor in murine progenitors 
can cause a block to the formation of granulocytic/monocytic lineages that 
can be overcome with high doses of retinoic acid. Differentiation into other 
lineages is not blocked (S. Tsai et al., 1994). Transgenic mice expressing a 
dominant-negative RXR receptor also showed, in at least some cases, a block 
in myeloid lineage maturation (Sunaga et al., 1997). These lines of evidence 
suggest that retinoic acid may regulate the choice between proliferation and 
differentiation as well as the type of differentiation that occurs during hemato- 
poiesis, but more study is clearly needed. Vitamin D3 also promotes monocytic 
maturation, and in conjunction with retinoids one of its effects is to alter the 
levels of RARcv in these cells. It also appears to directly upregulate CipUp21, 
a negative regulator of the cell cycle (Liu et al., 1996; Munker et al., 1996). 
This may cause slowing of the cell cycle, known to occur in vitamin D-induced 
differentiation. 

High-dose estrogen treatment may suppress erythropoiesis, delay matura- 
tion of erythroid precursors, and downregulate the expression of a number 
of erythroid genes in cell culture. Recent investigations indicate that this may 
be mediated through inhibition of the activating functions of GATA-1 and 
that the estrogen receptor may interact with GATA-1 in a ligand-dependent 
manner (Blobel and Orkin, 1996; Blobel et al., 1995). Thyroid hormone may 
also modulate erythropoiesis, and recently an interaction between the thyroid 
receptor as well as other nuclear hormone receptors and the erythroid tran- 
scription factor NF-E2 has been demonstrated to occur and be mediated by 
CBP (Cheng et al., 1997). 

Glucocorticoids are known to affect erythropoiesis (reviewed by Wessely 
et al., 1997) enhancing the proliferative capacity of erythroid progenitors and 
inhibiting globin accumulation in mouse erythroleukemic cell lines. This may 

occur by inhibitory interactions of the glucocorticoid receptor with GATA-1 
(Chang et al., 1993). In chicken erythroid precursors, c-myb is a potential 
target of the glucocorticoid receptor, and an activated c-myb gene can replace 
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the requirement for the glucocorticoid receptor for self-renewal (Wessely et 
al., 1997). 

The Helix-Loop-Helix E and Id Proteins 

The helix-loop-helix family of proteins (Littlewood et al., 1995; Murre et 
al., 1994) include both broadly expressed E proteins and cell type-specific 
transcriptional activators and inhibitory Id proteins (Benezra et al., 1990) that 
lack the DNA-binding motif but retain protein-protein interaction motifs. 
The factors associate in viva as homo- or heterodimers whose relative abun- 
dance may vary from cell type to cell type. Cell type-differentiative events may 
be controlled by heterodimers formed between tissue-specific and ubiquitous 
helix-loop-helix proteins and may be negatively regulated by Id proteins that 
competitively dimerize with the E proteins. The broadly expressed proteins 
include El2 and E47, which are encoded by the E2A gene, as well as HEB 
and E2-2, which are encoded by separate genes. 

The role of helix-loop-helix transcription factors in B-cell development 
provides a particularly instructive model. Although no B-cell-specific helix- 
loop-helix protein has been found, homozygous knockout of the E2A gene 
prevented B-cell development (Zhuang et al., 1994), and heterozygous knock- 
outs of HEB or E2-2 synergized with a heterozygous E2A knockout to de- 
crease B-cell development (Zhuang et al., 1996). Conversely, constitutive 
expression of Id genes impaired B-cell development (Wilson et al., 1991). 
Knockouts of HEB or E2-2 reduced but did not abolish B-cell formation. The 
E47 homodimer was found in B cells but not in other cell types, and E47 
was able to activate immunoglobulin gene rearrangement in pre-T cells. Of 
incidental note, the dimerization of E2A may require not only specific phos- 
phorylation, but the formation of a covalent disulfide link between subunits 
(Benezra, 1994). A model has been proposed to explain these results (Zhuang 
et al., 1996). The model postulates that E2A homodimers serve to activate 
B-cell differentiation and that this dimerization is antagonized by the Id pro- 
tein. The role of HEB and E2-2 in this model is to bind Id proteins, releasing 
E47 for homodimerization. 

The broadly expressed helix-loop-helix proteins also may play a specific 
role in T-cell development. The CD4 upstream enhancer is associated specifi- 
cally with HEB proteins and an E12-related protein (Zawada and Littman, 
1993). Homozygous HEB knockout mice showed reduced levels of expression 
on thymic cells. Mice doubly heterozygous for E2A and HEB knockouts also 
showed a reduction in the level of expression of these T-cell surface markers, 
but E2-2 knockout had no effect on expression of the T-cell-specific genes, 
in contrast to the effects on B-cell differentiation. 

Lim Domain Proteins 

The lim domain is a recently defined protein domain involved in specific 
interactions with other proteins (Gill, 1975; Sanchez-Garcia and Rabbitts, 



WEISSMAN AND PERKINS 

1993, 1994). The lim domain protein previously termed RBTN2 and now 
called LM02 can specifically interact with the potentially leukemogenic basic 
helix-loop-helix proteins Tal-1, Tal-2, and Lyl-1, even when they are com- 
plexed with other helix-loop-helix proteins such as E47. Knockout of RBTN2 
was originally reported to produce a defect specifically in erythron develop- 
ment (Warren et al., 1994) but more recent reports suggests these mice have 
a general defect in hematopoietic development, comparable to that produced 
bv Tal-1 knockout. 

Hematopoietic-Specific Factors 

Tab1. Gene knockout studies have implicated a number of genes in the 
earliest stages of hematopoiesis, including erythropoiesis and lymphopoiesis. 
Transcription factors whose knockout leads to an absence of both hematopoi- 
etic and endothelial cells might function independently in each lineage or be 
necessary for a common precursor to both lineages. In the absence of further 
information it is perhaps premature to say that such factors play a direct role 
in specification of hematopoietic stem cells. 

Tal-1 encodes a basic helix-loop-helix protein. The gene is expressed early 
in hematopoiesis (Begley et al., 1989) during the differentiation of erythroid, 
megakaryocytic, and mast cell lineages as well as in progenitors of the vascular 
system (Kallianpur et al., 1994). 

The expression of Tal-1 is regulated coordinately with that of GATA-1 in 
erythroid, megakaryocytic, and mast cell lineages (Mouthon et al., 1993; Green 
et al., 1992). Of the various factors that have been studied, the evidence 
implicating Tal-1 and LM02 in stem cell specification is particularly intriguing. 
These two proteins interact in vivo. Knockout of Tal-1 leads to a complete 
absence of either yolk sac or intraembryonic hematopoiesis (Percher et al., 
1993; Shivdasani et al., 1995). Embryonic stem knockout cells fail to contribute 
to hematopoiesis in chimeric animals, and no hematopoietic colony-forming 
cells can be generated from the mutant embryonic stem cells. Initially knock- 
outs of LM02 were reported to produce cells that could still form macro- 
phages, but a recent review suggests that this may have to be modified. 
Tal-1 was also found in individual bipotential and erythroid precursor cells 
from marrow, but was absent in precursors of monocytes and granulocytes, 
while forced expression of Tal-1 inhibited the monocytic differentiation of a 
bipotential precursor cell line (Hoang et al., 1996) indicating that Tal-1 has 
a lineage-specific role in erythroid development. It is also possible that Tal- 
l forms a heterodimer with some factor other than LM02 and that this 
heterodimer is essential for stem cell formation (Voronova and Lee, 1994). 

AML-I (CBFcu2) and CBFP. Knockout of other transcription factors also 
has profound deleterious effects on general hematopoiesis. AML-1 is one of 
at least three genes whose protein products may form a dimeric complex with 
the ubiquitously expressed protein CBFP. CBFP acts to stabilize the binding 
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of AML-1 to DNA, and the dimer, known as CBF or PEPB2, is an active 
transcription factor. AR/IL-l itself is expressed in fetal liver and newborn bone 
marrow of mice as well as in the thymus and adult T cells. The AML-1 gene 
initially drew attention because it was involved in translocations in about 15% 

of de nova cases of acute myeloid leukemia (Nucifora and Rowley, 1995) 
and it has more recently been found to be involved in a translocation in about 
25% of B-cell acute lymphocytic leukemia of children. The AML-1 gene is 
widely expressed in a large number of cell types and tissues, but mice with a 
homozygous knockout of the AML-1 gene die at about embryonic day 12.5 
because of a complete failure of definitive hematopoiesis, including, in addition 
to an absence of intrahepatic hematopoiesis, a lack of detectable colony- 
forming cells in the yolk sac (Okuda et al., 1996). Nevertheless, primitive yolk 
sac erythropoiesis is normal in these mice (Okuda et al., 1996; Sasaki et al., 
1996). It would be interesting to know if these mice develop the recently 
described intraembryonic para-aortic hematopoietic stem cells. 

GATA-I. Multiple representations of the sequence “GATA” were recog- 
nized early to be a characteristic feature of erythroid-specific promoters such 
as those for globin, the erythropoietin receptor, and enzymes of the heme 
biosynthesis pathway, as well as megakaryocyte-specific promoters and at least 
one mast cell promoter. This led initially to the cloning of the relatively 
abundant transcription factor GATA-1. Once the structure of GATA-1 was 
known, several other partially homologous transcription factors were recog- 
nized, including GATA-3, which is preferentially expressed in T cells, and 
GATA-2, expressed inter alia in early hematopoietic precursors (Weiss and 
Orkin, 1995a). 

GATA-1 was shown to be capable of mediating specific expression of 
genes with appropriate sequences in their promoters and could promote both 
upregulation of genes such as the globin genes and downregulation of genes 
such as GATA-2 and c-myb that might act to promote proliferation of ery- 
throid precursors rather than differentiation (Briegel et al., 1996). Further- 
more, GATA-1 could physically interact with other transcription factors such 
as SPl and EKLF and could synergize with these factors in viva to promote 
transcription (Merika and Orkin, 1995). It was tempting to consider that 
GATA-1 was a key regulator or erythroid determination, even though it was 
also expressed in other differentiated lineages, in particular megakaryocytes 
and mast cells. Initial murine gene knockout studies appeared to support the 
essential nature of GATA-1 for erythropoiesis, as GATA-1 knockout mice 
were markedly deficient in erythroid precursors. Further examination, includ- 
ing reseeding of differentiating embryonal stem cells lacking the GATA-1 
gene, showed that while mature erythropoiesis was severely impaired, red cell 
precursors at the level of proerythroblasts were generated (Pevny et al., 1995) 
but then underwent apoptosis (Weiss and Orkin, 1995b). GATA-2 recognizes 
binding sites similar to those of GATA-1, and its own promoter contains 
GATA sites. As mentioned before in the GATA-l-deficient cells, the 
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level of GATA-2 is 50-fold elevated, perhaps due to lack of inhibition by 
GATA-1. This upregulation has been suggested to be a compensatory mecha- 
nism permitting some erythroid differentiation in GATA-l- cells. 

GATA-1 is located on the X chromosome; thus heterozygous females 
contain a mixture of GATA-l-deficient and normal precursors, predictably 
producing some impairment of erythropoiesis. GATA-2 knockout heterozy- 
gotes show some reduction in hematopoietic precursors. Curiously, mice dou- 
bly heterozygous for GATA-1 and GATA-2 knockouts show a profound 
anemia during development and do not survive. 

The regulation of GATA-1 is complex. For example, GATA-1 is phosphor- 
ylated in vivo, although the functional significance of this phosphorylation is 
unknown. Also, GATA-1 accumulates in the cytoplasm of avian erythroid 
progenitor cells, but shifts to the nucleus on differentiation (Briegel et al., 
1996). GATA-1 forms incompletely characterized complexes with several 
other proteins in vivo and may be associated with nuclear bodies visible by 
light (Elefanty et al., 1996). Truncation mutants of GATA-1 that lack the 
transactivation domain may still function to promote erythropoiesis (Weiss 
et al., 1997). Recently a protein, FOG (friend of GATA), has been isolated 
using GATA-1 in a two-hybrid system to isolate interacting proteins (Tsang 
et al., 1997). FOG, a multitype zinc finger protein, acts as a cofactor for 
transcription factor GATA-1 in erythroid and megakaryocytic differentiation. 
Not only does FOG associate physically with GATA-1 but it can act synergisti- 
cally with GATA-1 to stimulate transcription from promoters containing 
GATA-binding sites. 

GATA-2 and GATA-3. GATA-2 is expressed earlier in embryogenesis than 
GATA-1 and at least initially is not strictly restricted to hematopoietic line- 
age cells, but is also found in endothelial cells, megakaryocytes, mast cells, 
fibroblasts, and embryonic brain and liver cells. The level of GATA-2 de- 
clines as GATA-1 levels rise during erythroid maturation. In contrast to the 
GATA-l-deficient embryos, GATA-2 knockout mice show markedly reduced 
yolk sac hematopoiesis affecting all lineages (F.Y. Tsai et al., 1994). Although 
the embryos died by day 10.5 postconception, their blood contained apparently 
normal nucleated red cells. Hematopoietic colony assays showed that the yolk 
sac cells could form a small number of mixed colonies, and disaggregated 
embryoid body cells could differentiate to form primitive and definitive ery- 
throid, macrophage, and mast cell colonies. Transplant of GATA-2 knockout 
embryonal stem cells into RAG- blastocysts produced a small number of 
embryonal stem cell-derived T cells and IgM indicating that GATA-2 is not 
strictly necessary for lymphocyte differentiation. Overall, however, there was 
a marked cell-autonomous deficiency in the hematopoietic potential of 
GATA-2- cells, and one possible explanation is that GATA-2 is necessary for 

the proliferation but not the determination or maturation of all hematopoietic 
lineages. Interestingly, GATA-1 was stated to be at normal levels in the 
colonies derived from embryoid body cells so that GATA-2 is not necessary 
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to activate GATA-1 expression. In further contrast, knockout of GATA-3 
has been reported to leave yolk sac erythropoiesis largely unaffected but 
produced embryos whose livers contained very few cells that could give rise 
to multipotential or differentiated colonies in vitro. The GATA-3 knockout 

animals were also anemic, but the animals showed massive internal bleeding 
by day 11.5 (Pandolfi et al., 1995). GATA-3-‘- embryonal stem cells can 
contribute to the development of the ma ture erythroid 7 myelomonocy ftic, and 
B-cell lineages in RAG- mice, but not to the formation of thymocytes, mature 
peripheral T cells, or even the double-negative thymocyte population (Ting 
et al., 1996). 

PU.1. Clearly it is necessary to distinguish between loss of the capacity 
to generate any cells in a particular lineage and the failure to expand the ear- 
liest determined cells or to protect them from apoptosis. In the case of the 
GATA-1 knockout, the latter case was detected by careful work and because 
of the advantage of the relatively detailed knowledge of the early erythroid 
precursor cell types. In the case of stem cells, this analysis is more difficult both 
because o f the small number of ce 11s an .d because of the lack of information as 
to whether there are any intermediate cell types between undifferentiated 
mesenchymal cells and functional hematopoietic stem cells. One must be wary 
of the possibility that knockouts may indirectly affect cell lineages by blocking 
the production of cytokines that act transcellularly to promote differentiation 
or expansion or of cytokine receptors. For example, this could well contribute 
to some of the effects of PU.l knockouts. PU.1 is an ets family transcription 
factor that is expressed in most hematopoietic lineages, but not in T cells. 
PU.1 knockout animals show a multilineage defect involving B- and T-cell, 
monocyte, and granulocyte precursors (Scott et al., 1994). Embryonal stem 
cells lacking the PU.l gene show early myeloid development, including expres- 
sion of GM-CSFR and G-CSFR but lack M-CSFR and other markers of 
terminal myeloid differentiation (Olson et al., 1995). PU.1 is implicated in the 
regulation of a number of genes in these lineages, including receptors for M, 
G, and GM-CSFs (Zhang et al., 1996) and defects in expression of these or 
other receptors hypothetically could contribute to the lineage defects seen in 
the knockout animals. 

NF-E2. NF-E2 is a heterodimeric protein consisting of a small subunit 
(18 kD) and a large unit (45 kD) both of which have b-zip motifs. MAF 
proteins form heterodimers with the large subunit. The small subunit of NF- 
E2 is encoded by the broadly expressed MAFK gene (Igarashi et al., 1995) 
and the large subunit is encoded by a gene whose expression is largely limited 
to erythroid, megakaryocytic, mast cells, and myeloid cells (Toki et al., 1996). 
NF-E2 binds to sequences that include an APl site plus one additional residue. 
These sequences are found in the globin gene promoters and, as mentioned 
above, play a critical role in the function of globin LCRs. It was therefore a 
considerable surprise when NF-E2 large subunit knockout mice displayed 
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apparently normal erythropoiesis but were thrombocytopenic. Knockout of 
the small MAF subunit had no major effect on erythropoiesis or on thrombo- 
poiesis (Kotkow and Orkin, 1996) suggesting that other gene products may 
substitute for its function. Interestingly, a member of the MAF family has 
recently been implicated in the specific expression of IL-4 in the T-cell subset 
Th2 genes (Ho et al., 1996). 

PAX-5 (BSAP). PAX genes (see p. 101) play fundamental and remarkably 
conserved roles in development. In the present context, the PAX-S gene is 
of particular interest. PAX-5 is expressed specifically in B-cell development 
but not in mature plasma cells. It is also expressed in the developing nervous 
system in the midbrain and in the spinal cord, and in adult testes. Potential 
binding sites for the PAX gene have been identified in the genes for a number 
of B-cell proteins, and the gene may also be involved in stimulating immuno- 
globulin rearrangements (Busslinger and Urbanek, 1995; Michaelson et al., 
1996). Knockout of the PAX-5 gene produces runted mice, most of which die 
within 3 weeks of birth (Urbanek et al., 1994). The animals showed abnormali- 
ties of midbrain and cerebellum development, consistent with a role for the 
PAX-5 gene in regulating the proliferation of certain neurons. The animals 
entirely lacked conventional or CD5 B cells as well as plasma cells and did not 
produce circulating immunoglobulins. However, they had relatively normal 
numbers of large B220’ B-cell precursors, indicating that the block was not 
in B-cell determination but in the maturation of B-cell precursors. The B cells 
completely lacked the PAX-5 target CD19 and showed J or D-H rearrange- 
ments in their immunoglobulin genes, but were deficient in V-J rearrangement 
(Nutt et al., 1997). 

Lineage-Specijk HMG Box Genes. As discussed above, a group of proteins 
that share the HMG box motif probably act by binding to DNA in the minor 
groove and causing the bending of DNA, expediting the binding and inter- 
action of other factors at active promoters. In addition to the ubiquitous 
HMGI(Y) protein, there are several lineage-specific HMG box proteins. The 
subfamily of these genes is called SOX genes, based on their resemblance to 
the sex-determining factor SRY. SOX-4 in particular is an HMG box gene 
that is expressed at several sites in murine embryogenesis but only in B 
and T cells of adult animals (van de Wetering et al., 1993). Knockout of the 
SOX-4 gene produces embryonic lethality at day 14 due to impaired formation 
of the heart. However, when lethally irradiated mice were reconstituted with 
cells from SOX-4-‘- mice, an extensive but not absolute block in B-cell devel- 
opment was observed at the pro-B-cell stage in which D-J rearrangements 
start to occur (Schilham et al., 1996). This block has been described as being 
at a later stage than that in mice lacking E2A or EBF (see below) but is at 

a similar stage as that seen in mice lacking PAX-5. 
Two structurally similar HMG box genes, LEF-1 and TCF, are expressed 

in T-lymphoid cells of adult mice. Both proteins are also expressed in partly 
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nonoverlapping patterns in several nonhematopoietic tissues during mouse 
embryogenesis and in the adult testes (Oosterwegel et al., 1993). TCF-1 is 
expressed in the thymus at loo-fold higher levels than LEF-1, while LEF-1 
is also expressed in pre-B cells. These proteins share a virtually identical HMG 

box and may be derived from a recent gene duplication event, as the chicken 
has only a single homolog (Gastrop et al., 1992). TCF-1 knockout mice show 
a severe impairment in T-cell development, with the cells largely blocked at 
the immature single positive thymocyte stage (Verbeek et al., 1995). The 
block is leaky, however, and some mature T cells do develop. In contrast, 
LEF-1 knockout mice have an intact immune system, although they show 
abnormalities in hair follicle, tooth, mammary gland, and neural development. 
Interestingly, LEF-1 interacts with P-catenin in a yeast two-hybrid system and 
forms an intranuclear complex with P-catenin in animal cells (Gastrop et al., 
1992) raising the possibility that it functions in cell signaling as well as in 
transcriptional regulation. Recently, a protein that specifically bends DNA in 
the embryonic globin gene promoter has been described (Dyer et al., 1996) 
and presumably “architectural proteins” will ultimately be shown to be part 
of the complexes assembled on many, if not most, promoters. 

EBF. The early B-cell factor (EBF) is a zinc finger transcription factor that 
is expressed in all stages of the B-cell lineage except for differentiated plasma 
cells (Hagman et al., 1993). EBF knockout mice have a complete lack of 
mature B cells, but show expression of the germline mu gene and contain 
B-cell precursors expressing CD43 and the B220 lineage marker cell surface 
antigen (Lin and Grosschedl, 1995). 

EKLF. EKLF (the erythroid-specific Kruppel-like factor) is a zinc finger- 
containing transcription factor that was originally identified through differen- 
tial screening of erythroid-specific clones (Miller and Bieker, 1993). It is ex- 
pressed specifically in erythroid cells at all stages of development (Southwood 
et al., 1996) and in lower levels in mast cells. This factor binds the sequence 
CACCC that lies upstream of the P-globin CAAT sequence and resembles 
a binding site for the general transcription factor SPl. EKLF is present at 
about threefold greater abundance in adult relative to fetal erythroid cells. 
Knockout of the EKLF gene leads to a major defect in production of murine 
adult P-globin (Nuez et al., 1995; Perkins et al., 1995) and a complete absence 
of production of human @globin from a transgene. Interestingly, there is a 
reciprocal severalfold increase in the level of transgenic y-globin gene mRNA 
accumulation in the knockout mice (Perkins et al., 1995; Wijgerde et al., 1996) 
and a shift towards y-globin production is seen even in the heterozygous 
knockout animal. Mutations in the EKLF-binding site that interfere with 
binding also produce P-thalassemia in humans (Feng et al., 1994) but it is 
not clear that the change in levels of EKLF during development is sufficient 
to account for globin switching. There are several other transcription factors 
that belong to the same family on the basis of homology in the DNA-binding 
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Zkaros. The Ikaros gene encodes several alternatively spliced forms of a zinc 
finger transcription factor (Molnar and Georgopoulos, 1994). The gene is 
expressed in both developing B and T cells, particularly in maturing thymo- 
cytes (Molnar et al., 1996), and there are high-affinity binding sites for Ikaros 
in the promoter regions of a number of lymphocyte-specific genes, includ- 
ing CD3 components, RAG-l recombination mediating protein, terminal nu- 
cleotide transferase, the immunoglobulin heavy chain locus, and the 
immunoglobulin-associated mb-1 gene. Ikaros knockout mice completely lack 
T or B cells or their progenitors but have normal or supranormal levels of 
erythroid and myeloid cells (Georgopoulos et al., 1994; Wang et al., 1996). 

Egr-I. Egr-1 (Gashler and Sukhatme, 1995) is a widely expressed early re- 
sponse zinc finger gene that was isolated as a clone that became expressed 
upon induction of macrophage differentiation of the HL60 cell line. HL60 
cells constitutively producing Egr-1 could no longer be induced to form my- 
eloid cells, and antisense Egr-1 nucleotides blocked macrophage differentia- 
tion of normal or leukemic myeloid cells (Nguyen et al., 1993). 

CONCLUSIONS 

The reductionist approach of analysis of transcription factors has provided a 
great deal of knowledge of the role of various factors in differentiation of 
hematopoietic lineages. Much less is known about the role of transcription 
factors in initiating differentiation of stem cells or maintaining cells in a 
pluripotent state. This is due to the lack of sources of large amounts of pure 
stem cells or their progenitors and the paucity of genes that have been identi- 
fied to date as specific markers for these early hematopoietic precursors. In 
addition, the approach of studying factors in depth singly, valuable as it is, 
does not deal with differentiative phenomena that result from interactions 
among many or all the factors binding to specific promoters or enhancers, 
including both factors that directly recognize specific DNA sequences and 
other proteins that may bind either to single transcription factors or to com- 
plexes as they are assembled on regulatory DNA regions. 

The former difficulty will presumably be at least partially overcome as 
newer methods for examining gene expression in smaller numbers of cells as 
well as better cell purification and propagation methods evolve. The latter 
difficulty is common to the study of the transcriptional regulation of most 
genes and will presumably occupy molecular biologists for some years to come. 
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INTRODUCTION 

Primitive hematopoietic cells, including self-renewing pluripotent stem cells 
and nonself-renewing, lineage-committed progenitor cells, are present within 
the CD34+ cell population of marrow and blood. Their detection in the circula- 
tion led to clinical studies in which cytokine-mobilized peripheral blood or 
umbilical cord blood was used as a substitute for bone marrow in autologous 
and, more recently, allogeneic transplantation. Because the CD34+ cell popula- 
tion is heterogeneous, there has been interest in exploiting different subsets 
for different applications. A mixture of primitive pluripotent and lineage- 
committed progenitors is required for autologous hematopoietic reconstitution 
after myeloablative therapy, but umbilical cord blood may be preferred for 
allogeneic transplantation because of its low immunogenicity. The most primi- 
tive stem cells will be required for corrective gene therapy. Here we review 
progress in the identification, mobilization, isolation, and culture of differ- 
ent hematopoietic progenitor subgroups and discuss their potential applica- 
tions. 
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STEM CELL ASSAYS 

Although lineage-committed progenitors are readily detected by in vitro clon- 
ing assays, there is no method that positively identifies the most primitive 
totipotent hematopoietic stem cells, which are generally quiescent and resis- 
tant to 5-fluorouracil (5-FU) or 4-hydroperoxy-cyclophosphamide (4HC). In 
vivo assays using severe combined immunodeficiency (SCID) mice and human 
cytokine support have been developed to measure long-term repopulating 
capacity (and secondary transfer potential) of human hematopoietic cells 
(Lapidot et al., 1992) and have already led to clinical experiments in SCID 
patients (Wengler et al., 1996). An alternative in vivo assay system uses 
irradiated human fetal bone xenografts (Kyoizumi et al., 1992). Human stem 
cells can also be assayed by transplantation into fetal lambs with subsequent 
measurement of long-term hematopoietic chimerism (Srour et al., 1993; 1996). 
Although cumbersome and at best semiquantitative, only in viva assays can 
confirm that pluripotent stem cells are present in a test cell population. 

In vitro stem cell assays are based on assessing the clonal expansion of cells 
in the presence of cytokine combinations, marrow stromal support, or both 
(Moore, 1995). Limiting dilution methods can be used to obtain quantitative 
estimates of stem cell numbers. For example, the Delta assay involves expan- 
sion of limiting numbers of cells resistant to 5-FU or 4-HC (Schneider et al., 
1994) or selected populations of CD34’ or CD34+, lin cells in suspension 
culture with multiple cytokines (Shapiro et al., 1994). At weekly intervals, 
granulocyte-macrophage colony-forming units are assayed and cells recultured 
at the same starting cell concentration in fresh medium and cytokines until 
there is no further cellular expansion. Cumulative expansion of progenitors 
and total cells provides an index of the proliferative potential of the input 
population and, when carried out at limiting dilutions on marrow stroma, can 
be used to quantitate long-term culture-initiating cells (LTC-IC) (Pettengell 
et al., 1994; Sutherland et al., 1990). An alternative method assesses the abil- 
ity of LTC-IC to give rise to “cobblestone areas” on irradiated bone mar- 
row stroma and measures the number of GM-CFC produced by such cells 
(Pettengell et al., 1994). 

STEM CELL PHENOTYPES 

Both stem cells and lineage-committed hematopoietic progenitor cells (HPC) 
express the CD34 antigen (Krause DS et al., 1996). CD34+ cells constitute 
l%-5% of cells in adult bone marrow and 5%-10% in fetal bone marrow. 
Mice constitutively lacking the CD34 antigen have reduced numbers of hema- 
topoietic precursors, which have poor colony-forming activity in bone marrow 
and spleen and reduced proliferation in response to hematopoietic growth 
factors, suggesting that CD34 plays an important role in the formation of 
progenitor cells in both fetal and adult hematopoiesis (Cheng et al., 1996). 
Primitive stem cells, however, lack the differentiation antigens that are present 
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on lineage-committed progenitors and are thus CD38-, CD45’“, CD71’” (Craig 
et al., 1993). HLA-DR is absent or is expressed at low levels on adult stem 
cells but is present on fetal and neonatal hematopoietic stem cells (Lansdorp 
et al., 1993). Thy-l antigen is present on all human fetal and neonatal hemato- 
poietic cells but is only expressed on a proportion of lineage-committed pro- 
genitors in the adult (Craig et al., 1993; Mayani and Lansdorp, 1994; Watt 
and Visser, 1992). The MDRl gene encodes a P-glycoprotein that functions 
as an efflux pump in the cell membrane. MDRl is strongly expressed in 
hematopoietic stem cells and confers on them the ability to exclude (among 
others) the mitochondrial-binding dye rhodamine 123 (Chaudhary and 
Roninson, 1991). The receptors kit and flk-2, which have intrinsic tyrosine 
kinase activity, are expressed on both stem cells and progenitors, but some 
kit+ cells with stem cell function can be flk-2- (Zeigler et al., 1994). AC133 
is a recently described antigen with a novel 5-transmembrane molecule. The 
function of the antigen is unknown (Miraglia S et al., 1997). The AC133 
antibody selects a subset of CD34’ cells (CD34bright) which contains both short 
and long term repopulating cells. It therefore offers an alternative to the CD34 
antigen for cell selection (Yin AH et al., 1997). Thus the closest approximation 
to a hematopoietic stem cell is given by the phenotype shown in Table 1. 

A high level of CD34’ cells in the hematopoietic product does not necessar- 
ily correlate with high numbers of cells with stem cell phenotype (Baumann 
et al., 1996; Weaver et al., 1996). This implies that it can be misleading to 
measure a single progenitor cell subpopulation, such as GM colony-forming 
cells (CFC) or CD34+ cells, when assessing the capacity of a drug to mobilize 
HPC. For example, we have shown that a much weaker correlation exists 
between CD34’ cells and pre-CFU in an assay in which in vitro 4HC-purged 
CD34+ cells were cultured for 7 days with cytokines and the capacity to 
generate secondary CFU was used as an indirect measure of “pre-CFU” 
(Schneider et al., 1994). This lack of correlation was particularly evident in 
heavily pretreated breast cancer patients. 

TABLE 1 Phenotypes of Adult Human Hematopoietic Stem and Progenitor Cells 

Stem Cells Progenitor Cells 

CD34+ 
AC133+ 
lin- 

CD45RA’O (>70%) 
Thy-l - 
HLA-DR- 
c-kit+ 
flk-2+ 
MDRlhi 
Rhodamined”” 

CD34+ 
ACl33+ 
CD33+, CD54+, CD7’, CDl9+, CD24+ (3%-30%) CD9+, 

CD18+, CD29+, CD31+, CD38+, CD44+ 
CD45 + 
Thy-l+ (5%-25%) 
HLA-DR+ 
kit’ (70%-80%) 
flk-2+ (20%-50%) 
MDRl’” 
Rhodaminebright 
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STROMAL REQUIREMENTS FOR HEMATOPOIESIS 

The bone marrow stroma provides a structural framework and a responsive 
physiological environment that are both essential for hematopoiesis. The ex- 
tracellular components play an important role. Fibronectin promotes cell pro- 
liferation by selective adhesion processes, whereas glycosaminoglycans spe- 
cifically retain and deliver growth factors. Fibrinogen and its D fragment 
potentiate the effects of IL-3 on early hematopoietic cells (Zhou et al., 1993). 
Direct contact between the HPC and stroma is needed for the survival of 
human repopulating cells. For maintenance of progenitors and some LTC-IC 
subsets, separation by a semipermeable membrane is feasible (Verfaillie, 1992, 
1993). Stromal cells comprise a variety of cell types, including fibroblasts, 
endothelial cells, and adipocytes (Deryugina and Muller-Sieburg, 1993). The 
stromal cells secrete diverse positive and negative growth factors, both consti- 
tutively and in response to cytokines such as IL-1 and tumor necrosis factor 
(TNF). Distinct stromal cell lines can be isolated that support the growth of 
early and late hematopoietic progenitors, and it is postulated that these form 
niches within bone marrow where the microenvironment supports different 
cell lineages (Wineman et al., 1996). 

SOURCES OF HEMATOPOIETIC PROGENITOR CELLS 

Aspirated bone marrow was initially used for hematopoietic reconstitution 
following myeloablative therapy. This has the advantage of supplying the full 
range of hematopoietic and stromal cells. Attempts to improve the yield of 
specific hematopoietic subpopulations by priming bone marrow donors with 
5-FU (Stewart et al., 1993) or cytokines have met with limited success (Napars- 
tek et al., 1992; Ratajczak et al., 1994). For autologous transplantation, mobi- 
lized HPC collected by apheresis have almost completely replaced bone mar- 
row and are increasingly used in allogeneic transplantation (Beelen DW et 
al., 1997). Comparative studies have shown that mobilized HPC lead to earlier 
recovery of neutrophil and platelet counts than bone marrow transplantation, 
reducing hospital costs and stays (Beyer et al., 1995; Schmitz et al., 1996; 
Beelen DW et al., 1997). 

Mobilized HPC 

A wide variety of cytokines and cytotoxics, alone and in combination, can 
mobilize HPC from the marrow to the peripheral blood. The optimum HPC- 
mobilizing regimen will depend on the proposed application. For example, 
cytotoxic chemotherapy will not be acceptable to mobilize HPC in normal 
donors for allogeneic transplantation. A variety of other proteins also mobilize 
HPC. Administration of antibodies to the adhesion factor VLA-4 results in 
rapid mobilization (within 30 minutes) of progenitor cells (Papayannopoulou 
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and Nakamoto, 1993; Craddock et al., 1997). Different proportions of CFCs 
and more primitive cells are mobilized by different stimuli and with different 
time courses (Verbik et al., 1995) making selective mobilization a possibility. 

Cytokines can be used alone to mobilize HPC. Paradoxically, lineage- 
specific cytokines such as granulocyte colony-stimulating factor (G-CSF) and 
GM-CSF are more potent stimuli to HPC mobilization than early-acting fac- 
tors such as interleukin (IL)-3 At-3/flk-2 ligand and the kit ligand, but the 
combination of early- and late-acting factors gives highest yields (Weaver et 
al., 1996; Brasel IS et al., 1997). G-CSF treatment increases the numbers of 
circulating clonogenic cells 6-5%fold and CD34+ cells 4-62-fold (Pettengell 
and Testa, 1995). Maximal HPC numbers are observed after 4-6 days of 
cytokine administration. Importantly, both primitive and lineage-committed 
progenitors can be mobilized in this way. The addition of kit ligand to G-CSF 
appears to have a role in heavily pretreated patients (Shapiro et al., 1997). 
The flk-2/fit-3 ligand synergizes with many of the same growth factors as kit 
ligand (Rusten et al., 1996). It does not activate mast cells and so has a better 
side effect profile than kit ligand (Lebsack ME et al., 1997). It has no effect 
on erythropoiesis but can stimulate B, T, and dendritic cells (Jacobsen et al., 
1996; McKenna et al., 1995; Lebsack ME et al., 1997). Thrombopoietin alone 
stimulates modest increases in GM-CFC (maximum sevenfold) and megakary- 
ocyte (M)-CFC (maximum fourfold) and acts additively with chemotherapy 
and G-CSF to mobilize them (5% and 66-fold, respectively) (Basser et al., 
1996). 

A number of cytotoxic drug combinations have been used to mobilize 
HPC (Pettengell and Testa, 1995) based on popular therapeutic regimens. 
Comparisons between them are difficult because the degree of HPC mobiliza- 
tion varies widely with pretreatment, disease extent, and pathology, as well 
as the mobilizing chemotherapy used. Even within a single treatment center 
there can be considerable variability. This is not surprising in light of the 
laboratory and assay variables and the high interpatient variability (up to 100- 
fold) in numbers of progenitors mobilized. Many, but not all, cytotoxic drugs 
stimulate HPC release. In general, it seems that drugs such as melphalan, 
busulphan, and platinum, which induce severe thrombocytopenia, are most 
likely to be toxic to hematopoi etic stem cells and ine ffective mobilizers. As 
with cytokines, the mechanism of HPC mobilization remains unknown. No 
relationship has yet emerged with the mode of antitumor action, class of drug, 
or degree of myelosuppression induced. The alkylating agent cyclophospha- 
mide is the best documented and most widely used drug for HPC mobilization. 
Many studies suggest that the combination of chemotherapy and cytokines 
stimulates more early HPC into the circulation than either alone, particularly 
in heavily pretreated patients (Mohle et al., 1994; Pettengell et al., 1993b; To 
et al., 1994). Following the licensing of filgrastim and lenograstim for HPC 
mobilization, G-CSF alone and cyclophosphamide/G-CSF have become the 
most popular regimens. 
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The proliferative potential of mobilized HPC is reduced in heavily pre- 
treated patients. Mobilized CD34’ cells from a previously untreated patient 
achieve a 100-200-fold increase in progenitors in the Delta assay, peaking by 
3 weeks and subsequently declining to baseline levels by 4-5 weeks. In heavily 
pretreated patients with ovarian cancer, expansion may be normal for l-2 
weeks and then fall to baseline by 3 weeks, suggesting a deficit of early 
precursors that generate secondary progenitors at later stages of the culture 
(Fig. 1). These early precursors may include true self-renewing stem cells 
(LTC-IC). Similar differences have been observed in patients receiving treat- 
ment for germ cell tumors and lymphoma (Shapiro et al., 1994, 1997). 

Bone marrow or HPC collected by leukapheresis can be either immediately 
infused into the recipient or stored by cryopreservation for future use. The 
use of HPC in whole blood stored for up to 48 hours at 4°C is a recent 
development that has extended the use of HPC to support multicyclic dose- 
intensive chemotherapy (Pettengell et al., 1995b). 

Umbilical Cord Blood 

The use of either related or unrelated donor umbilical cord blood stem cells 
for allogeneic transplantation is firstly to try to reduce transplant related 

# Cycles of Prior Chemotherapy 
FIGURE 1. Area under the curve (AUC) of cumulative progenitor cell expansions 
in Delta assays of CD34’ cells isolated from mobilized peripheral blood (PB) from 
patients with untreated ovarian cancer (0) or from moderately ((10 cycles of prior 
chemotherapy) or heavily (X0 cycles) pretreated patients with germ cell tumor (GCT), 
stage 4 breast cancer (BR), or non-Hodgkin’s lymphoma (NHL). Each point is an 
assay of CD34 cells harvested from a single apheresis. 
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complications and secondly to augment the pool of potential donors (Cairo 
MS and Wagner JE, 1997). Volume for volume, human umbilical cord blood 
is at least as rich a source of hematopoietic progenitor cells as bone marrow 
(Broxmeyer et al., 1992; DiGiusto et al., 1996; Hows et al., 1992). The numbers 

of LTC-IC and 9M-CFC per Mononuclear cells in human umbilical cord blood 
are 2.5 and 2 times, respectively, higher than in leukapheresis product (Hirao 
et al., 1994). The proliferative potential of LTC-IC from umbilical cord blood 
exceeds that of adult bone marrow (Hao et al., 1995; Mayani and Lansdorp, 
1995) compensating in part for the lower number of cells that can be obtained 
from a single donor compared with a conventional bone marrow harvest. 
Indeed, sustained hematopoietic engraftment after myeloablation has been 
obtained with as few as 2 X lo4 LTC-IC from umbilical cord blood (Wagner 
et al., 1996). Among 50 reported umbilical cord blood transplants, the median 
number of GM-CFC infused was 1.9 X 104/kg (range <O&25.6 X 104/kg). 
The recipients ranged in age from 1.3 to 47.8 years and had a median weight 
of 20 kg (7.5-98.8 kg). Engraftment of donor cells was seen in 39 of 44 
evaluable transplants, with neutrophil recovery to 0.5 X lO”/L at a median of 
22 days and platelet recovery to 50 X 109/L at a median of 49 days. There 
was no correlation between nucleated cell count or CFC content of the graft 
and time to neutrophil recovery or probability of engraftment (Wagner et al., 
1995, 1996). These data indicate that umbilical cord blood provides sufficient 
transplantable hematopoietic stem cells for children with HLA-identical or 
single HLA antigen-disparate sibling donors, but whether this will prove 
adequate for two- or three-HLA antigen-disparate sibling donors and adults 
remains to be determined. Recently, successful engraftment has been reported 
in three adult patients of >50 kg transplanted with umbilical cord blood 
(Kurtzberg et al., 1996; Laporte et al., 1996). 

In reported umbilical cord blood transplants, the incidence of graft-versus- 
host disease is low. One of the unanswered questions about umbilical cord 
blood transplantation is whether the reduced immunogenicity of the graft 
(compared with bone marrow from an unrelated donor) will also result in 
less graft-versus-leukemia effect (Van Zant et al., 1994). A recent report 
suggested that in umbilical cord blood a graft-versus-leukemia effect was 
mediated by natural killer and lymphokine-activated killer cells independent 
of T-cell-mediated graft-versus-host disease (Harris, 1995). 

Fetal Hematopoietic Progenitors 

The liver is a major site of hematopoiesis in the human fetus from weeks 5 to 
7 of gestation onward. Hematopoiesis in fetal bone marrow becomes important 
from about week 16 of gestation. Fetal hematopoietic progenitors have a 
greater growth potential than those in umbilical cord blood, adult bone mar- 
row, or leukapheresis product (Lansdorp et al., 1993; Shapiro et al., 1994). 
Such cells are unlikely to become routinely available for clinical use, but could 
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be targets for corrective gene therapy of inherited disorders (Humeau L et 
al., 1997). 

STEM CELL SEPARATION DEVICES 

Several methods have been developed for the clinical purification of hemato- 
poietic cell subsets and have predominantly been used to obtain CD34’ cell- 
rich fractions. They can be used for the separation of cells from bone marrow, 
leukapheresis product, umbilical cord blood, or whole blood. Mononuclear 
cells for separation are first obtained by density gradient centrifugation. These 
methods vary in the yield (total number of cells obtained), the purity (the 
proportion of CD34’ cells in the product), and the recovery (the proportion 
of the total number of CD34+ cells retained (McNiece I et al., 1997; Williams 
SF et al., 1996; Watts MJ et al., 1997)). Where the percentage of CD34+ cells 
in the starting product is low (<OS%), the final purity is also lower ((80%) 
(Flasshove et al., 1995a,b). The different systems use monoclonal antibodies 
directed against different CD34’ epitopes. These epitopes are characterized 
by different sensitivities to enzymatic degradation with neuraminidase and a 
glycoprotease from Pasteurella haemolytica. The Cellpro and Isolex systems 
use antibodies directed against the class I epitope, Miltenyi against the class 
II epitope and Dynal beads against class III. It is possible that expression of 
different epitopes of the CD34+ molecule could reflect different stages of 
maturation in the cells. The different methods in use are compared in Table 2. 

Fluorescence-Activated Cell Sorting 

Fluorescence-activated cell sorting (FACS; Systemix) using two parameters, 
CD34’ and Thy-l+, can be used to isolate essentially pure populations of 

TABLE 2 Comparison of Different Methods of Hematopoietic Stem 
Cell Separation 

Yield 
T-Cell Tumor Cell 

Purity Recovery Depletion Log Depletion/kg 

FACS Low +++ + 
Biotin-avidin High ++ +++ 
(Ceprate) 
Panning Medium + + 
Immunomagnetic 

Isolex 300 (Dynal) Medium- +++ +++ 
high 

Miltenyi Medium +++ +++ 

5 Log 102-lo3 
3 Log 10” 

4 Log 1 04-IO” 

5 Log 104-10” 

+ low, + + medium, + ++ high. 
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cells expressing antigens that are recognized by fluorescent-labeled antibodies. 
However, the procedure is time consuming and expensive, limiting the number 
of cells available for transplant. The system can be used to sort a wide range 
of expressed antigens singularly or concurrently (Murray et al., 1995) and 
offers greater purging efficiency with respect to tumor cells or T cells. Systemix 
has developed FACS machines that allow processing on a scale suitable for 
clinical use. 

Biotin-Avidin Affinity Column 

In this process cells are incubated with a biotinylated antibody to CD34+ 
(antibody 12.8) and then passed through an avidin column. CD34’ cells are 
retained within the column and then released by agitation (Ceptrate, System, 
Cell Pro Inc., Bothell, WA). Cell recovery is high, but purity ranges from 50% 
to 85%. To date this system has been the most used clinically. 

Panning 

Cells are incubated in polystyrene flasks coated with soybean agglutinin. 
This agglutinates red blood cells, B and T lymphocytes, monocytes, and 
stromal cells, resulting in a 1.5-5-fold enrichment of CD34+ cells. The 
nonadherent cells are passed into a second flask coated with CD34 antibody 
(ICH3) from which CD34+ cells are then removed by agitation. Recovery 
and purity are low. 

Immunomagnetic Beads 

Following incubation with murine anti-CD34 antibody, the cells are mixed 
with paramagnetic beads that are coated with antimurine antibodies in solution 
and passed through a column in a magnetic field. The cells are removed from 
the Miltenyi column by pressure. The Miltenyi beads average 0.1 pm in 
diameter and may be infused and degraded in viva. In contrast, Dynal beads 
are 1-2 pm in diameter must be removed by chymopapain or PR34+ (a 
competitive binding peptide (Baxter Inc., Santa Clara, CA; Isolex system) or 
by DETACHaBEAD (Dynal AS, Oslo, Norway). These systems give excellent 
purity with reasonable yields and recovery, and with the PR34+-releasing 
agent the phenotype of the cells is unchanged. 

ADVANTAGES OF STEM CELL PURIFICATION 

In pediatric patients, CD34’ cell selection is favored because it reduces the 
volume and DMSO content of the reinfused hematopoietic product, reducing 
the risk of adverse effects. Similarly, CD34 purification is favored in ex vivo 
expansion systems because reducing the volume leads to lower costs for media, 
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growth factors, and so forth. Furthermore, in conventional static ex vivo culture 
systems the degree of progenitor expansion is closely correlated with the 
CD34+ enrichment of the input cell population. For retroviral gene therapy, 
a purified population of stem cells is preferred to target transduction to the 
most primitive cells. Transduction efficiency is low because stem cells divide 
rarely or because they lack receptors for the retroviral vector. Immunocyto- 
chemical analysis of BudR incorporation indicates that a very low percentage 
of CD34’ cells in umbilical cord blood or in mobilized HPC are in cell cycle. 
Exposure to two or more cytokines initiated entry into cell cycle and prolifera- 
tion in 24 hours with a maximum of 37%-54% of the cells in S phase by 72 
hours (Flasshove et al., 1995a,b; Traycoff et al., 1994). 

Available methods of CD34’ cell selection result in a 103-106-fold depletion 
of T cells but also deplete antigen-presenting cells such as dendritic cells. 
Although this may be desirable for allogeneic transplantation or gene therapy 
applications, it is not needed for autologous transplantation except in autoim- 
mune disease. In circumstances where T-cell depletion is required, CD34’ 
cell selection is not sufficient (Broxmeyer and Carow, 1993). Additional meth- 
ods of T-cell depletion include elutriation and the Campath-1H antibody, 
further selection or depletion using a cocktail of antibodies or ex vivo culture 
using myeloid culture conditions. 

There is considerable concern about possible tumor contamination of HPC 
collected by apheresis in cancer patients. Direct evidence that reinfused tumor 
cells contribute to relapse was furnished by the gene-marking studies of 
Brenner et al. (1993). They transfected the neomycin resistance gene into 
bone marrow cells before autologous transplantation and demonstrated incor- 
poration of marked cells in the tumor population at relapse. Since most solid 
tumors do not express CD34, the selection of CD34+ cells has been used to 
reduce tumor cell contamination of hematopoietic products used for autolo- 
gous transplantation for patients with these tumors. CD34’ cell selection can 
reduce tumor cell contamination by a factor of lo-lo4 using immunomagnetic 
beads or biotin-avidin columns (Farley TJ, 1997; Shpall et al., 1994) or by 10” 
using panning (Lebkowski et al., 1992). Further tumor cell purging requires 
additional treatment of the hematopoietic product with chemotherapy of 
monoclonal antibodies directed against tumor antigens or ex vivo culture using 
myeloid culture conditions. 

Shpall et al. (1996) have shown that positive selection of CD34’ HPC from 
breast cancer patients resulted in a marked reduction in the number of tumor 
cells reinfused after high dose chemotherapy. However, the relapse rate was 
no different. Vogel et al. (1996) assessed blood progenitor cell products from 
stage 3 breast cancer patients expanded in K36EIL-1 for 14-21 days and did 
not detect tumor cells. Future studies will determine the extent to which 
CD34’ HPC contain residual tumor cells and their clinical significance (Rizzoli 
and Carlo-Stella, 1995). 
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EX VW0 HPC EXPANSION 

EX vivo expansion is a technique using nutrients and cytokines (added or 
supplied by a nutrient stromal layer) to favor the growth of hematopoietic 

progenitors in vitro. Such cells can then be used for a variety of clinical 
applications, including HPC transplantation, immunotherapy, and gene ther- 
apy. Proliferation of primitive cells with self-renewal capacity is necessary for 
the sustained production of HPC and differentiated cells. Many different 
systems have been developed to expand hematopoietic progenitor cell num- 
bers ex vivo using defined media containing combinations of growth factors. 
In some, cell culture occurs entirely in liquid phase (using gas-permeable bags), 
while others use solid matrices (Cellco) or stromal-based systems (Aastrom 
Biosciences Inc., Ann Arbor, MI). In some, periodic media changes are re- 
quired (gas-permeable bags), whereas others use continuous media perfusion 
(Aastrom, Cellco). In a system using gas-permeable bags or 100 ml culture 
flasks, without changing the medium, 15-40-fold expansion of myeloid progen- 
itors was observed in 7-14 days, without LTC-IC depletion, using a cocktail 
of five cytokines and l%-2% of autologous plasma (Shapiro et al., 1994). 
Similarly, using stirred suspension cultures supplemented with IL-3 and kit 
ligand, a sevenfold increase in LTC-IC and a 22-fold increase in committed 
progenitors was seen in 4 weeks (Shapiro et al., 1994). In direct comparisons, 
the stromal-based system yielded fivefold more LTC-IC than the stroma-free 
cultures (Koller et al., 1993a,b). In umbilical cord blood, expansion of LTC- 
IC was enhanced on stroma. Direct contact between stroma and HPC cells 
however, may not be necessary? as higher recoveries of LTC-IC have been 
reported from noncontact cultures (Verfaillie, 1992, 1993). Negative regula- 
tory influences, in particular transforming growth factor-p, can influence the 
proliferation of stem cells in the adherent layer (Cashman et al., 1990). Ongo- 
ing studies have four general goals: to further reduce the period of pancytope- 
nia following myeloablative chemotherapy, to reduce the number of HPC 
required for transplantation, to expand selected subsets of HPC, and to reduce 
malignant cell contamination of HPC. 

Reduction of the Period of Pancytopenia Following 
Myeloablative Chemotherapy 

The first goal is the expansion of the lineage-committed progenitor cell popula- 
tion to abolish pancytopenia following myeloablative chemotherapy. This de- 
pends on the beliefs that relatively mature cells are responsible for early 
engraftment and that, if they can be expanded to sufficiently high numbers, 
the period of pancytopenia can be progressively reduced. For the expansion 
of committed myeloid progenitors, the optimum combination of cytokines 
includes early-acting cytokines such as flk-2/fit-3 ligand, kit ligand, IL-3, IL- 
1, IL-6, and late-acting factors G- or GM-CSF (Haylock et al., 1992; Shapiro 
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et al., 1994). In one study, allogeneic transplantation of bone marrow cultured 
with IL-3 and GM-CSF led to a reduction in cytopenia by 4 days. This approach 
is of particular importance in umbilical cord blood transplantation where total 
cell dose is limited, and even when high nucleated cell numbers are given 
haemopoietic engraftment is slow (Cairo MS and Wagner JE, 1997). Clinical 
trials are in progress to test whether ex vivo expansion of HPC will result in 
faster recovery following transplantation compared with unprocessed cells. 

Reduction in the Number of HPC Required for Transplantation 

By reducing the number and length of HPC collection procedures, one apher- 
esis could suffice for repeated transplantations or one umbilical cord for several 
procedures. Recent studies have shown that significant expansion of HPC is 
possible in ex vivo cultures of mononuclear cells or purified CD34+ cells 
(Traycoff et al., 1995). Using a perfusion bioreactor with continuous media 
replacement and 20% oxygen, starting with mononuclear cells that established 
a stroma, a 15--20-fold increase in lineage-committed progenitors and a 3.4- 
9.8-fold increase in LTC-IC were obtained in 14 days. Extrapolation from 
these figures suggests that lo-15 ml of unseparated marrow could be used to 
initiate cultures in a 350-750 ml bioreactor to generate sufficient HPC for 
clinical marrow reconstitution. 

Controversy continues over whether umbilical cord blood HPC should be 
maintained or expanded in bioreactors. In one report, umbilical cord blood 
mononuclear cells and LTC-IC expanded in a bioreactor in the presence of 
irradiated bone marrow stroma, IL-3, IL-6, and kit ligand yielded sufficient 
cells for transplantation from an inoculum of 3-4 X lo* mononuclear cells 
(lo-15 ml) (Wagner et al., 1996). Thus, the infusion of ex vivo manipulated 
and expanded primitive and lineage-committed HPC from umbilical cord 
blood appears to be feasible and safe, but clinical benefit is still unproven. 

Expansion of Selected HPC Subsets 

The expansion of selected subsets of HPC could be used to provide “stem 
cells” for gene therapy, or various lineage-committed progenitors, such as 
megakaryocytes, for the correction of thrombocytopenia or lymphocytes for 
adoptive immunotherapy (Young and Inaba, 1996; Miller JS et al., 1994). 
Production of lineage-restricted progenitors and differentiated populations 
can be manipulated by varying the cytokine combinations. For example, IL- 
5 favors the production of eosinophils, M-CSF favors monocytes and macro- 
phages, and erythropoietin favors erythrocyte growth. Megakaryocyte-lineage 
cells expressing CD61 increased 1,500-2,000-fold after CD34+ cells were 
cultured for 7 days with IL-3, IL-6, kit ligand, G-CSF, and erythropoietin 
(Schneider et al., 1994). Thrombopoietin alone or in combination with kit 
ligand is even more effective at promoting differentiation into the megakaryo- 
cyte pathway (Broudy et al., 1995). 
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Dendritic cells are potent antigen-presenting cells that can be used to elicit 
antigen-specific immune responses. They can be generated from bone marrow, 
peripheral blood, or umbilical cord blood CD34’ cells cultured with GM-CSF 
and TNF-a. The addition of kit ligand results in a further 100-1,000~fold 

expansion of dendritic cell numbers by days 14 and 21, respectively (Szabolcs 
et al., 1995). Addition of IL-4 to the cytokine cocktail interferes with the 
number of monocytes, reducing overall cell yield but increasing the percentage 
of CDla+ cells (Strunk et al., 1996), which strongly stimulate a mixed lympho- 
cyte reaction; this is a test of the capacity of the cells to stimulate allogeneic 
T lymphocytes (Rosenzwajg et al., 1996). 

Culture conditions that favor myeloid cell expansion lead to the production 
of fewer lymphoid cells. This results in T-cell depletion, which is desirable for 
allogeneic transplantation. Functional NK cells with a CD56+, CD3- pheno- 
type can be generated from CD34+, CD33- marrow after 2-5 weeks of culture 
with IL-2 (Miller et al., 1994). Verbik et al. (1995) show that the frequency 
of cytotoxic effector cells inducing lymphokine-activated killer cell precursors 
and lymphocytes are significantly higher in early cultures, whereas more GM- 
CFU are found in later cultures. Dendritic cells generated in vitro culture can 
prime naive T cells and process antigens for MHC class II presentation (Caux 
et al., 1995; Garrigan et al., 1996). 

The presence of stem cells in expanded populations is critical if ex vivo HPC 
expansion is to be used for transplantation. An increase in the number of cells 
exhibiting a stem cell phenotype can be documented, but not all such cells are 
capable of extensive self-renewal. Of concern, surface antigen expression can 
be modulated by culture conditions without reflecting changes in proliferative 
potential. The source of input HPC greatly influences the fate of stem cells in 
culture (Pawliuk et al., 1996). CD34+ cells from fetal liver or umbilical cord 
blood can be expanded up to 20-fold in 7-14 days, whereas adult bone marrow 
or peripheral blood CD34’ cells show at best two- to threefold expansion. These 
findings have been confirmed by fluorescent tracking dye studies, which suggest 
that primitive cells in bone marrow and peripheral blood persist (up to 80%) 
but do not enter into the cell cycle (Traycoff et al., 1995; Young et al., 1996). It 
is possible that adult stem cells are incapable of self-replication in the presence 
of soluble growth factors and need membrane-associated forms or perhaps addi- 
tional stromal-derived factors. flk-2/fit-3 ligand alone or in combination with kit 
ligand may offer better support for the expansion of LTC-IC, particularly at 
high concentrations (Piacibello et al., 1997). 

While it has been demonstrated that CD34’ cells can be expanded in 
culture (Henschler et al., 1994; Tjonnfjord et al., 1994; Traycoff et al., 1995) 
controversy continues over whether LTC-IC can be expanded and to what 
extent LTC-IC represent true “stem cells” (Sutherland et al., 1994; Traycoff 
et al., 1995). There appears to be a functional hierarchy within the LTC-IC 
population, with the most quiescent population being the closest to the human 
repopulating stem cell (Hao et al., 1995). In cell cultures, proliferative senes- 
cence eventually supervenes. This is associated with reducing chromosome 
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telomere length, explained by the incomplete replication of the 3’ termini of 
the chromosome by DNA polymerase after each cell division (Hayflick and 
Moorehead, 1961; Vaziri et al., 1993, 1994). In cultures of fetal, neonatal, and 
adult human hematopoietic cells, 40-50 telomere base pairs are lost during 
cell division (Vaziri et al., 1994). In normal life, peripheral leukocyte telomeres 
shorten by approximately 9 base pairs per year. Senescence is seen after 30-75 
population doublings (Hayflick limit) (Hayflick and Moorehead, 1961). In the 
setting of clinical HPC transplantation, stem cell senescence could limit the 
usefulness of expansion procedures. If the hematopoietic stem cells have 
proliferated extensively prior to transplantation and few are engrafted, then 
they may reach their Hayflick limit, leading to delayed marrow failure. CD34- 
cells grown in liquid culture upregulate telomerase but continue to lose approx- 
imately 0.4 kilobase pair each week of culture. The rate of telomere loss is 
slower during the first 2 weeks in culture, when telomerase activity is highest. 
Telomere loss accelerates during weeks 3 and 4 of culture, when telomerase 
levels become undetectable. Therefore, telomerase activity in hematopoietic 
cells reduces but does not prevent telomere shortening during proliferation 
Telomerase also fails to prevent telomere shortening in vivo. Young recipients 
of allogeneic bone marrow transplants have shorter telomeres than their do- 
nors, reflecting the increased proliferative demand on stem cells at the time 
of transplantation and engraftment (Wynn R et al., 1998). A further study 
has shown that the extent of the reduction of the telomere correlated inverselv 
with the number of nucleated cells infused (Notaro R et al., 1997). Telomere 
length analysis showed that fetal liver and umbilical cord blood have longer 
telomeres than adult peripheral blood or bone marrow (Engelhardt et al., 
1997). It is estimated that umbilical cord blood cells can go through 33 more 
population doublings than adult cells before reaching senescence. This in- 
creased replicative potential combined with their greater expansion potential 
would support the value of this stem cell source for allogeneic transplantation. 

These data suggest a “repression, expansion, and cell cycle” model for 
telomerase regulation in hematopoietic cells in which telomerase is repressed 
in quiescent stem cells (CD34’ CD38-); is activated upon cell proliferation 
expansion, cell cycle entry, and progression into the progenitor compartment 
(CD34+, CD38+); and is repressed again upon further differentiation (CD34- 
(Holt et al., 1996; Zhu et al., 1996). 

Reduction of Malignant Cell Contamination of HPC 

The fourth goal of ex vivo HPC expansion is to eliminate malignant cells in 
culture by favoring the differential growth of HPC over tumor cells. This goal 
remains aspirational and has been challenged by the finding that cytokine 
regimens that mobilize HPC can also mobilize solid tumor cells, which suggests 

that tumor growth may also be promoted in the conditions of ex vivo expansion 
(Brugger et al., 1994). The presence of receptors for hematopoietic growth 
factors on some tumor cells suggests that direct stimulation could occur. It is 
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encouraging to note, however, that both normal and malignant lymphoid cells 
rapidly disappear under culture conditions optimal for myeloid expansion. 
Widmer et al. (1995) used a competitive polymerase chain reaction titration 
assay for t(14: 18) in NHL to assess residual lymphoma cells before and after 
CD34’ cell selection and ex vivo expansion. From an initial tumor load of 
lo-4,000 lymphoma cells/lo6 mononuclear cells, they achieved a l-4 log deple- 
tion with CD34’ selection. The final purity of the selected CD34’ population 
was 88% (76%-94%). Following expansion in KL, IL-lp, IL-3, and IL-6 for 
7-14 days, two of nine samples were negative for the translocation. To date, 
ex vivo growth of normal or malignant human breast epithelial cells with 
cytokines has not shown any stimulatory effect on the breast cells (Emerman 
and Eaves, 1994; Vogel et al., 1996). 

Differential cytoadhesion of myeloid leukemic cells to stroma also provides 
a selection procedure for retention of normal stem cells in culture (Dexter 
and Chang, 1994; Udomsakdi et al., 1992). Autologous transplantation of such 
cultured marrow produced a substantial degree of Ph chromosome negative 
reconstitution in patients with chronic myeloid leukemia (Barnett et al., 1994). 
The use of all-trans retinoic acid (ATRA) in acute promyelocytic leukemia 
(PML) or 1,25(OH)* vitamin D3 and analogs in acute myeloid leukemia is 
generally considered to be effective by inducing differentiation of the leukemic 
cells. 1,25(OH)*D3 appears to act by blocking leukemic stem cell self-renewal 
with or without inducing differentiation. Vitamin D preferentially reduces the 
clonogenic potential of a variety of cell lines and leukemic states relative to 
normal bone marrow while preserving the early hematopoietic cells (Pettengell 
et al., 1995a). 

CLINICAL APPLICATIONS OF HEMATOPOIETIC PROGENITORS 

High-dose (myeloablative) therapy has been used in a variety of solid and 
liquid tumors with the aim of eradicating malignant cells. Hematopoietic 
progenitor cell transplantation is used to restore normal hematopoiesis. This 
requires the presence in the graft of lineage-committed progenitors to effect 
early engraftment and primitive progenitors to effect long-term reconstitution. 
Transplantation of CD34’ cells from bone marrow or peripheral blood has 
demonstrated that both primitive and lineage-committed progenitor popula- 
tions reside in the CD34’ fraction (Shpall et al., 1994). Karyotyping of recipi- 
ents after sex-mismatched allogeneic bone marrow transplantation in humans 
has proved that donor cells are responsible for long-term engraftment. Retrovi- 
ral gene-marking techniques have now been used in children undergoing 
autologous HPC transplantation to show that cells of both myeloid and lymph- 
oid lineages were derived from a common precursor and that such cells are 
capable of sustained hematopoietic reconstitution over 18 months (Brenner 
et al., 1993). Sex-mismatched allogeneic transplantation using mobilized HPC 
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is expected to confirm that functional blood stem cells are also collected from 
the peripheral blood at apheresis. 

Undoubtedly, the number of HPC reinfused following myeloablative ther- 
apy determines the time to hematopoietic recovery (Bensinger et al., 1995; 
Pawliuk et al., 1996). The minimum number of HPC required to effect hemato- 
poietic reconstitution after myeloablation has not been determined. This is 
partly due to the incomplete information available on the composition of 
the hematopoietic product obtained after various HPC mobilizing regimens. 
Higher cell numbers are required for allogeneic than autologous transplanta- 
tion. Various medical centers have established threshold doses appropriate 
to their own patient population, HPC mobilizing, myeloablative, and post- 
transplant treatment regimens (Dreger et al., 1995; Sutherland et al., 1994), 
but it is difficult to compare these. For autologous transplantation in most 
patients with solid tumors, a minimum of 2 X lo6 CD34+ cells/kg or 10” GM- 
CFC cells/kg are recommended (Mavroudis et al., 1996; Weaver et al., 1995). 
Caution is required, however, because high levels of CD34’ cells do not always 
indicate high stem cell numbers (Mohle et al., 1994). 

Myeloablative Therapy and HPC Transplantation 

Myeloablative therapy was first routinely used with bone marrow transplanta- 
tion to eliminate minimal residual disease in patients with chemosensitive 
leukemias. Its use has now been extended to other chemosensitive tumors, 
but in most of these (with the exception of relapsed lymphomas) it remains 
experimental. Rapid and sustained hematopoietic recovery occurs after autol- 
ogous blood progenitor cells transplantation, with a shorter period of thrombo- 
cytopenia, thus improving the risk/benefit ratio of the procedure compared 
with bone marrow transplantation (Beyer et al., 1995; Pettengell et al., 1993a,b; 
Schmitz et al., 1996: Sheridan et al., 1992). Other advantages include the I 
avoidance of a general anesthetic for bone marrow harvesting and the ability 
to offer high dose therapy to patients with poor marrow reserve after previous 
chemoradiotherapy or with bone marrow involvement by tumor. For these 
reasons, blood progenitor cells have replaced autologous bone marrow as a 
source of HPC for transplantation in many medical centers, and high-dose 
treatments are now being offered to a wider range of patients. There are, 
however, no prospective randomized trials showing improved disease outcome 
in patients treated with blood progenitor cell transplantation over bone mar- 
row transplantation. One study with non-Hodgkin’s lymphoma showed a sig- 
nificantly better survival for a poor prognosis group of patients with bone 
marrow involvement receiving HPC transplantation compared with a better 
prognosis group receiving bone marrow transplantation (Vose et al., 1993). 
Whether this is due to a lower likelihood of occult tumor cells, a greater 

number of cytotoxic effector cells, or a different and advantageous pattern of 
immunological recovery is not yet known. The issue of whether dose-intensive 
chemotherapy with HPC support is more effective as induction or consolida- 
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tion therapy is not resolved. The rationale for early treatment is to minimize 
tumor resistance and ensure adequate HPC yields. However, the increased 
risk of tumor contamination must be weighed against this. 

Immune reconstitution after both autologous and allogeneic transplantation 

is faster following BPCT than BMT. Whether this contributes to a lower 
incidence of infectious complications is as yet unknown (Ottinger et al., 1996). 
The balance of T-cell depletion versus graft function and graft versus leukae- 
mia (GVL) also needs careful study. An increased rate of lymphoid reconstitu- 
tion has been reported following blood progenitor cell transplantation in 
humans and may be important, given the probability that part of the antitumor 
effect of allogeneic bone marrow transplantation results from a graft-versus- 
tumor effect (Roberts et al., 1993; Scheid et al., 1995). The ratio of T cells to 
progenitors and the distribution of T-cell subsets differs between apheresis 
and bone marrow harvests (Galy et al., 1994). Autologous blood progenitor 
cell rescue results in earlier immunological reconstitution than bone marrow 
transplantation, with apparently complete recovery within 6 months. Whether 
this will result in a graft-versus-tumor effect and enhanced disease-free sur- 
vival, as suggested by the Nebraska group (Vose et al., 1993), is yet to be 
determined. The potential to manipulate the graft, either in vitro or in vivo, 
with immunomodulatory agents may also prove beneficial. 

Allogeneic HPC Transplantation 

Early fears that the large number of T lymphocytes in the HPC product would 
increase the incidence and severity of graft-versus-host disease in allogeneic 
HPC transplantation have not been sustained. Allogeneic HPC are well toler- 
ated and may engraft faster than bone marrow (Korbling et al., 1995; Schmitz 
et al., 1995). EX vivo manipulation of accessory cells is also easier using 
leukapheresis product. However, the cellular composition of the graft is ex- 
tremely important to hematopoietic recovery and for graft-versus-tumor ef- 
fect. Therefore, immunologically tailored grafts will need to be extensively 
evaluated both in vitro and in vivo. The use of human umbilical cord blood 
for allogeneic transplantation is an exciting research area (see above). The 
use of donor HPC avoids concerns about the quantity and quality of prior 
therapy and contaminating tumor cells when autologous bone marrow or HPC 
are used. 

Multiple High-Dose Treatments with Transplantation 

Multiple cycles of myeloablative treatment, each supported by autologous 
HPC transplantation, offers the opportunity to maximize cytotoxic dose inten- 
sity for solid tumors in which a single high-dose treatment is likely to be 
inadequate. Phase I and II studies of dose escalation by high-dose sequential 
therapy with repeated transplantation show that this approach is possible, with 
manageable hematological toxicity, but with significant nonmyeloid toxicity 
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(Gianni et al., 1997). Such an approach carries substantial morbidity and 
mortality, in addition to requiring prolonged hospitalization. Most medical 
centers using this approach collect enough HPC for all the transplantation 
procedures before embarking on the first myeloablative treatment. This has 
the advantage of ensuring that the hematopoietic cells are not damaged by 
the treatment, but damage to the marrow stroma may still delay re-engraftment 
in later cycles. Furthermore, careful screening and purging will be needed to 
minimize the risk of tumor contamination in the HPC product. It remains to 
be determined whether multiple high-dose cycles will prove better than a 
single cycle of myeloablative treatment. 

Multiple Subablative Treatments with HPC Support 

Hematopoietic growth factors have been used to improve the delivery of the 
planned dose intensity, but their capacity to increase cytotoxic dose intensity 
is limited (Woll et al., 1995). There is therefore interest in using HPC to 
support increased dose intensity of conventional chemotherapy (Crown et al., 
1993; Shea et al., 1992; Tepler et al., 1993). In most published studies, the 
same strategy has been adopted as that used for multiple transplants-that 
of using aliquots of HPC collected before starting the dose-intensive treatment. 
An alternative strategy is to collect and reinfuse HPC at each treatment cycle 
(Pettengell et al., 1995b). This has the potential advantage of reducing the 
risk of malignant cell contamination, because the blood will be purged of 
malignant cells in vivo by each chemotherapy cycle. 

CONCLUSION 

Increasing interest in the use of stem cells for gene therapy has focused 
attention on hematopoietic stem cells- the most accessible human stem cell 
population. In this chapter, we outlined methods of identifying, mobilizing, 
and culturing different hematopoietic progenitor cell populations. To date, 
most workers have concentrated on obtaining a mixture of primitive and 
lineage-committed progenitors to optimize engraftment following myeloabla- 
tive therapy. It now appears that cytokines and other agents can be used to 
modulate hematopoietic cell populations in viva and manipulate them in 
vitro. Thus diverse subpopulations can be exploited for different applications, 
including immunotherapy and protective and corrective gene therapy. 
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INTRODUCTION 

Adenoviruses were first isolated in 1953 from patients with acute respiratory 
illness (Rowe et al., 1953; Hilleman and Werner, 1954). Subsequently, mem- 
bers of the adenovirus family have been identified that infect a wide range 
of mammalian and avian hosts, and 50 human serotypes have been distin- 
guished on the basis of cross-neutralization studies. Soon after their discovery, 
it became clear that adenoviruses generally are not responsible for the common 
cold. They are responsible for only a minor portion of acute respiratory 
morbidity in both children and adults. Besides respiratory disease, some ade- 
novirus serotypes cause conjunctivitis, gastroenteritis, and a variety of other 
less common syndromes. 

Adenoviruses became the subjects of intense study after human adenovirus 
type 12 (Ad12) was shown to induce malignant tumors in newborn hamsters 
(Trentin et al., 1962). This finding, together with the fact that adenoviruses 
contain a DNA genome, led them to be classified as DNA tumor viruses. 
Extensive surveys failed to reveal an association between adenovirus and 
human malignancy, but the investigation of adenovirus-coded oncoproteins 
has provided key insights into mechanisms controlling cellular proliferation 
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arid has revealed key points at which this regulatory machinery is sensitive 
to perturbations that lead to cancer. 

Adenovirus-based vectors for the delivery of therapeutic genes are now 
under development. The group C viruses, adenovirus type 2 and type 5 (Ad2 
and Ad5), are the most intensively studied serotypes at the molecular level, 
and vector applications have focused almost exclusively on them. The closely 
related Ad2 and Ad5 are attractive vector candidates. Their structural and 
genetic organizations, are well as their gene functions and interactions with 
host cells, are relatively well understood (reviewed by Shenk, 1996). Proce- 
dures have been developed that permit the facile manipulation of the viral 
genome to produce derivatives that lack undesirable viral genes and carry 
nonviral genes. Adenoviruses and adenovirus vectors can be propagated rela- 
tively easily to produce high-titer stocks. Adenoviruses will express their genes 
in cells that are not actively growing and dividing, suggesting that they might 
be especially useful for in vivo vector applications where the majority of target 
cells will not be growing. Most importantly, administration of these viruses 
to humans appears to be safe. Most children exhibit immunological evidence 
of infection with group C adenoviruses at an early age without serious morbid- 
ity, and adenovirus vaccines have been used extensively in the military with 
good results (reviewed in Horwitz, 1996). 

ADENOVIRUS BIOLOGY 

Horwitz (1996) and Shenk (1996) provide detailed recent overviews of adeno- 
virus biology. All adenoviruses contain a linear double-stranded genome of 
about 36,000 base pairs. The DNA is associated with four basic virus-coded 
proteins to form a core structure that is encapsidated in a protein shell com- 
prised of seven virus-coded polypeptides. The icosahedral virions are about 
70 nm in diameter, and they are distinguished by the presence of projections, 
comprised of three copies of the fiber polypeptide, from each vertex of the ico- 
sahedron. 

With one exception (the avian CELO virus; Chiocca et al., 1996) all adeno- 
virus genomes that have been examined exhibit the same organization, that 
is, the c&acting elements and the genes encoding specific functions are located 
at the same position on the chromosome (Fig. 1A). The genome includes 
three known cis-acting sequences that comprise several hundred base pairs, 
and these must be maintained for its propagation as a virus. Two are origins 
of DNA replication that are located at the ends of the viral DNA, and the 
third is a packaging sequence that is found near the left end of the chromosome. 
The packaging sequence must be located within several hundred base pairs 
of the end of the chromosome to direct the interaction of the viral DNA with 
its encapsidating proteins (Hearing et al., 1987). The genome includes seven 
units transcribed by RNA polymerase II and one or two units, depending on 
the serotype, transcribed by RNA polymerase III. Transcripts from the 
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FIGURE 1. Diagram of the adenovirus transcription map and current adenovirus 
vectors. A: The adenovirus map is presented in its conventional orientation. The viral 
DNA is represented by two parallel lines, and the closed circles at the ends of the 
DNA strands represent the viral terminal protein that is covalently attached to 5’ ends. 
Transcription units are designated by arrows whose directions indicate the direction of 
transcription. Units transcribed by RNA polymerase II: early region 1A (ElA), early 
region 1B (ElB), early region 2A (E2A), early region 2B (E2B), early region 3 (E3), 
early region 4 (E4), intermediate region encoding protein IX (pIX), intermediate 
region encoding protein IVa2 (IVa2), major late unit (ML). Units transcribed by 
polymerase III: virus-associated RNAs (VA RNAs). First (B), second (C), and third 
(D) generation vectors are shown with deletions of viral sequences (delete) and inser- 
tions of transgene sequences (insert) indicated. 

protein-coding units are processed to give rise to multiple mRNAs by differen- 
tial splicing and the use of multiple poly(A) addition sites. As a result, the 
seven transcription units give rise to about 35 known polypeptides. 

Lytic Replication in Human Cells 

Adenoviruses bind to cells in a two-step process. First, the terminal knob of 
the viral fiber protein interacts with an unknown cellular receptor, and then 
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the penton base protein interacts with members of the integrin family of cell 
surface proteins. The fiber projects from the penton base that sits at each 
vertex of the particle. Both interactions are necessary for successful adsorption 
and internalization. Adsorbed virus is internalized through receptor-mediated 
endocytosis, and then, as the pH drops in endosomes, the virus escapes to 
the cytosol very efficiently through a process that is not yet understood. The 
disassembly of the virion begins as soon as the virus is internalized. Partially 
disassembled virions have been visualized at the nuclear pores of infected 
cells, presumably delivering their DNA to the nucleus. When the viral DNA 
reaches the nucleus, it associates with the nuclear matrix through a viral 
polypeptide that is covalently attached to each 5’ end of the chromosome, 
termed the terminal protein (Schaack et al., 1990) and then the program of 
viral gene expression is initiated. 

As for many DNA viruses, adenovirus gene expression is divided by conven- 
tion into two phases, early and late, that are separated by the onset of viral 
DNA replication. The first early transcription unit to become active is early 
region 1A (ElA). ElA proteins are promiscuous transcriptional activating 
proteins, and they help to activate expression of all the remaining adenovirus 
transcription units. ElA proteins activate transcription by binding to cellular 
transcriptional regulatory proteins and modulating their activity. In addi- 
tion to activating the expression of viral genes, the ElA proteins induce 
quiescent cells to enter the S phase of the cell cycle. This would be expected 
to create an environment optimally conducive to viral replication. The key 
to understanding how ElA proteins manipulate cell cycle regulation came 
from the observation that a defined set of cellular proteins can be co- 
immunoprecipitated with antibodies to ElA (Yee and Branton, 1985; Harlow 
et al., 1986). A 105 kD coprecipitating protein was the first to be identified 
(Whyte et al., 1988). It is the retinoblastoma tumor suppressor protein, pRB, 
that normally binds to the cellular E2F transcription factor and inhibits its 
activity. During normal cell growth, pRB becomes hyperphosphorylated late 
in the Gl phase of the cell cycle, and this modification causes it to dissociate 
from E2F, which can then activate the transcription of a series of S phase- 
specific cellular genes. ElA binds to the same domain on pRB as does E2F, 
and, when ElA accumulates in the infected cells, it dissociates pRB from 
E2F, freeing E2F to activate expression of S phase-specific genes (reviewed 
by Nevins, 1992). 

As ElA disrupts the normal regulatory activity of pRB and the other 
cellular regulatory proteins to which it binds, the ~53 tumor suppressor protein 
is stabilized (Lowe and Ruley, 1993), and its level rises. The elevated level of 
~53 can antagonize viral replication by blocking cell cycle progression and 
inducing apoptosis, but two polypeptides encoded by the early region 1B (ElB) 
transcription unit block these antiviral activities. The ElB-55kD protein binds 
directly to ~53 and interferes with its transcriptional activation function that 
is needed to block cell cycle progression (Sarnow et al., 1982; Yew et al., 
1994). The ElB-19kD protein is related in its sequence to the cellular bcl-2 
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family of proteins, and, like bcl-2, it blocks the induction of apoptosis by ~53 
and a variety of other inducers (Rao et al., 1992). 

The early region 2 (E2) transcription unit encodes three proteins that 
function directly in adenovirus DNA replication: DNA polymerase, single- 

stranded DNA-binding protein, and terminal protein. The terminal protein 
is covalently attached to a molecule of dGTP, and it serves as a primer, 
preserving the integrity of the viral termini through multiple rounds of replica- 
tion. It remains attached to progeny molecules, serving to mediate their attach- 
ment to the nuclear matrix, as mentioned above. These three viral proteins 
function in concert with several cellular proteins to replicate the viral chromo- 
some that appears to proceed in two stages. First, synthesis is initiated at one 
end of the linear duplex and proceeds toward the other end, generating a new 
duplex plus a displaced single strand. In the second stage, the single strand 
circularizes through its self-complementary termini, which contain the cis- 
acting replication origins, to produce a panhandle molecule with the same 
structure at its ends as at the termini of normal double-stranded viral DNA. 
When replication is initiated at the end of the panhandle, a second progeny 
duplex molecule is formed (Lechner and Kelly, 1977). 

With the onset of viral DNA replication, adenovirus late genes are ex- 
pressed efficiently. Most late coding regions are organized into a single large 
transcription unit known as the major late (ML) unit. Expression of this unit 
is controlled by the ML promoter, which is weakly active early after infection 
and highly active late after infection. Its activation is controlled in part by a 
cascade of adenovirus gene products: the ElA protein accumulates and acti- 
vates the IVa2 promoter, and then the IVa2 gene product accumulates and 
binds downstream of the ML transcriptional start site, helping to activate the 
ML promoter (Tribouley et al., 1994). The primary transcript generated from 
the ML unit is 29,000 nucleotides long (Evans et al., 1977) and it is processed 
to generate about 18 different late mRNAs. During the late phase of the viral 
replication cycle, the cytoplasmic accumulation of cellular mRNAs is inhibited 
(Beltz and Flint, 1979). The block is mediated by a complex of the ElB-55kD 
and E4-34kD proteins, and the same complex facilitates the cytoplasmic 
accumulation of viral mRNAs late after infection (reviewed by Ornelles and 
Shenk, 1991). 

The replication of viral DNA coupled with the synthesis of virion proteins 
encoded primarily by the ML unit sets the stage for the assembly of progeny 
virions (reviewed by Hasson et al., 1992). An empty capsid is formed, and 
then a viral DNA molecule is inserted in a polar fashion, beginning with the 
left end defined by the conventional adenovirus map. DNA-capsid recognition 
is mediated by the packaging sequence, but the proteins that bind to this 
element and mediate the recognition have not yet been identified. A virus- 
coded cysteine proteinase is essential for the assembly process; it cleaves at 
least four virion polypeptides to produce a mature viral particle. 

Adenovirus can persist in its human host for years after a primary infection. 
This persistence is undoubtedly facilitated by a series of adenovirus gene 
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products that are known to antagonize host antiviral responses. The ElA 
proteins and VA RNAs inhibit the response of infected cells to interferon 
(IF)+! and -p. ElA functions at least in part by blocking the activity of ISGF3, 
a cellular transcription factor that activates IF-responsive genes (Reich et al., 
1988). The two small VA RNAs, which are transcribed by RNA polymerase 
III, bind to the IF-inducible, double-stranded RNA-dependent protein kinase 
(PKR), blocking its activation and preventing the phosphorylation of eIF-2a, 
a translational initiation factor (reviewed by Mathews and Shenk, 1991). In 
the absence of the VA RNAs, the phosphorylation of eIF-2cr by PKR in 
response to IF leads to the sequestration of eIF-2B in nonfunctional complexes 
with phosphorylated eIF-2a. This causes cellular protein synthesis to cease, 
inhibiting viral replication and spread. The other adenovirus gene products 
known to antagonize host antiviral defenses are encoded by the early region 
3 (E3) transcription unit (reviewed by Gooding, 1992). The E3-19kD glyco- 
protein resides in the membrane of the endoplasmic reticulum and binds to 
the peptide-binding domain of MHC class I antigens, retaining class I antigen 
in the endoplasmic reticulum and causing its concentration on the cell surface 
to decrease. Since cytotoxic T lymphocytes (CTLs) recognize infected cells 
through foreign antigens displayed on the cell surface in the context of class 
I antigen, the E3-19kD interaction with class I antigen inhibits recognition 
of adenovirus-infected cells. A protective role for the E3-19kD protein can 
be inferred from experiments in cotton rats where pulmonary infections pro- 
duced by a mutant virus unable to express the E3-19kD protein generate 
markedly increased inflammation in comparison to infections with wild-type 
virus (Ginsberg et al., 1989). Finally, both the E3-14.7kD polypeptide and 
the complex of E3-14.5kD and E3-10.4kD polypeptides prevent cytolysis by 
tumor necrosis factor (TNF)- cy, but their mechanism of action is not under- 
stood. 

Transformation of Rodent Cells 

All human adenoviruses that have been tested can transform cultured rodent 
cells, and some human serotypes, e.g., Ad12, are able to directly induce sarco- 
matous tumors in rodents (reviewed by Shenk, 1996). It is also possible to 
transform rodent cells, which are not fully permissive for replication of human 
adenoviruses, by infection or by transfection with plasmids encoding the ElA 
and ElB genes. It is easy to rationalize the transforming activity of the ElA 
oncoproteins, given their ability to modulate cell cycle regulation by inhibiting 
the activity of the pRB family of tumor suppressor proteins. ElA alone, 
however, only rarely induces transformed cells, because, as discussed above, 
ElA stabilizes ~53. It is necessary to inhibit ~53 function in order to generate 
transformed cells, and this is accomplished by the ElB oncoproteins. Thus 
ElA and ElB cooperate to transform cells, inactivating the function of two 
tumor suppressor proteins that control cell cycle progression. 
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Recently, an Ad5 early region 4 (E4)-coded protein has been shown to 
have oncogenic potential. The E4-34kD protein can bind to p53 and interfere 
with its ability to activate transcription (Dobner et al., 1996). Given its ability 
to antagonize ~53 function, it is perhaps not surprising that E4-34kD can 

substitute for ElB and cooperate with ElA to transform cells (Moore and 
Shenk, 1996). Furthermore, E4-34kD increases the efficiency with which ElA 
and ElB transform cells, and it enhances the tumorigenicity of transformants. 

ADENOVIRUS VECTORS 

A variety of earlier reviews summarize the use of adenoviruses as vectors for 
gene therapy (Goff and Shenk, 1993; Kozarsky and Wilson, 1993; Berns and 
Giraud, 1995; Kremer and Perricaudet, 1995; Shenk, 1995; Horwitz, 1996). 

First-Generation Vectors 

The first adenovirus vectors were designed to lack the ElA and ElB genes, 
and in some cases they also lacked portions of the E3 unit (Fig. 1B). It 
made good sense to remove ElA and ElB for several reasons. First, safety 
considerations dictated that these genes should be removed since they encoded 
products that function as oncoproteins in rodent cells and pervert cell cycle 
control in human cells. Second, earlier genetic analysis predicted that their 
removal would inhibit lytic growth of the vector in the human host, a desirable 
property for a vector that must deliver a therapeutic gene without killing the 
targeted cell. Third, it is easy to propagate adenoviruses lacking ElA and 
ElB using 293 cells (Graham et al., 1977). These are adenovirus-transformed 
human embryonic kidney cells that express the ElA and ElB proteins and 
efficiently complement viruses lacking one or both of the El genes. The E3 
gene was deleted in some first-generation vectors to provide extra space for 
nonviral genes. This region, as discussed above, encodes products that mitigate 
the host response to infection, and the unit is not essential for growth of the 
virus in cultured cells. As a result, ElA-, ElB-, E3- viruses grow as well as 
wild-type adenovirus on 293 cells. Since the virus can encapsidate a DNA 
that is about 5% larger than the wild-type genome (Shenk, unpublished obser- 
vations), the ElA-, ElB-, E3- virus can accommodate an insert of as much 
as -9 kbp. 

First-generation vectors generally were found to sponsor only short-term 
expression of transgenes. Longer term expression was achieved when the 
vectors were introduced into severe combined immunodeficient (SCID) mice 
or athymic nude mice that are unable to mount a class I-restricted CTL 
response (Tripathy et al., 1994; Yang et al., 1994; reviewed by Kremer and 
Perricaudet, 1995), consistent with earlier work showing that the pathogenic 
response to wild-type adenovirus is significantly more reduced in nude than in 
immunocompetent mice (Ginsberg et al., 1991). These and other observations 
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(reviewed by Engelhardt et al., 1994; Shenk, 1995) led to the view that cells 
transduced with the first-generation vectors were being killed by host antiviral 
defenses, possibly as a result of residual, low level expression of viral genes. 
Thus, inflammation and its associated cell killing limited the duration of trans- 
gene expression mediated by ElA-, ElB- vectors. 

Second-Generation Vectors 

The concept behind the second generation of adenovirus vectors was to mutate 
a third gene in addition to ElA and ElB that is essential for viral replication 
(Fig. 1C). Presumably this third deficiency would inhibit residual viral gene 
expression and improve the performance of the vector. The initial second- 
generation vector (Engelhardt et al., 1994) carried a temperature-sensitive 
mutation, ts125, in the E2-coded single-stranded DNA-binding protein. This 
mutation was known to block viral DNA replication at the nonpermissive 
temperature (van der Vliet et al., 1975). The ElA-, ElB-, E2A- vector was 
propagated at its permissive temperature in 293 cells, and its performance 
appeared to be markedly better than first-generation vectors when tested in 
a mouse liver model. It induced less CTL infiltration, and expression of its 
marker gene (lac2) continued for >70 days. This result supported the view 
that the first-generation ElA-, ElB- vectors induce an inflammatory response 
leading to the death of transduced cells because they continue to express viral 
proteins at a low level. The second-generation ElA-, ElB-, E2A- vector 
minimized this inflammatory response and allowed longer term expression of 
P-galactosidase. 

Subsequently, cell lines were generated that could complement E2A dele- 
tions (Gorziglia et al., 1996; Zhou et al., 1996), and an ElA-, ElB-, E2A- 
variant carrying a deletion in the E2A gene was confirmed to be substantially 
more crippled for residual gene expression than an ElA-, ElB- virus. A 
vector with a deletion is obviously preferable to a variant with a point mutation, 
since the deletion will not revert and it provides additional space for incorpora- 
tion of a large transgene. Cell lines have also been reported that complement 
mutations in the adenovirus E2B-coded proteins, the terminal protein 
(Schaack et al., 1995) and the DNA polymerase (Amalfitano et al., 1996) 
providing the opportunity to generate vectors lacking any one of the critical 
E2 gene products that function directly in adenovirus DNA replication. 

The E4 region was also mutated to produce a second-generation vector. 
Mutations in this gene inhibit viral gene expression and DNA replication 
(Halbert et al., 1985; Weinberg and Ketner, 1986); and, in addition to further 
crippling the virus, deletion of E4 should enhance the safety of the vector 
given the ability of the E4-34kD protein to bind to ~53 and cooperate with 
ElA to transform rodent cells (Dobner et al., 1996; Moore et al., 1996). 

The E4-34kD protein is the only E4 product needed for efficient growth of 
adenovirus in cultured cells (Halbert et al., 1985), and Weinberg and Ketner 
(1983) had previously produced an E4-expressing monkey cell line, W162 



ADENOVIRUS VECTORS 169 

cells. Given this precedent, several groups readily produced 293 cells that 
express the E4-34kD protein and demonstrated that they support the growth 
of ElA-, ElB-, E4- vectors (Wang et al., 1995; Brough et al., 1996; Gao et 
al., 1996; Yeh et al., 1996). As was the case for the ElA-, ElB-, E2A- vectors, 
the ElA-, EIB-, E4- vectors sponsored longer term expression of transgenes 
than EIA-, ElB- vectors (Gao et al., 1996) but second-generation vectors 
have nevertheless induced an immune response. As discussed later in this 
chapter, the residual inflammation appears to result primarily from expression 
of a foreign transgene. 

Third-Generation Vectors 

The ultimate adenovirus vector should contain only the minimal c&acting 
DNA elements needed for replication and packaging of the vector DNA (Fig. 
1D). Since this vector contains no viral genes, it should completely avoid 
problems associated with residual low level expression of viral genes. The first 
step in this direction was to show that it is possible to complement with wild- 
type virus the growth of a vector lacking a 7.2 kbp segment of the E2B and 
ML transcription units and then partially separate the vector from helper by 
equilibrium density centrifugation (Mitani et al., 1995). Subsequently, a helper 
virus was used to complement the growth of a vector containing only the 
terminal c&-acting replication origins and packaging element, and again the 
helper and vector were separated on the basis of differences in their densities 
(Fisher et al., 1996; Kochanek et al., 1996). However, this approach is unlikely 
to produce useful preparations of vectors for therapeutic applications. The 
vector and helper can recombine, yields of the vector are relatively low, and 
purification of the vector from the helper is cumbersome and incomplete. 

A promising genetic trick has been developed to exclude most of the helper 
virus from stocks of vector that contain only the terminal c&-acting sequences 
plus transgene plus nonadenovirus stuffer DNA (Parks et al., 1996; Hardy et 
al., 1997). The trick is to utilize the Cre-1oxP recombination system from 
bacteriophage Pl. Cre encodes a recombinase that mediates highly efficient 
recombination between lox DNA elements. When recombination occurs be- 
tween lox sites residing in the same orientation on the same DNA molecule, 
the sequence between lox sites is deleted. To exploit this system, lox sites 
were inserted on either side of the packaging element of an ElA-, ElB- 
helper virus. When the helper viruses were grown in standard 293 cells, the 
lox sites did not recombine; but when the viruses were grown on 293 cells 
expressing the Cre recombinase, the packaging element was excised, and, as 
a result, the helpers were not encapsidated. When a mixture of a vector plus 
helper with lox sites was propagated on Cre-expressing 293 cells, the viral 
yield consisted mainly of vector. Residual ElA-, ElB- helper in the vector 
stocks was partially removed by equilibrium density centrifugation. The bio- 
logical properties of vectors produced using this system have not yet been re- 
ported. 
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Finally, the Cre-1oxP system has been used to delete a large segment of 
DNA (-25 kbp) from the vector as it was propagated in Cre-expressing 293 
cells (Lieber et al., 1996); no separate helper virus was added. Using this 
approach, a vector with a 9 kbp genome carrying a human a,-antitrypsin 
expression cassette was generated, and equilibrium density centrifugation re- 
moved residual vector containing full-length genome to produce 9 kbp genome 
vector preparations that were >99% pure. It is intriguing that it was possible 
to generate vector particles with such small genomes, and it is of interest to 
learn whether these particles are as stable as normal virions. The 9 kbp genome 
vector transduced cultured cells as efficiently as the parental, undeleted vector, 
indicating that its infectivity was not crippled. Curiously, expression from the 
vector was transient when introduced into cultured cells or tested in viva in 
the mouse liver. It could be stabilized by co-administration of an ElA- vector, 
suggesting that limited viral gene expression is needed for long-term expres- 
sion. The authors speculated that the instability of the vector DNA might 
result from a requirement for transient or persistent replication of the vector 
DNA for its maintenance in the transduced cells. 

Clemens et al. (1996) produced an adenovirus vector containing only the 
terminal adenovirus c&acting sequences plus a full-length dystrophin cDNA. 
Intramuscular injection of the vector into 6-day-old dystrophic (mdx) mice 
resulted in expression of the transgene; but, consistent with the results obtained 
for the 9 kbp vector (Lieber et al., 1996) expression from this vector was 
transient. Whatever the explanation for their instability, these vectors lacking 
most or all viral genes appear to have revealed a previously unsuspected 
requirement for adenovirus persistence. 

Host Immune Response 

It seems clear that much of the problem with limited term expression from 
adenovirus vectors results from a host immune response. This problem first 
became evident when longer term expression was achieved in immunologically 
deficient mice (Tripathy et al., 1994; Yang et al., 1994). The immune response 
causes the destruction of transduced cells. The destruction is rapid and com- 
plete with first-generation ElA-, ElB- vectors, and it is much reduced with 
second-generation ElA-, ElB-, E2A- or ElA-, ElB-, E4- vectors. The 
improved performance of the second-generation vectors almost certainly re- 
sults from minimal viral gene expression, since they are much more severely 
crippled than first-generation vectors. 

What is responsible for the residual immune response to the second- 
generation vectors? Two recent reports indicate that the expressed transgene 
can induce inflammation. Tripathy et al. (1996) compared erythropoietin ex- 
pression in mice receiving an intramuscular dose of a first-generation ElA-, 

ElB-, E3- vector carrying either the murine or human gene. These two 
proteins are 79% identical at the amino acid level. Animals receiving the 
vector expressing the human protein exhibited an elevated hematocrit that 
peaked after 14 days, whereas animals receiving the same vector expressing 
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the murine protein displayed an elevated hematocrit throughout the 112 day 
duration of the experiment. Long-term expression of murine erythropoie- 
tin was observed in five different mouse strains. The “foreign” human pro- 
tein elicited both humoral and cellular immune responses, and it must be 
the response to the therapeutic protein and not to adenovirus proteins that 
led to the rapid cessation of expression. In a similar vein, Gao et al. 
(1996) generated an ElA-, ElB-, E4- vector carrying a 1acZ transgene. p- 
Galactosidase expression was diminished by a factor of 10 after 60 days in 
the liver of mice instilled with the vector by tail vein injection. When transgenic 
ROSA-26 mice that constitutively express P-galactosidase and see the bacterial 
enzyme as “self” received the same vector, the level of fi-galactosidase expres- 
sion dropped by a factor of less than two during the 60 day period. Both 
of these reports demonstrate that expression of a transgene product that is 
recognized as foreign by the recipient host results in the rapid diminution of 
expression, presumably as a result of the destruction of transduced cells. 
Although additional work is needed to generalize these results, they are highly 
encouraging and suggest that second-generation adenoviruses have the poten- 
tial to sponsor long-term expression of transgenes that are seen as “self” in 
animal and human hosts. 

Additional approaches are being evaluated to control the immune destruc- 
tion of cells transduced by adenovirus vectors. Continuous immunosuppres- 
sion of animals with cyclosporin A (Dai et al., 1995; Fang et al., 1995) or 
FK506 (Vilquin et al., 1995) led to long-term expression of transgenes from 
first-generation ElA-, ElB- vectors. These results probably serve more as a 
confirmation of the nature of the immunological problem than as a solution, 
since it seems unlikely that prolonged immunosuppression will be acceptable 
as a co-therapy in the vast majority of gene transfer applications. However, 
immunosuppression with FK506 for 1 month (Lochmtiller et al., 1996) or 
transient treatment with antibodies that interfere with T-cell activation at the 
time of vector application (Kay et al., 1995; Yang et al., 1996a) also facilitated 
long-term expression in murine models from adenovirus vectors. These treat- 
ments, as well as transient administration of IL-12 (Yang et al., 1995b), also 
attenuated the production of neutralizing antibodies. Treatments that tran- 
siently antagonize cellular and humoral immune responses hold great promise 
not only to promote long-term expression of transgenes but also to facilitate 
readministration of the vector. 

Another approach under development that has potential to overcome the 
immunological barrier to readministration of adenovirus vectors is the use of 
vectors derived from different human adenovirus serotypes (Kass-Eisler et 
al., 1996). If a set of different adenovirus vectors were available that are 
not cross-neutralized, they could be used sequentially to readminister the 
same transgene. 

Targeting 

Work has begun to redirect binding of the adenovirus fiber protein (Michael 
et al., 1995; Krasnykh et al., 1996) with the goal of achieving tissue-specific 
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targeting similar to that being developed for retrovirus vectors (e.g., Kasahara 
et al., 1994; Somia et al., 1995). Bispecific antibodies binding to an epitope in 
the adenovirus penton base and a cell surface integrin also show promise for 
directing adenovirus adsorption (Wickham et al., 1995,1996). If the specificity 
of the vector-cell interaction can be modified and controlled, the utility of 
adenovirus as an in vivo vector will be dramatically enhanced. In addition to 
facilitating the transduction of cells that adenovirus generally does not effi- 
ciently enter, targeting should reduce the delivery of transgenes to untargeted 
tissue, allowing the administration of lower doses and avoiding undesirable 
side effects. 

Applications 

Adenovirus vectors have perhaps been 
for treatment of cystic fibrosis. Initially, 
ideal application for adenovirus vector 
the virus to infect the respiratory tract. 
vectors documented inflammation and 

most thoroughly explored as vectors 
it seemed likely that this might be an 

s, given the apparent predilection of 
However, studies using ElA-, ElB- 
short-term expression of transgenes 

such as la& The destruction of transduced cells in these studies results from 
the combined action of CTLs specific for the transgene and viral antigens 
(Yang et al., 1995a, 1996b). Presumably, second- and third-generation vectors 
will exhibit improved performance if they express transgenes that are not seen 
as neoantigens in animal or human hosts (Gao et al., 1996; Tripathy et al., 
1996). However, a major obstacle to the treatment of cystic fibrosis will likely 
remain, since it appears that adenovirus does not efficiently infect columnar 
epithelial cells due to a paucity of the cellular cy,& integrin receptor for the 
virus in this cell type (Goldman and Wilson, 1995). Perhaps this problem can 
be solved by redirecting the vector to another receptor system that is plentiful 
in the target epithelial cells of the lung. 

Irrespective of immune responses to adenovirus vectors, it is likely that 
they will find a useful niche in therapies that require only short-term expression 
and in vaccination protocols where long-term expression of the therapeutic 
gene is not required and limited inflammation might be useful. The virus is 
safe as a vehicle for vaccination; indeed the U.S. military has immunized 
recruits against several adenoviruses for years, and a variety of animal studies 
suggest that adenovirus vectors induce both humoral and cellular immunity 
(reviewed by Randrianarison-Jewtoukoff and Perricaudet, 1995). 

Many potential cancer therapies would likely require only short-term ex- 
pression of a transduced gene product such as a prodrug. For example, adeno- 
virus vectors can transfer the herpesvirus thymidine kinase gene to tumors in 
vivo (Chen et al., 1994; Tong et al., 1996) sensitizing tumor cells to the 
antiherpetic drug ganciclovir. The nucleoside analog is phosphorylated and 

activated by the herpes thymidine kinase but not by cellular kinases, and when 
activated it acts as a chain terminator in cells synthesizing DNA, killing tumor 
cells. Furthermore, when the thymidine kinase gene is introduced into tumors 
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by direct injection of a vector, cells that do not receive vector are subsequently 
killed by administration of ganciclovir, presumably because phosphorylated 
drug moves to adjacent cells by gap junction transfer. 

Will adenovirus vectors be useful in applications targeting hematopoietic 

stem cells? Mitani et al. (1994) reported that human bone marrow cells can 
be infected with adenovirus, but they did not ascertain whether primitive cell 
types were infected. More recently, Neering et al. (1996) transfected human 
bone marrow with an adenovirus vector expressing a membrane-associated 
alkaline phosphatase marker protein that can be monitored by flow cytometry. 
Marker expression was detected on -45% of the primitive CD34’ population, 
as well as on more primitive CD34+, CD38- cells, indicating that a significant 
portion of bone marrow cells with a primitive phenotype can be transduced 
by an adenovirus vector. Thus, adenovirus vectors may prove useful for expres- 
sion of therapeutic proteins in at least some classes of hematopoietic stem cells. 

At first consideration, adenoviruses seem almost uniquely suited as vectors 
for gene therapy. They are relatively well understood, they express their genes 
in cells that are not actively growing, they are easily manipulated and produced 
in large quantities, they can potentially accommodate large transgenes, and 
they appear to be safe. In spite of these advantageous features, adenovirus 
vectors were initially disappointing in that they have failed to sponsor long- 
term expression of transgenes. However, newer vectors show promise for 
longer term expression, and it seems likely that further improvements in the 
performance of adenovirus vectors will come with a better understanding of 
the immune responses that they elicit in their human hosts. 
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INTRODUCTION 

Gene therapy is a novel form of molecular medicine that can have a major 
impact on human health care in the future. A variety of inheritable muscular 
and neuromuscular disorders exist that may be amenable to treatment by 
gene therapy. Duchenne muscular dystrophy (DMD) is an X-linked recessive 
muscle-wasting disease resulting from the absence of the cytoskeletal protein 
dystrophin within the sarcolemma of myofibers. The biochemical and patho- 
physiological events that lead to the eventual severe loss of muscle fibers is 
not well understood, but relates to the general instability of the defective 
muscle fiber membranes. Over time these DMD patients succumb to conges- 
tive cardiac and respiratory failure. Because no treatment exists for this and 
other fatal muscle disorders, several approaches have been developed to rescue 
the diseased muscle tissue. 
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Even though the current techniques for gene transfer to muscle are aimed 
primarily at delivering a normal copy of a gene (such as dystrophin for DMD) 
that is missing or defective in afflicted individuals in sufficient quantities to 
be therapeutically efficient for ameliorating muscle diseases, this approach 
can also be used to deliver trophic factors to promote the recovery of muscle 
following injury. Muscle injury can occur by a variety of mechanisms, ranging 
from ischemia to direct and indirect muscle trauma, including lacerations, 
contusions as well as complete and partial muscle tears. The recovery of 
injured muscle depends on several factors, such as muscle regeneration, revas- 
cularization, and reinnervation. Recovery can be improved with gene therapy 
procedures that deliver substances that promote the recovery of the injured 
muscle and may also prevent complications associated with muscle healing 
and contractures. Two different approaches have been employed to deliver 
genes to muscle: cell therapy based on myoblast transplantation (MT) and 
gene therapy (GT) using viral and nonviral vectors. 

CELL THERAPY 

MT consists of the implantation of myoblast precursors (satellite cells) into 
injured muscle to create a reservoir of normal myoblasts that can fuse and 
deliver genes to defective muscle tissue. This approach has been extensivelv 
used to deliver the dystrophin gene to muscle for treating DMD (Law et al:, 
1991, 1992: Gussoni et al., 1992; Karpati and Worton, 1992; Huard et al., 
1992a,b; Karpati et al., 1993; Tremblay et al., 1993). However, several obstacles 
have limited the success of this technique, such as inefficient spread and 
poor survival of the injected myoblasts, as well as immunological problems 
associated with the recognition of the donor myoblasts (Alamedine et al.. 
1989; Karpati et al., 1989; Partridge et al., 1989; Morgan et al., 1990; Huard 
et al., 1991,1994b,c; Partridge, 1991; Vilquin et al., 1993; Kinoshita et al., 1994). 

Immune rejection of transplants remains one of the major limitations associ- 
ated with MT. To combat this problem e,x vivo approaches using autologous 
myoblast transfer have been employed. Autologous myoblast transfer (AMT) 
represents a form of somatic cell gene transfer in which primary myoblasts 
removed from a patient and expanded in cell culture are transduced with viral 
vectors carrying a transgene and subsequently injected back into muscle from 
the same host. Isogenic myoblasts transduced with adenovirus and retrovirus 
vectors fused with fibers within the injected muscle and expressed the trans- 
gene (Salvatori et al., 1993; Huard et al., 1994a). This technique therefore 
permits the introduction of myoblasts capable of expressing the transgene into 
muscle without apparent immune rejection normally associated with injected 
myoblasts (Salvatori et al., 1993; Huard et al., 1994a). 

In addition to use as a gene delivery vehicle for muscle, the myoblast- 
mediated ex vivo gene transfer approach has been applied to gene delivery 
for (1) transfer and expression of factor IX for hemophilia B (Dai et al., 1992) 
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(2) systemic delivery of human growth hormone for growth retardation 
(Dhawan et al., 1991) (3) gene delivery of human adenosine deaminase for 
adenosine deaminase immunodeficient syndrome (Lynch et al., 1992) (4) gene 
transfer of human proinsulin for diabetes (Simonsen et al.. 1996). and (5) 
transfer and expression of tyrosine hydroxylase for Parkinson’s disease (Jiao 
et al., 1993). 

GENE THERAPY 

Direct gene transfer using different vector systems represents an alternative 
therapy approach to cell-mediated therapy for treating muscle disease. Plasmid 
DNA, liposomes, and viral vectors (adenovirus, adeno-associated virus, retro- 
virus, and herpes simplex virus) have been used to transfer foreign genes 
into muscle cells. The strengths and weaknesses of these vector systems are 
discussed below. 

Direct transfection of naked DNA into muscle cells in vitro, as well as 
intramuscular injection of naked DNA or complexed DNA (liposomes) carry- 
ing reporter genes in viva, has been found to be very inefficient (Acsadi et 
al., 1991) for transfering genes to muscle cells. A strength of this approach is 
that transgene expression has been observed to persist over long periods (at 
least 1.5 years) (Wolff et al., 1992). suggesting reduced immunogenicity to 
the transduced muscle fibers even though humoral and cellular immunity 
have been detected following direct DNA injection (Katsumi et al., 1994). 
Therefore, while these systems may circumvent immune rejection, they are 
unlikely to be useful for gene replacement therapies. 

Retroviral vectors have been employed for a variety of ex viva GT applica- 
tions (Naviaux and Verma, 1992). Their use in in viva approaches for muscle 
disease is limited due to the difficulties in producing high titer virus stocks 
and by the fact that they cannot infect and express the transgene in nondividing 
cells, although this problem may be overcome by the use of lentiviral vectors 
(Naldini et al., 1996). The packaging potential further limits the application 
of these vectors for treatment of DMD. Current retroviral vectors have been 
used to introduce the Becker dystrophin minigene cassette into dystrophic 
myoblasts in vitro, but these vectors are unable to infect nondividing cells 
such as differentiated myotubes and muscle fibers since they require dividing 
cells for integration and expression (Dunckley et al., 1992). However, an 
intermediate level of infection has been observed in regenerating muscle with 
retrovirus due to transduction of activated satellite cells (Dunckley et al., 
1992: Dunckley et al., 1993). 

Adeno-associated virus (AAV) suffers from the same production and pack- 
aging limitations as retroviruses (Muzyczka, 1992; Flotte and Carter, 1995); 
however, AAV vectors are capable of infecting both dividing and nondividing 
cells (Muzyczka, 1992; Flotte et al., 1994; Kaplitt et al., 1994). Recently, AAV 
vectors were used to transduce newborn and adult muscle fibers (Xiao et al., 



182 HUARD ET AL. 

1996) in vivo. Although transgene expression persisted to 1.5 years in the 
absence of a cellular immune response to the vector, the ability to accommo- 
date only 5 kb of foreign DNA will restrict the use of these vectors for the 
treatment of DMD. 

Adenovirus (AV) based vectors possess two distinct advantages over both 
retroviral and AAV vectors. First, high titer preparations of recombinant virus 
(lO* ‘-1Ol” virus particles/ml) are readily generated, and, second, these vectors 
infect a wide variety of cell types, including quiescent nondividing cells. AV 
can efficiently infect myoblasts in cell culture, yet low-level transduction has 
been observed in differentiated myotubes (Ascadi et al., 1994A). Adenoviral 
vectors have been employed to successfully infect and deliver foreign reporter 
genes in newborn muscle fibers following intramuscular inoculation (Quantin 
et al., 1992; Ragot et al., 1993; Vincent et al., 1993; Acsadi et al., 1994). Some 
limitations still remain concerning the use of the AV as a gene delivery vector 
to muscle, such as differential transducibility throughout muscle maturation, 
immunological response induced by AV transduction, and restricted packaging 
capacity of the AV genome (Acsadi et al., 1994B; Yang et al., 1994) although 
newly generated vectors have been engineered with increased carrying capac- 
ity (Kochanek et al., 1996). 

The vector systems described above all allow for the transduction of muscle 
cells. However, the optimal vector has yet to be devised. Based on these 
findings, we have examined the feasibility of using herpes simplex virus (HSV) 
based vectors for gene transfer to muscle. The virus naturally establishes a 
latent or “quiescent” infection in cells of the nervous system, a state in which 
viral genomes persist for the life of the host without integrating into host 
DNA or altering host cell metabolism. Whereas the natural biology of HSV 
makes it well suited for gene transfer to neurons, the virus is capable of 
infecting a wide variety of postmitotic terminally differentiated cells and tis- 
sues. Although latency is limited to neurons for wild-type virus, replication- 
defective recombinants that are unable to replicate in vivo may persist as 
defective viral genomes in muscle cells. 

In this chapter, we summarize current revelant aspects of HSV molecular 
biology and the status of HSV-mediated gene transfer to muscle and muscle- 
associated neural tissues. We include experimental findings related to the 
efficiency of HSV-1 gene transfer to muscle cells in vitro and in vivo, the 
hurdles associated with gene transfer to muscle, and the targeting of spinal 
cord neurons following intramuscular inoculation of the viral vector. 

THE MOLECULAR BIOLOGY OF HSV-1 

The HSV particle is 110 nm in diameter (Roizman and Furlong, 1974) and 

composed of an icosahedral-shaped nucleocapsid surrounded by a protein 
matrix, the tegument, which in turn is encompassed by a glycolipid-containing 
envelope. The envelope contains at least 11 virus-encoded glycoproteins that 
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play an essential role in the adsorption and penetration of the host cell (Spear, 
1993). The adsorption process involves initial binding to heparan sulfate moie- 
ties on the cell surface primarily by glycoproteins B (gB) and C (gC) (Wudunn 
and Spear, 1989; Herold et al., 1991; Shieh and Spear, 1994), followed by 
an apparently higher affinity binding to a second receptor recognized by 
glycoprotein D (gD) (Ligas and Johnson, 1988; Johnson et al., 1990; Montgom- 
ery et al., 1996). The virus penetrates the cell by fusion of the virus envelope 
with the cell surface membrane and requires the presence of gD, gB, and the 
gH-gL complex (Cai et al., 1987; Desai et al., 1988; Ligas and Johnson, 1988; 
Hutchinson et al., 1992; Roop et al., 1993). The de-enveloped particle enters 
the cytoplasm, where it is guided along microtubules to the nucleus. The viral 
DNA subsequently enters the nucleus to begin the productive replication cycle. 

The viral genome is a linear double-stranded DNA molecule 152 kb in 
length and contains two unique segments (U, and Us) each flanked by inverted 
repeat components. Of the 81 known genes (Roizman and Sears, 1996) 38 
are essential for production of infectious virus particles in cell culture while 
the remaining 43 genes are not essential for replication in vitro but contribute 
to the virus life cycle in vivo. Nonessential genes can be individually deleted 
from the viral genome without preventing virus replication under permissive 
tissue culture conditions used for culturing virus. Some deletion mutants grow 
less vigorously than wild-type virus, and the removal of multiple genes can 
significantly impair replication. In general, the accessory genes contribute to 
the virus host range, increase cell-to-cell spread, increase pathogenesis, help 
the virus-infected cell elude immune surveillance, and increase virus growth 
in nondividing cells in vivo. 

Following entry into the cell nucleus, the viral genome circularizes, and 
the cascade of viral gene expression (Honess and Roizman, 1974) is initiated 
by binding of a viral tegument protein, VP16, in combination with two cellular 
transcription factors Ott-1 and HCF, to TAATGARAT enhancer sequences 
located in the promoters of the five immediate early (IE) genes (Gerster and 
Roeder, 1988; Preston et al., 1988; O’Hare and Goding, 1988; Katan et al., 
1990; Kristie and Sharp, 1993; Werstuck and Capone, 1993; Wilson et al., 
1993). These genes encode infected cell polypeptides (ICP) 0, 4, 22, 27, and 
47, named according to their molecular sizes in order of appearance in SDS- 
PAGE gels. A sixth gene, ICPG, is expressed both as an IE and an early (E) 
function since its promoter contains the VP16 responsive element and is also 
transactivated by ICPO (Desai et al., 1993). The IE gene products ICP4 and 
ICP27 are essential (Sacks et al., 1985; DeLuca and Schaffer, 1985), while the 
other IE gene products are accessory functions. ICPO, ICP4, and ICP27 en- 
hance expression of E and late (L) genes (Preston, 1979; Dixon and Schaffer, 
1980; Watson and Clements, 1980; Sacks et al., 1985; DeLuca and Schaffer, 
1985). In addition, L gene expression requires viral DNA synthesis (Holland 
et al., 1980; Mavromara-Nazos and Roizman, 1987). The IE genes are the 
only viral genes that can be expressed in the absence of viral protein synthesis. 
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In addition to transcriptional regulation functions, ICP27 affects the splicing, 
polyadenylation, and stability of mRNA (Smith et al., 1992; Brown et al., 
1995; Sandri-Goldin et al., 1995; McGregor et al., 1996; Sandri-Goldin and 
Hibbard, 1996); ICP22 may aid the usurping of cellular RNA polymerase by 
phosphorylation (Rice et al., 1994); and ICP47 inhibits MHC class I antigen 
presentation (York et al., 1994; Fruh et al., 1995; Hill et al., 1995). The E 
genes are expressed in response to IE gene induction and are largely products 
that carry out viral DNA synthesis. Nine of these gene products, including 
the viral DNA polymerase and origin-binding protein, are essential for viral 
genome replication (Challberg, 1986). The genome is thought to be replicated 
by a rolling circle mechanism forming head-to-tail concatemers (Jacob et al., 
1979; Skaliter et al., 1996). During DNA replication, the UL and Us compo- 
nents can invert by homologous recombination events involving the inverted 
repeat sequences forming four possible isomers all of which appear to be 
infectious (Jacob et al., 1979; Mocarski and Roizman, 1982; Davison and 
Wilkie, 1983). The L genes encode mainly structural proteins that assemble 
into capsids in a well-ordered manner and assist in head-full packaging of the 
viral genome that stabilizes the nucleocapsid (Frenkel et al., 1976; Deiss et 
al., 1986). The tegument assembles around the mature capsids prior to budding 
of the virion through the nuclear membrane where the virus acquires its 
envelope. The lytic cycle almost always results in cell lysis with the possible 
exception of replication in sensory neurons during the establishment of latency 
or following viral reactivation. 

HSV-1 VECTOR-MEDIATED GENE DELIVERY TO MUSCLE 

First-generation replication-defective HSV-1 vectors deleted for the essential 
IE gene ICP4 were employed in the initial studies of reporter gene transfer and 
expression in myogenic cells in culture and following direct inoculation of mouse 
skeletal muscle (Huard et al., 1995). The recombinant vector SHZ.1 was engi- 
neered to contain the Escherichia coli 1acZ reporter gene under the transcrip- 
tional control of the strong human cytomegalovirus (HCMV) IE promoter (Fig. 
1). We observed that the replication-defective vector was capable of infecting 
both myoblasts (Fig. 2A) and differentiated myotubes (Fig. 2B) in cell culture. 
Because the efficiency of transduction was similar (Huard et al., 1995, 1996, 
1997) it was apparent that heparan sulfate, the cellular ligand responsible for 
the initial attachment interaction for HSV-1, was preserved throughout muscle 
differentiation in vitro. We have also shown that the same vector (SHZ.l) can 
infect and express a foreign reporter gene in a significant number of muscle 
fibers in newborn muscle (Fig. 2C) and some fibers in adult muscle (Fig. 2D). 
The inability to efficiently infect adult muscle fibers has also been observed with 
adenoviral vectors and remains one of the major limitations associated with 
gene transfer to muscle. Even though the first-generation replication-defective 
HSV-1 vectors were able to efficiently deliver and express a reporter gene in 
myogenic cells, a number of hurdles remain to be overcome before HSV-1 can 
be used successfully for gene delivery to skeletal muscle. 
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FIGURE 1. Replication-defective HSV-1 vector SHZ.1. SHZ.1 contains an expression 
cassette with the HCMV IE promoter driving 1acZ in the thymidine kinase (tk) locus 
of an ICP4- virus (Mester et al., 1995; Rasty et al., 1995). 

FIGURE 2. HSV-1 vector-mediated P-galactosidase transgene expression in myogenic 
cells. L6 mouse myoblasts (A) and differentiated myotubes (B) were infected with 
replication-defective SHZ.l vector at an MO1 of 1.0 and stained with X-gal to detect 
1acZ expressing cells. Both myoblasts and differentiated myotubes are highly trans- 
duced by the HSV-1 vector. Newborn (C) and adult (D) mouse gastrocnemius muscle 
were injected with 2.5 X 10” pfu of SHZ.1 vector and the reporter gene expression 
examined at 3 days postinjection. A significant number of fibers are transduced in 
newborn but not in adult muscle. Figure also appears in color section. 
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FIGURE 3. Role of the basal lamina in limiting HSV-1 infection in mature myofibers. 
Normal newborn (A), normal adult (B), and adult merosin-deficient dy/dy mouse 

gastrocnemius (C) was infected with 2.5 X 10” pfu of the SHZ.l vector, and collagen 
IV (fluorescein; green) as well as HSV-1 infiltration (Cy3; red) were co-localized by 
immunofluoresence. In newborn animals, we observed a high number of muscle fibers 
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IMPEDIMENTS TO HSV-1 GENE TRANSFER TO MUSCLE 

Differential Transducibility Throughout Muscle Fiber Maturation 

Low-level transduction of mature muscle by HSV-1 may be the result of 
several factors such as the changes in immunocompetency between newborn 
and adult animals, the loss of attachment sites for HSV-1 on the surface of 
mature myofibers, or the maturation of the basal lamina that can act as a 
barrier to viral entry in mature myofibers. 

To examine the role of the immune system in the differential transduction 
observed throughout muscle development, the transduction efficiency of the 
replication-defective recombinant vector (SHZ.1) was compared following 
intramuscular injection of adult immunodeficient and immunocompetent 
mice. As was the case with immunocompetent adult mice, we observed that 
HSV-1 poorly transduced adult muscle fibers of both nude and severe com- 
bined immunodeficient mice in contrast to the efficient transduction observed 
with newborn animals (Huard et al., 1995, 1996, 1997) indicating that the 
poor level of HSV-1 transduction in adult muscle is not directly related to 
immune-mediated clearance of infectious virus or infected cells. 

We next examined the possibility that the resistance of adult muscle fibers 
to HSV infection was due to a loss in HSV receptors during the maturation 
process. We observed that HSV-1 is capable of efficiently infecting myoblasts, 
myotubes, and isolated myofibers from 14-day-old mice, thus elminating the 
possibility that adult myofibers lacked viral receptors. Experiments using a 
specific monoclonal antibody against the initial viral receptor, the heparan 
sulfate proteoglycan, confirmed that the receptor was uniformly distributed 
on newborn and adult muscle fibers (Huard et al., 1996). 

A third possible impediment to infection of adult muscle could involve the 
gradual maturation of the basal lamina, which could provide a physical barrier 
to HSV-1 infection (Huard et al., 1996). Immunohistochemical analyses of 
vector injected tissue using antibodies to collagen IV, a major component of 
the basal lamina, and HSV-1 viral antigens in co-localization studies demon- 
strated that HSV-1 cannot penetrate the adult muscle basal lamina (Fig. 3B), 
which contrasts with observations in newborn muscle fibers (Fig. 3A). This 
conclusion was further supported by the finding that HSV-1 vectors displayed 
an intermediate level of transduction of mature dy/dy mouse muscle fibers (Fig. 
3C) from merosin-deficient mice defective for normal basal lamina formation. 

(continlded) infected by the HSV-1 vector since both immunofluorescent markers are 
localized in the same myofibers (A). In adult muscle fibers (B), we observed that HSV- 
I remains outside the muscle fibers, since the red fluoresence signal does not co-localize 
with the green immunofluorescence. However, in the dy/dy adult mice (C), HSV-1 vector 
penetrates the mature myofibers since both signals co-localize to the inside of mature 
myofibers as observed in newborn muscle. Figure also appears in color section. 
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Experiments are in progress to develop methods to permeabilize the basal 
lamina with fenestrating agents to allow HSV-1 penetration and subsequent 
transduction of normal mature myofibers. 

Transient HSV Vector-Mediated Transgene Expression in Myofibers 

Persistence of transgene expression mediated by HSV-1 vectors was found to 
be very limited in the injected muscle. Transgene expression in transduced 
myofibers present at 3 days postinjection in newborn and adult muscle disap- 
peared by 15 days (Fig. 4A,B). The disappearance of transgene expression 
may have resulted from shut-off of the HCMV IE promoter, cytotoxic effects 
of the virus vector, or immune rejection of the transduced muscle fibers. 
Since the viral genome could not be detected in injected muscle at 15 days 
postinjection by Southern blot analysis using 1acZ and HSV-1 DNA probes 
(Fig. 4C), the transient nature of transgene expression cannot be related to 

FIGURE 4. Barriers to long-term HSV-1 vector-mediated P-galactosidase expression 
in muscle. SHZ.1 vector 1 X lo7 pfu was injected into newborn gastrocnemius and p- 
galactosidase expression was examined by X-gal staining at 3 (A) and 6 (B ) days postinoc- 
ulation. The large number of P-gal-positive muscle fibers in newborn (A) present at 3 
days post inoculation disappear by day 6 (B). Similar results were detected in adult mus- 
cle, even though the transduction frequency in adults at 3 days is greatly reduced com- 
pared with newborn (see Fig. ZC,D). Southern blot analvsis for the persistence of the 
HSV-1 vector-mediated transgene DNA following intramuscular injection of HSV-1 
(SHZ.1) vector was performed (C). DNA 8 rug extracted out of the injected muscle 
was digested with BamHI, transferred to nytran membranes, and hybridized with two 
different probes (la& and HSV). The 1acZ probe hybridized to a 5.5 kb band in extracted 
muscle DNA at 3 days but did not hybridize to muscle DNA from 15 and 30 day animals. 
The HSV probe hybridized also with a 6 kb band only in muscle DNA at 3 days, demon- 
strating that the vector did not persist. Figure also appears in color section. 
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the HCMV promoter shut-off. Moreover, histological staining of the HSV- 
l-injected muscle revealed some areas free of muscle fibers, suggesting that 
clearance of virus-infected cells is due to either toxicity or immune rejection 
of the infected muscle fibers (Huard et al., 1997). 

It is presumed that HSV vector-associated cytotoxicity observed using 
ICP4-deficient viruses (dl20) results from the overexpression (Dixon and 
Schaffer, 1980; DeLuca et al., 1985; DeLuca and Schaffer, 1985) of the other 
IE gene products (ICPO, ICP22, ICP27, and ICP47) since UV irradiation 
almost entire1 .y reduces virus toxicity in myogenic (Huard et al., 1 997) and 
other ( Leiden et al., 1980) ccl .ls in culture. Deletion of anv of these prod ucts 
alone or deletion of the UL41 gene, which encodes the virion host shut-off 
function, did not reduce toxicity (Johnson et al., 1992). However, ICP4, ICPO, 
ICP27, and ICP22 have all been shown to be toxic in stable transfection assays 
(Johnson et al., 1994), supporting the hypothesis that deletion of these genes 
in combination may be required to reduce vector-associated toxicity to that 
observed with UV-irradiated virus. To date, we have deleted all five targeted 
cytotoxic genes (ICP4, ICPO, ICP22, ICP27, and UL41) in various combina- 
tions (Marconi et al., 1996). Two multiple deletion viruses, THZ.l (ICP4-/22-/ 
27-) and THZ.3 (ICP4-/22-/27XJL41-), display markedly reduced toxicity in 
Vero cells in culture (Krisky and Glorioso, unpublished data). 

We evaluated toxicity and gene expression from these new multiple gene 
deletion vectors in myogenic cells in culture. As observed with the Vero cell 
studies, the first-generation single ICP4 gene deletion vector SHZ.l was very 
cytotoxic, resulting in 80% of the myoblasts (G8) being killed within 5 days 
(Fig. 5A). Both of the multiple IE gene deletion vectors (THZ.1 and THZ.3) 
were found to be significantly less cytotoxic for G8 myoblasts (Fig. 5B,C, 
respectively) than SHZ.l (Fig. 5A). At an MO1 of 5, both vectors left the 
majority of myoblasts unharmed, whereas the first-generation vector (SHZ.l) 
killed these cells (Fig. 5D). Moreover, transgene (1acZ) expression persisted 
to at least 96 h postinfection with the THZ.l and THZ.3 vectors, in contrast 
to only 24 h with the SHZ.l vector. These findings are encouraging, and the 
use of these vectors for gene transfer to murine muscle in vivo is currently 
being explored. 

Although UV irradiation resulted in increased myoblast survival in vitro, 
transduced muscle fibers were still eliminated following in vivo injection of 
UV-inactivated virus, suggesting that a second mechanism for vector elimina- 
tion was acting in vivo. Our observation that transgene expression persisted 
for greater periods in severe combined immun odeficient mice clearly showed 
that an important impediment to HSV-mediated gene transfer and transgene 
expression in muscle in vivo was the induction of immune mechanisms resulting 
in rejection of transduced cells. The number of transduced muscle fibers in 
immunodeficient mice did not significantly decrease between 2 and 6 days 
postinjection, in contrast to the rapid elimination of transduced cells in immu- 
nocompetent mice (Huard et al., 1997). These observations indicate that meth- 
ods for curtailing immune rejection of transduced cells will be required to 
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achieve persistent gene expression in immunocompetent hosts. Together, these 
data demonstrate that, in addition to the barrier imposed by the natural 
basal lamina, both vector toxicity and vector-induced immune responses are 
significant obstacles to long-term transgene expression mediated by HSV-1 

vectors in muscle. 

TARGETING SPINAL CORD NEURONS FOLLOWING 
INTRAMUSCULAR INOCULATION OF HSV-1 

Neuromuscular degenerative diseases affecting motor neurons of the spinal 
cord, including amyotrophic lateral sclerosis and spinal muscular atrophy, 
result in progressive muscle atrophy leading to paralysis and eventual death 
of the afflicted individual. These intractable disorders are complicated by the 
lack of an effective method to deliver the therapeutic gene product since 
systemic administration or direct injection of spinal parenchyma fails to target 
motor neurons specifically (Barinaga, 1994; Dittrich et al., 1994; Lisovoski et 
al., 1994; Yan et al., 1994). One potential approach to achieve specific gene 
delivery to spinal cord neurons involves intramuscular inoculation of the 
vector, in which the vector can reach afferent neurons innervating the injected 
muscle by retrograde axonal transport. Several vectors, including plasmid 
DNA (Shanek et al., 1993) adenovirus (Lisovoski et al., 1994; Finiels et al., 
1995) and HSV (Keir et al., 1995; Levatte et al., 1995) have been used to 
achieve specific targeting and gene expression into the spinal cord by periph- 
eral intramuscular inoculation of the vectors. We have initiated studies using 
HSV-1 as a gene delivery vector to the spinal cord following intramuscular 
injection of replication-defective and -competent recombinant HSV-1 vectors 
inoculated unilaterally into the gastrocnemius muscle. Expression of the p- 
galactosidase reporter gene was examined 3 days postinjection in both muscle 

FIGURE 5. HSV-l-mediated cytotoxicity and transgene expression in myoblasts in 
vitro. G8 mouse myoblasts were infected with various HSV-1 mutant vectors at an MO1 
of 5. At various times postinfection, viable cell counts were obtained by trypan blue 
exclusion assay, cell monolayers were fixed and stained with X-gal, or the level of /3- 
galactosidase was determined by ONPG assay. Few SHZ.1 (A) infected myoblasts 
survive or express P-galactosidase by 72 hours postinfection. However, both THZ.1 
(B ) and THZ.3 (C ) infected myoblasts survive and continue to express the reporter gene 
at 72 hours postinfection. The inserts represent higher magnifications in which individ- 
ual cells can be clearly seen. For SHZ.1 (A), the majority of the cell monolayer has been 
destroyed. The levels of cytotoxicity for the three vector constructs versus mock infected 
myoblasts is depicted over the various time points (D). As additional toxic genes are 
deleted from 
proaches that 

the vir 
seen in 

us vector, the 
mock infected 

level of toxicity is significantly decreased 
G8 myoblasts. Figure also appe ars in color 

and ap- 
section. 



192 HUARD ET AL. 

and spinal cord to determine whether this approach may be used to target 
specific populations of spinal cord neurons. 

Replication-competent KHZ.1 (Mester et al., 1995; Rasty et al., 1995) vector 
(2.7 X lo6 pfu) was injected into the gastrocnemius muscle of newborn mice 
(P5), and the muscle as well as the spinal cord were cryostat sectioned and 
stained for the presence of the reporter gene expression at 3 days postinfection. 
A significant number of transduced muscle fibers were detected in the injected 
muscle with replication-competent HSV-1, as well as neurons of the dorsal 
root ganglia and the ventral horn of the spinal cord, which project to the 
injection site. Direct inoculation of replication-defective SHZ.1 vector (1 X 
lo7 pfu) into gastrocnemius of 2%day-old mice resulted in transduction of 
muscle fibers (Fig. 6A). Some motorneurons (Fig. 6C,D) as well as dorsal 

FIGURE 6. HSV-1 vector-mediated gene transfer to dorsal root ganglia and spinal 
cord from direct inoculation of mouse gastrocnemius muscle. Newborn mice were 
infected with 1 X 10’ pfu of SHZ.1 intramuscularly into the gastrocnemius muscle. 
At 3 days postinfection, the animals were sacrificed, and the gastrocnemius, dorsal 
root ganglia, and spinal cord were removed by microdissection. The tissues were frozen, 
sectioned, and stained with X-gal to detect 1acZ gene activity. Intact muscle fibers 
expressing the reporter gene (A) were readily detectable at 3 days. The vector spread 
by retrograde axonal transport from muscle to the dorsal root ganglia that innervate 
this region of the gastrocnemius as evidenced by expression of the reporter gene in 

the peripheral nerves (B). The vector was also capable of spreading to the ventral 
horn of the spinal cord (C,D), which possesses projections to the site of inoculation. 
Figure also appears in color section. 
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root ganglia neurons (Fig. 6B) were also transduced by the vector at 3 days 
postinjection. 

These experiments suggest that both replication-competent and -defective 
HSV-1 vectors are capable of retrograde transport into the spinal cord follow- 
ing inoculation into skeletal muscle. Infection and reporter gene expression 
observed in spinal cord following retrograde transport of the replication- 
defective vector was less abundant yet more specific than that observed with 
the replication-competent virus. We have employed this system to deliver and 
express nerve growth factor from the vector in dorsal root ganglia and spinal 
cord (Goins, Huard, and Glorioso, unpublished data). Long-term expression 
of neurotrophic factors mediated by HSV-1 vectors in spinal cord, as well as 
the biological effects of this expression, remain to be determined. 

SUMMARY 

HSV possesses many biological features that make it attractive for gene deliv- 
ery to muscle. The ability to generate replication-defective recombinants de- 
leted for multiple genes that may be maintained in postmitotic cells for ex- 
tended periods and are capable of incorporating large amounts of foreign 
DNA support the use of these vectors to treat muscle-specific disorders such 
as DMD. We have recently engineered recombinants that express either the 
full-length dystrophin cDNA or the Becker minigene cassette in dystrophin- 
deficient myoblasts and myotubes from mdx mice in culture (Akkaraju 
and Glorioso, unpublished data), demonstrating the ability of HSV vectors 
to handle large segments of foreign DNA. We have demonstrated that 
replication-defective HSV-1 vectors can efficiently transduce both myoblasts 
and differentiated myotubes in culture as well as immature myofibers following 
direct injection of skeletal muscle. We have shown that the basal lamina affects 
the ability of the vector to efficiently penetrate and transduce adult muscle 
fibers, suggesting that fenestrating agents may be required to increase the 
transduction efficiency of HSV-1 in mature muscle. The loss of transgene 
expression over time suggests that vector toxicity and/or vector-induced im- 
mune responses are responsible for the transient nature of reporter gene 
expression as supported by our experiments using immunodeficient animals. 
The construction of new replication-defective vectors deleted for multiple 
toxic functions has demonstrated that virus vector-induced toxicity was one 
factor responsible for the loss of transduced muscle fibers even in immunoin- 
competent mice. The full potential of these new vectors in reducing toxicity 
and clearance of transduced fibers while modifying transgene persistence in 
vivo remains to be determined. The ability to introduce therapeutic genes 
into spinal cord neurons following retrograde transport of HSV-1 vectors 
from muscle may be important in neurobiological investigations and suggests 
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possible therapeutic applications for GT for heritable diseases affecting spi- 
nal cord. 
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OVERVIEW 

Virus-derived vectors provide an efficient means of gene delivery into dividing 
and nondividing cells in culture and in vivo. Vectors derived from herpes 
simplex virus type 1 (HSV-1) have some particular advantages as compared 
with other vectors. HSV-1 is a large (152 kb) double-stranded DNA virus 
with a broad tropism (Roizman and Sears, 1996). It is a pathogen in humans 
causing skin lesions during productive infection and able to assume a latent 
state in sensory neurons for very long periods (years). The virions can deliver 
genes with very high efficiency into most mammalian cell types. Virions enter 
cells by direct fusion with the cell membrane and are transported to the cell 
nucleus by microtubule-mediated transport. Viral DNA is extruded in through 
the nuclear pore in postmitotic nuclei or has direct access to the nuclear matrix 
in mitotic cells. In some postmitotic cells the virus DNA is maintained in 
latency as an episomal element with minimal transcriptional activity and as 
such is “benign” to the cell (Stevens, 1989). Wild-type virus can reactivate 
from this latent state, resulting in virus replication, but a number of different 
mutations in the virus genome can prevent reactivation while still allowing 
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establishment of latency. HSV-derived vectors thus appear ideally suited for 
gene delivery and expression in neurons and other cell types. 

Two types of vectors have been developed from this virus, termed recombi- 
nant virus vectors and amplicon vectors, which together provide the high 
versatility of this delivery system (Breakefield and DeLuca, 1991: Leib and 
Olivo, 1993; Glorioso et al., 1995). Recombinant virus vectors incorporate 
foreign DNA within the virus genome through deletion of portions of the 
virus genome and replacement with transgenes by homologous recombination. 
Homologous recombination occurs between viral DNA and plasmids bearing 
the foreign gene sequences flanked by viral sequences homologous to the 
target site in the viral genome (Smiley et al., 1981; Mocarski et al., 1980). By 
disrupting virus genes needed for viral functions, these vectors can be rendered 
relatively nontoxic and replication defective. HSV-1 vectors have a large 
transgene capacity, at least 30 kb (Roizman and Jenkins, 1985) and can be 
generated at high titers. These advantages, combined with the stability of the 
virions, allows effective gene delivery in the context of the nervous system 
where only small volumes of vehicle can be injected without causing damage 
to neuronal structures. These vectors retain the ability to enter a latent, stable 
state in some postmitotic cells and can mediate transgene expression for 
months. Amplicon vectors consist of plasmid DNA bearing the transgene(s) 
and two noncoding elements of the virus, a DNA origin of replication (oris) 
and a virion packaging signal (pat), which allow the DNA to be replicated 
and packaged into virions in the context of viral functions provided by helper 
virus (Spaete and Frenkel, 1982; Geller and Breakefield, 1988). These vectors 
have a more limited gene capacity, about 15 kb, but are very easy to generate 
and can be produced free of helper virus (Fraefel et al., 1996). Although they 
do not enter latency per se, they can be retained for months as transcriptionally 
active elements in nuclei of postmitotic cells. They allow a means to package 
plasmid DNA, free of viral-coding sequences, into highly infectious virion par- 
ticles. 

HSV-derived vectors can be used for gene delivery to a wide range of 
cell types, although they seem especially well suited for delivery to neurons 
compared with other vectors. They can deliver genes to postmitotic cells in 
culture with very high efficiency such that in a culture of rodent sympathetic 
or sensory neurons most cells will express the transgene at a multiplicity of 
infection (MOI) of 1, or one infectious particle per cell. For wild-type virus, 
the ratio of infectious virions to noninfectious virions is about 1 : 10 (Browne 
et al., 1996) a ratio much higher than that seen for some other viruses used 
as vectors, such as adenovirus, which has a ratio of 1: 2100 (Weitzman et al., 
1995). Noninfectious particles can be toxic in their own right due to functions 
inherent in the virion itself. For example, in HSV-1 the VP16 protein contained 
within the virion can cause untoward transcriptional activation or repression 

of host cell genes when present in high copy number. As with other recombi- 
nant virus vectors, viral proteins expressed even by replication-incompetent 
vectors can be toxic to cells. Extensive efforts have been undertaken to delete 
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toxic genes from HSV constructs that are used for recombinant virus vectors 
and as helper virus for amplicon vectors. Deletion of one or more of the 
immediate early viral genes yields vectors that have no apparent toxicity at 
low MO1 (less than 1) but that continue to manifest some toxicity at MO1 of 
10 (Wu et al., 1996; Johnson et al., 1994). Interestingly, toxicity appears to 
be less in neurons than in other cell types in culture, possibly reflecting the 
tendency of the virus to enter latency in the former. Probably the real forte 
of HSV-1 vectors lies in their capacity for efficient delivery and long-term 
gene expression in neurons in vivo. This capacity lies in their ability to be 
transported extended distances by rapid retrograde transport from nerve ter- 
minals to cell nuclei and to enter a state of latency in which episomal viral 
DNA retains transcriptional activity. HSV-1 vectors have also proven to be 
highly effective for treatment of experimental brain tumors in that certain 
mutations can render the virus replication competent in dividing tumor cells, 
while being replication defective in nondividing normal cells (Martuza et al., 
1991; Breakefield et al., 1995). 

LIFE CYCLE OF THE VIRUS 

The life cycle of HSV-1 has been extensively characterized (Roizman and 
Sears, 1996) and is summarized here. HSV-1 is a large double-stranded DNA 
enveloped virus. The envelope consists of lipid bilayer containing at least 10 
viral membrane glycoproteins (Fig. 1) (Steven and Spear, 1996). The envelope 
surrounds an interior isosahedral capsid composed of seven capsid proteins 
and containing the viral genome and the viral core proteins. The capsid is 
surrounded by an amorphous proteinaceous matrix called the tegument. The 
152 kb viral genome has been completely sequenced and codes for at least 
74 genes arranged within unique long (U,) and short (Us) sequences and 
flanking repeat elements, a, b, and c (Fig. 2A). Infection proceeds by a staged 
process, beginning with binding of glycoproteins C and B in the envelope to 
heparan sulfate ligands on the cell surface (Fig. 3). This relatively nonspecific 
binding is followed by binding of a viral glycoprotein, as yet unidentified, to 
a cell surface receptor, which is a member of the low affinity nerve growth 
factor/tumor necrosis factor alpha family (Montgomery et al., 1996). This 
triggers a direct fusion process between glycoprotein D, and possibly other 
glycoproteins in the viral envelope, with the cell membrane, thereby releasing 
the capsid and associated tegument proteins into the cytoplasm. Tegument 
proteins and/or the capsid itself associates with the dynein complex that medi- 
ates ATP-dependent, vectorial transport to the cell nucleus along microtubules 
(Sodeik et al., 1996; Topp et al., 1994). At the nuclear membrane the capsid 
opens, extruding viral DNA and associated viral proteins into the nucleus 
through a nuclear pore. Once the viral DNA reaches the nucleus, the lytic 
cycle of HSV is initiated in which the genome is expressed in a coordinately 
regulated temporal pattern. Initially, two of the tegument proteins, VP16 and 
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FIGURE 1. HSV virion. Schematic cross section of the herpes virion. Outer layer is 
the envelope with glycorproteins (spikes) projecting from the surface and an irregular 
inner perimeter representing association with tegument proteins, which reside in the 
space between the envelope and capsid. Capsid itself is isosadeltahedron with twofold 
symmetry. (Reproduced from Roizman 1996, with permission of the publisher.) 

the virion host shut-off protein (vhs) are associated with activation of viral 
gene expression (Stern et al., 1989) and the disruption of host cellular RNA 
and protein synthesis (Kwong and Frenkel, 1989; Oroskar and Read, 1989), re- 
spectively. 

Viral genes are classified into three groups depending on their order of 
expression during productive viral infection (Fig. 4). The immediate early 
(IE) genes (alpha), encoding the protein ICP4, ICP22, ICP27, ICPO, and 
ICP47, have complex functions that include transcriptional activation of viral 
genes, alteration of RNA splicing and prevention of viral antigen presentation. 
The early (E) genes (beta) include those coding for enzymes utilized for 
viral DNA synthesis, such as thymidine kinase, UTPase, and ribonucleotide 
reductase. Viral DNA replication appears to proceed at discrete loci along 
the inner nuclear membrane as a rolling circle DNA concatenate utilizing 
three origins of replication. After DNA synthesis, the late (L) genes (gamma) 
are expressed, which include the viral structural proteins. Capsids are assem- 
bled within the nucleus and mature as viral DNA is packaged within them. 
This is achieved by “stuffing” the capsid with viral DNA to capacity and 
cleavage of DNA at a packaging sequence (pat). The mechanism by which 
the mature virion acquires the tegument and envelope remain controversial. 
Capsids appear to bud through the nuclear membrane and to transit through 
the Golgi (Avitabile et al., 1995). In some cells, enveloped virions within 
vesicles are present in the cytoplasm and appear to fuse with the cell mem- 
brane, resulting in release of enveloped particles (Lycke et al., 1988). However, 
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in neurons, naked capsids have been noted passing in an anterograde manner, 
apparently picking up the virion envelope from patches on the cell membrane 
containing viral glycoproteins as they bud out of the cell (Penfold et al., 1994). 

In neurons and possibly other postmitotic cells, HSV-1 can enter a latent 

state. During latency, the viral genome follows the same initial route of entry 
into the cell nucleus, but immediate early genes and later viral gene expression 
is repressed. The viral DNA becomes circular and highly condensed in a 
nucleosomal structure, which exists separate from the cellular genome in an 
episomal state (Dressler et al., 1987; Deshmane and Fraser, 1989). A neuron 
can harbor many copies of the HSV genome, up to thousands per cell, in this 
state (Sawtell and Thompson, 1992; Ramakrishnan et al., 1994). In latency, 
there is little transription of the virus genome, with the exception of two 
latency-associated transcripts (LATs) (Stevens et al., 1987). These are spliced, 
nonpolyadenylated RNAs found in the cell nucleus of unknown function. It 
1s 

M 
not clea 
oreover, 

r whether all cells that harbor the virus in latency express LATs. 
the relati onship between LATs and latency is u nresolved, but 

deletions of this region reduce the ability of the virus to enter latency and to 
reactivate from it (Sawtell and Thompson, 1992). The “decision” of the virus 
to enter latency rather than to mount a productive infection probably depends 
on a number of viral and cellular factors, including cell type, MOI, genotype 
of infecting virus, transcriptional state of the cell, and levels of modulatory 
factors. Low MO1 appears to favor latency, which probably correlates at least 
in part with lower amounts of VP16 entering with fewer virus particles. VP16 
binds the cellular transcription factor Ott-1 and activates transcription of 
immediate early viral genes. In general immediate early gene transcription is 
repressed when the virus enters latency. A mechanism of latency has been 
proposed in which the isoforms of Ott-2 that are expressed in sensory neurons 
can prevent VPlG-mediated activation of immediate early viral genes (Lilly- 
crop et al., 1994). In this model, Ott-2 preferentially bind the HSV-1 VP16, 
thus forming a transcriptionally inactive complex. Several mutations in the 
HSV-1 genome can prevent viral propagation while still allowing entrance 
into latency, including mutations in the immediate early genes, ICP4, ICP22, 
and ICP27, although, interestingly, expression of ICPO seems to promote 
latency (Smith et al., 1996). Sensory neurons are the preferred site of latency 
in vivo, but HSV-1 can enter a latent state in central nervous system neurons 
and possibly in glia and other nonmitotic cell types; presumably the latent 
genome would be lost if cells underwent mitosis. 

Similarly it is not clear how the virus undergoes reactivation. Clearly, the 
transition from latency to productive infection can be triggered by exposure 
of cells harboring latent virus to stress, including heat, certain hormones, 
and stimulation, which would also alter the transcriptional state of the cells 
(Stevens, 1989). Activation of the ICP4 gene would be sufficient to start the 
cascade of productive infection. It remains possible that n eurons prod 
limited amounts of virus during reactivation, which are not sufficie nt to 

uce 
. 

krll 
the neurons themselves, but which then go on to produce lytic infection in 
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FIGURE 3. Virus entry into cells. Enveloped virions bind to cells by interaction 
between glycoproteins C and B and heparin sulfate on the cell surface. Tighter binding 
and fusion of the envelope to the plasma membrane is achieved by interaction with 
other glycoproteins on the envelope and a membrane receptor, which is a member of 
the low-affinity nerve growth/tumor necrosis factor-a family (Montgomery et al., 1996). 
The capsid with associated tegument proteins is thought to bind to a dynein complex 
and be transported along microtubules to the nuclear membrane. The capsid then 
opens, releasing DNA into the nucleus through the nuclear pore. 

surrounding cells following release from the neurons. In sensory neurons, virus 
is preferentially released at the same nerve terminals that served as the initial 
site of infection, thus causing recurrent local infections. Systemic spread of 
the virus is limited by a strong immune response to it; most humans have 
circulating, neutralizing antibodies to HSV-1 (Baringer and Swoveland, 1973). 

RECOMBINANT VIRUS VECTORS 

Genetic manipulations of HSV-1 have been carried out extensively by herpes 
virologists (Roizman and Jenkins, 1985; Glorioso et al., 1995). The viral ge- 
nome has been completely sequenced and most of the genes identified (Mc- 
Geoch et al., 1988). Recently the viral genome was cloned into overlapping 
cosmid clones, allowing direct manipulation of the viral genome (Cunningham 
and Davison, 1993). Thus the technology to engineer the genome is well 
developed, and many mutant forms of the virus exist that can be used as 
backbones for the construction of vectors (or as helper virus for amplicons). 
In creating vectors for gene delivery to normal cells, several parameters are 
important-reduced toxicity, expanded transgene capacity, efficiency of vector 
generation, and promoter fidelity. 
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Recombination of a transgene into the HSV-1 genome leads to insertional 
disruption at that site. Sites for insertion fall into two classes, essential and 
nonessential loci. These terms refer to the abilitv of the mutant virus to 
propagate in permissive cells in culture, typically Vero or baby hamster kidney 
(BHK) cells. Essential loci are required for virus production and cannot be 
replaced by normal cell functions. Thus mutations in essential genes can only 
be propagated in cell lines in which the missing function is complemented by 
constitutive expression of the corresponding viral gene(s). Although it requires 
more effort to obtain mutations in essential genes, as transfected host cell 
lines must also be generated, in fact disruption of these genes can also reduce 
the toxicity of the virus and render it replication defective in vivo (see below). 
Nonessential loci encode functions that are not essential for virus propagation 
in culture, but may be critical during infection in vivo. 

There are over 40 nonessential loci, including genes for thymidine kinase 
(TK), ribonucleotide reductase (RR), LATs, ICP47 (which blocks viral antigen 
presentation by infected cells) (York et al.? 1994) and some of the envelope 
glycoproteins. In some regions of the viral genome these nonessential genes 
occur in tandem, allowing up to 10 kb of transgene insertion in at least four 
sites (Glorioso et al., 1995). In fact the whole Us region (approximately 
30 kb) contains only one essential gene (glycoprotein D) and one nonessential 
gene (UL22; DeLuca, personal communication) needed for high viral titers. 
By moving these gene(s) into the UL region, a large “cargo” space can be 
provided for transgenes (Rasty and Glorioso, 1996). Where possible, it is ideal 
to delete entire viral genes when inserting a transgene, both to increase the 
transgene capacity and to reduce the chance of recombination with other viral 
elements and generation of “wild-type” virus. 

Toxicity of HSV-1 is conferred by many viral functions, and productive 
viral infection leads to cell lysis. Vectors can be classified with respect to their 
level of replication competence. Fully replication-competent virus can be used 
as vectors when inoculated at low MO1 through an appropriate route. For 
example, LAT- vectors inoculated at the cornea or footpad of mice result in 
expression of the transgene in some neurons in the central nervous system 
and sensory ganglia, respectively (Wolfe et al., 1992; Carpenter and Stevens. 
1996). Such vectors inoculated directly into the mouse brain would be lethal at 
high doses due to encephalitis. Replication-compromised vectors have reduced 
kinetics of infection, but may still exhibit cytopathic effect. For example, an 
ICPO- virus causes a slow degeneration in the rat brain over months after 
injection at high titers (Huang et al., 1992). Mutants are termed replication 
conditional if they can propagate efficiently in some cells, typically permissive 
cells in culture, but not in other cells, such as neural cells. These would include 
mutants with reduced neurovirulence (or ability to propagate in the nervous 
system), such as those lacking gamma 34.5 (Chou and Roizman, 1992) and 

UL5 (Bloom and Stevens, 1994). HSV-1 mutants lacking DNA synthetic 
enzymes, such as RR (Goldstein and Weller, 1988) TK (Coen et al., 1989) 
and UTPase (Pyles et al., 1992) are replication conditional in that they replicate 
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well in dividing cells and poorly in nondividing cells. Rapidly dividing cells 
can complement the missing function of these viral mutants due to the upregu- 
lation of DNA synthetic enzymes: whereas postmitotic or quiescent cells, such 
as found in the central nervous system, have low levels of these enzymes. 
This type of replication-conditional mutant is effective in gene therapy for 
experimental brain tumors, as they propagate in and thereby kill tumor cells 
while largely sparing neurons (Martuza et al., 1991; Breakefield et al., 1995). 

re 
tu 

Many of the viral genes are 
plication-defective vectors can 
red cells and is a component o 

neuroinvasiveness, which reflect the dose needed to cause fatal encephalitis 
or the tendency to be transmitted along neuronal pathways, respectively, in 
vivo. Toxicity if affected by the MO1 and the cell type. A number of mutations 
have been shown to reduce toxicity, including mutations in genes for the 
immediate early genes ICP4, ICP22, and ICP27 (Wu et al., 1996). In fact, 
virus with mutations in all three genes markedly reduced toxicity even at MO1 
10, although changes in cellular DNA synthesis and loss of cell viability are 
still noted after a few days. Other vector backbones include mutations in 
genes for vhs, VPl6, and ICPO. The latter protein, however, also appears to 
have a role in “steering” the virus into latency (Smith et al., 1996) and upregu- 
lating expression of mammalian and viral promoters (Cai and Schaffer, 1989; 
Everett, 1987). Interestingly, it appears that neurons may be less sensitive to 
the toxic effects of HSV-1 virus than other cell types and less susceptible in 
vivo than in culture. For example, differentiated PC12 cells survive infection 
with a virus, mutated in ICP4 and vhs, much better than BHK cells do (Johnson 
et al., 1994). However, it is difficult in such comparisons to determine 
lower toxicity is due to reduced infectibility, tendency of the virus 
latency, or other cellular resistance factors. It may also be possible to 

whether 
to enter 
increase 

the resistance of cells to virus infection. Thus it has been reported that NGF 
(Wilcox et al., 1990) bc12 (Wang et al., 1995) certain isozymes of Ott-2 
(Jacoby et al., 1995; Lillycrop et al., 1994) interferon-a (Chatterjee and Burns, 
1990) and inhibitors of DNA synthesis (Nichol et al., 1996) can reduce the 
propagation and/or toxic effects of HSV-1 infection in some cells. In general, 
cells from mice, humans, and nonhuman primates appear to be more suscepti- 
ble than those from rats and nonmammalian species, with some strains, e.g., 
Aotus monkeys, being highly susceptible and younger animals being more 
susceptible than adult animals. 

Recombinant virus vectors are usually generated by recombining transgenes 
into the target HSV-1 locus cloned in a plasmid vector such that the transgene 
is flanked by at least 300 bp of HSV-1 sequence from the target locus (Johnson 
and Friedmann, 1994; Lowenstein and Enquist, 1996). The cloned transgene 
cassette is then transfected into permissive cells in culture and then the cells 
are either infected with HSV-1 or transfected with infectious HSV-1 DNA 
(Fig. 5). Recombination occurs during propagation of the virus with recombi- 
nants representing about l/1,000 of the viral progeny. Recombinant plaques 
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FIGURE 5. Generation of recombinant virus vector. In this scheme, a DNA fragment 
containing the E. co/i P-galactosidase gene (1acZ) is cloned into a plasmid such that 
it disrupts the HSV TK gene and is under control of that viral promoter. Plasmid 
DNA is co-transfected into Vero cells with infectious wild-type HSV-1 DNA. During 
virus replication homologous recombination can occur between the intact TK gene in 
the viral genome and the disrupted TK gene in the plasmid. A few days later virus is 
harvested and replated onto Vero cells in the presence of acyclovir to select for TIC 
virus. Plaques are stained histochemically for P-galactosidase to identify those bearing 
the 1acZ gene. These recombinant virus vector plaques are picked, expanded, and 

plaque purified several times. (Reproduced from Andersen and Breakefield, 1995. 
with permision of the publisher.) 
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can then be selected by a number of means: loss or restoration of TK activity 
(Roizman and Jenkins, 1985) rescue of an essential viral gene linked to a 
transgene (“marker rescue,” Desai et al., 1994) loss or gain of a marker gene 
such as 1acZ or green fluorescent protein (e.g., Goldstein and Weller, 1988; 

Ho and Mocarski, 1988; Chase et al., in preparation), or in situ hybridization 
using a probe for the inserted transgene (Homa et al., 1986; Dobson et al., 
1989). For loci that are present in duplicate copies in the HSV genome, 
e.g., ICP4 and LAT, it is necessary to go through two cycles of selection/ 
identification to ensure that both loci are altered, as if only one is altered the 
vector will be unstable. With the availability of a set of cosmids spanning the 
HSV genome it is possible to insert the transgene into the viral locus directly 
by restriction digestion and ligation and then to co-transfect that cosmid with 
the complementary set of cosmids into permissive cells, in which case all viral 
progeny will be recombinant. The insertion of a lox sequence both into a cloned 
fragment of the HSV genome and into the transgene allows recombination to 
take place directly in vitro in the presence of Cre recombinase (Gage et al., 
1992). Recombinant HSV genomes can be packaged into the HSV-1 virion 
if thev are within 8 kb of the normal 152 kb genome. All vectors should be 
checked for integrity of the HSV-1 genome by Southern blot analysis. Titers 
of recombinant virus vectors are typically in the range of 10”-1011 transducing 
units per milliliter. 

Experimental applications of recombinant virus vectors fall into two groups, 
gene delivery to neurons and other normal cell types and gene therapy for 
tumors. HSV-1 vectors are well suited for gene delivery to neurons (as re- 
viewed by Glorioso et al., 1995; Leib and Olivo, 1993) because they can enter 
a benign, stable, episomal state in many neuronal types and can be efficiently 
delivered through application at nerve terminals, with rapid retrograde trans- 
port to the cell nuclei. Most of the work to date has been directed toward 
reducing residual toxicity and regulating transgene expression using the 1acZ 
gene as a marker of gene delivery (Dobson et al., 1990). Vectors appear to 
have lowest toxicity when inoculated at the cornea or footpad for delivery to 
sensory neurons, although replication-competent vectors can propagate in 
these neurons and be transported transsynaptically back to the brain, causing 
encephalitis. Direct inoculation into the brain parenchyma even of replication- 
defective vectors can cause focal toxicity due to the high MO1 at the site of 
injection but achieves gene delivery to hundreds of neural cells in the immedi- 
ate area and those projecting to that region (Fig. 6). Gene delivery over a 
wider range can be achieved by inoculation of larger volumes of vector stock 
into the ventricles (Kramm et al., 1996a,b) or into the carotid artery with 
temporary disruption of the blood-brain barrier (Muldoon et al., 1995). Re- 
combinant virus vectors have also been used to deliver genes to hepatocytes 
(Miyanohara et al., 1992) muscle cells (Huard and Glorioso, 1995) and kera- 
tinocytes (Visalli et al., 1996) and can probably be used for a large number 
of nondividing cell types. 
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FIGURE 6. Transduction of neurons in brain in the recombinant virus vector. A 
replication-compromised HSV-1 vector bearing the 1acZ gene (ICPO- ) (Cai and Schaf- 
fer, 1989) was stereotactically injected (2 X lo5 pfu in 2 ~1) into the frontal cortex of 
adult rat brain. Three days later animals were sacrificed, and sections of the brain 
were stained for P-galactosidase. This section shows extensive staining of neurons in 
the cortex. (Reproduced from Chiocca et al., 1990, with permission of the publisher.) 

The most problematic aspect of gene delivery to neurons has been control 
of transgene expression with respect to stability, cell specificity, and regulation. 
Even though HSV-1 DNA can remain in the latent state with LAT expression 
in some neurons for years, transgene expression is usually extinguished within 
weeks after infection. Several groups have achieved transgene expression for 
months in sensory and even CNS neurons by placing them under modified 

LAT promoters (Carpenter and Stevens, 1996; Chen et al., 1995; Lokensgard 
et al., 1994). The integrity of cell-specific promoters is usually lost in the 
context of the HSV genome, probably due to the high density of overriding 

"permissions box"
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viral information and the nucleosomal structure of the latent DNA. For ex- 
ample, neither the neuronal-specific enolase (Andersen et al., 1992) nor 
the neurofilament (Carpenter and Stevens, 1996) promoters confers stable 
neuronal-specific expression in viva. However, recently Rabkin et al. (1996) 

achieved acute liver-specific transgene expression using the albumin enhancer/ 
promoter placed in the TK locus. Also hormone-responsive transgene expres- 
sion has been achieved by including five yeast GAL4 transcriptional elements 
upstream of the cytomegalovirus (CMV) promoter in the TK locus (Oligino et 
al., 1996). Regulation is achieved by incorporation of a tripartite transactivator 
gene comprising the GAL4 DNA-binding domain, the transactivation domain 
of VP16, and a mutated hormone-binding domain of the progesterone receptor 
into the gC locus of the virus. Transgene expression can be induced in culture 
(30-fold) and in the brain by administration of a hormone analog. To date 
very little work has gone into exploration of the ability of these vectors to 
alter cell physiology, but vectors have been constructed encoding NGF to 
prevent neuronal degeneration (Carpenter and Stevens, 1996; Goins et al., 
1996) neuropeptides to block pain transmission (Davar et al., 1996) and p- 
glucuronidase to mediate enzyme replacement in the lysosomal deficiency 
state (Wolfe et al., 1992). 

Use of recombinant HSV vectors for treatment of brain tumors in experi- 
mental animals has proceeded quickly, as features of vector toxicity and tran- 
sient transgene expression are not as critical as in delivery to neurons. The 
strategy has been to use vectors that are capable of propagation in tumor 
cells but that have reduced neurovirulence for normal brain. Mutants used 
for this purpose include disruptions of TK (Martuza et al., 1991) or RR (Mineta 
et al.? 1994; Kaplitt et al., 1994; Boviatsis et al., 1994) which render the virus 
selectively replication competent in dividing cells (for review, see Breakefield 
et al., 1995; Hunter et al., 1995). In addition, several groups have shown that 
virus defective in gamma 34.5 (Chambers et al., 1995) or in both gamma 34.5 
and RR (Mineta et al., 1994) (Fig. 2) can be effective in killing tumor cells, 
while being nontoxic to normal brain. Vectors can be inoculated directly into 
the tumor mass, through the cerebrospinal fluid, or across the brain-tumor 
barrier. The latter is “weaker” than the blood-brain barrier, and the virus 
preferentially enters tumors after intracarotid inoculation combined with os- 
motic (Nilaver et al., 1995) or pharmacological (Rainov et al., 1996) opening 
of the barrier. The therapeutic efficacy of these vectors probably also involves 
enhancement of the immune response to tumor cells via a strong immune 
response to the virus. This effect is enhanced in rat tumor models in which 
the gliomas used, e.g., C6 and 9L, are antigenic and the host is naive to the 
virus, thus allowing efficient infection and spread of the virus before the host 
mounts an immune response to it. The therapeutic efficacy of the RR-deficient 
vectors is enhanced by treatment of animals with ganciclovir, which is con- 
verted by viral TK into a nucleotide analog that disrupts DNA synthesis 
(Boviatsis et al., 1994; Kramm et al., 1995). Incorporation of other prodrug 
activating enzymes and cytokines into HSV-1 vectors should further increase 
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their antineoplastic capacity (Chiocca et al., 1994; Kramm et al., 1995). The 
effectiveness of these vectors in experimental brain tumor models has com- 
pelled the evaluation of these vectors for potential clinical use in humans (for 
discussion, see Breakefield et al., 1995). 

AMPLICON VECTORS 

Amplicon vectors were derived from the observation that defective HSV 
virions contained repeated units of the origin of replication, oris, and the 
packaging signal, pat (Spaete and Frenkel, 1982; Kwong and Frenkel, 1995). 
The term amplicon refers to the fact that a DNA sequence can be amplified 
in a head-to-tail arrangement in defective, concatemeric virus genomes and 
packaged into HSV-1 virions. Amplicon vectors thus contain two noncoding 
sequences of HSV, oris and pat, which allow replication in eukaryotic cells 
infected with HSV-1 and packaging in HSV-1 virions, as well as an Escherichia 
coli origin of DNA replication and an antibiotic resistance gene to allow 
plasmid expansion and selection in bacteria (Fig. 7). Oris and pat are both 
contained within the a repeat element flanking Us (Fig. 2A). Although they 
are each only a few hundred bp in length, they contain within them elements 
that affect gene transcription (TAATGARAT box and SPl sites in oris; Stern 
et al., 1989) and promote recombination (repeat sequence in pat; Umene, 
1993; Dutch et al., 1994) and can confound generation and use of vectors. In 
some vectors, oris and pat sequences are contained in l-2 kb fragments that 
seem to promote the efficiency of replication and packaging, but also introduce 
other viral elements, including IE4 and IE3 promoters, which are activated 
by VP16 (Geller and Breakefield, 1988). Amplicons appear to be more stable 
when ~15 kb in size, allowing for transgene inserts of lo-12 kb, but can 
theoretically be much larger in size, as the virion will package up to 152 kb 
of DNA in concatenated units. Amplicons to date have been constructed with 
two transgenes (New and Rabkin, 1996) and could hold more. The primary 
advantages of these vectors are their ease of construction, lack of viral genes, 
and the fact that packaging in the HSV-1 virion allows very efficient transgene 
delivery to both dividing and nondividing cells. 

Packaging of the amplicon DNA involves expression of numerous helper 
functions by the virus. To generate amplicon vectors, amplicon DNA is first 
transfected into cells and then cells are infected with a helper virus or transfec- 
ted with infectious HSV-1 DNA (Fig. 8A). Typically the helper virus is replica- 
tion defective, e.g., ICP4-, and complementing cells transfected with the cor- 
responding essential gene are used to generate amplicon stocks. Stocks are 
passaged several times and then assessed for titers of amplicon vectors (trans- 
gene expression on nontransfected cells), helper virus (plaque formation on 
transfected cells), and recombinant wild-type virus (plaque formation on non- 

transfected cells). Titers of amplicon vectors are in the range of 104-10” 
transducing units per milliliter with l-10 times as much helper virus. Several 
techniques have been used to increase the ratio of amplicon : helper virus, 
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FIGURE 7. Amplicon plasmid. This 9.46 kb plasmid contains three kinds of genetic 
elements: (1) sequences that allow propagation in E. &i-the ampillicin resistance 
gene (Ap) and the E. coli origin of DNA replication (ori pBr); (2) sequences that 
support propagation and packaging of plasmid DNA by a helper HSV-1 virus-an 
HSV-1 origin of DNA replication (oris) and a packaging site (a); and (3) a transcription 
unit including the SV40 promoter and the mouse prepro-NGF cDNA, an IRES transla- 
tional read-through, the human alkaline phosphatase (alk phos) marker gene, and the 
SV40 polyadenylation site (SV40 A-). (Construct provided by Dr. Peter Pechan.) 

including coupling of their propagation by including a gene in the amplicon 
that is necessary for propagation of the replication-deficient helper virus, such 
as ICP4 (Pechan et al., 1996) UL42 (Berthomme et al., 1996) or TK (in the 
setting of cells deficient in TK; Zhang et al., 1996). Methods for packaging 
these vectors with helper virus have been described (Ho, 1994; Wu et al., 
1995; Lowenstein and Enquist, 1996). 

Recently a method has been described for packaging helper virus-free 
amplicons (Fraefel et al., 1996). Helper virus functions are provided by the 
overlapping cosmid set that covers the virus genome (Cunningham and Davi- 
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FIGURE 8. Generation of amplicon vector stocks. A: Amplicon vector and helper 
virus. Amplicon plasmid DNA is transfected into permissive cells in culture (typically 
cells are stably transfected with an essential HSV-1 gene), and cells are subsequently 
infected with a helper virus (typically one mutated in the same essential gene). Ampli- 
con DNA is replicated as a concatenate and packaged into virus particles (typically 
10-15 copies of the amplicon plasmid per virion) in parallel with the helper virus. 
Cells release both amplicon vectors and helper virus (Modified from Leib and Olivo, 
1993.) B: Helper-free amplicon vectors. Amplicon plasmids are co-transfected into 
Vero cells with an overlapping set of cosmids (Cunningham and Davison, 1993) that 
cover the HSV-1 genome and have been mutated in pat sequences such that the 
recombinant wild-type HSV-1 genome cannot be packed into virions (Fraefel et al.. 
1996). Amplicon DNA is replicated and packaged into virus particles, and only amph- 
con vectors are released from cells. 
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son, 1993) with mutations introduced into the pat signals present in the repeat 
units. This cosmid set and the amplicon plasmid are co-transfected into cells, 
resulting in replication and packaging of amplicon vectors, but not helper 
virus (Fig. 8B). Titers of up to lo8 amplicon vectors/ml can be generated in 
this way. This provides a “virtual” synthetic vector system that contains only 
plasmid DNA and no viral genes packaged in highly infectious HSV-1 virions. 
Toxic functions of VP16 and vhs proteins associated with the virion itself 
remain, but at low MO1 would not be present in sufficient amounts or for 
long enough to cause disruption of host cell metabolism. 

Amplicon vectors introduce their DNA into the cells nucleus, as does HSV- 
1. The state and fate of amplicon DNA in the cell nucleus has not been 
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evaluated. Based on the stability of transgene expression, it appears that the 
DNA is maintained in a functional state in the nucleus for weeks to months 
in nondividing cells, such as neurons (Geller, 1993) and that is appears to be 
lost in dividing cells (Johnston et al., 1997; Boothman et al., 1989). Two 
amplicon hybrid vectors have been developed recently to help control the 
fate of the amplicon DNA after it enters the cell nucleus. Vos and coworkers 
(Wang and Vos, 1996) have inserted the EBNAl gene and origin of DNA 
replication, orip, from the Epstein-Barr virus genome into the amplicons to 
allow replication of the amplicon DNA in synchrony with host cell DNA 
svnthesis. EBNAl in combination with cellular factors allows initiation of 
episomal DNA replication at ori p, and at the same time orip has a retention 
function that mediates binding of episomal DNA to chromosomal DNA, 
thereby facilitating the distribution of amplicon DNA to daughter cells at 
mitosis. Our group (Johnston et al., 1997) has incorporated adeno-associated 
virus (AAV) elements into the amplicon in order to permit amplification/ 
integration of transgene sequences in the nucleus. In these constructs the 
transgene cassette is flanked by the AAV inverted terminal repeat (ITR) 
elements, and the AAV rep gene is included under its own promoter outside 
the ITRs. The ITRs potentially allow replication (amplification) of the trans- 
gene cassette in the cell nucleus, and the ITRs in the presence of rep isozymes 
may also mediate integration of the transgene into the cellular genome, in 
particular in the AAVSl locus on human chromosome 19q (Kotin et al., 1992, 
1996). These hybrid vectors illustrate the potential of amplicons to incorporate 
multiple viral elements, as well as transgenes, in a DNA construct that can 
be efficiently delivered to the cell nucleus via HSV-1 virions. 

Amplicons also provide a plasmid DNA platform for regulation of trans- 
gene expression. HSV-1 elements used for replication and packaging do con- 
tain some potential enhancer/silencer activities that must be assessed to deter- 
mine their effect on promoter expression, and there will undoubtedly also be 
position effects within the amplicon, but these can be carefully assessed and 
controlled by reduction in the size of the HSV-1 elements and site-directed 
mutagenesis of interfering sequences. In the first amplicon used to express 
1acZ in neurons, the immediate early IE3 promoter was used to drive transgene 
expression (Geller and Breakefield, 1988). This gives very robust expression 
within a few days after infection due to the presence of VP16 contained in 
the virions. Expression drops to a lower level within a few days after infection, 
but can be restimulated, even months later, by infection with replication- 
defective HSV (Starr et al., 1996). Many other viral and mammalian promoters 
have been used effectively in these vectors, including those for cytomegalovirus 
(Ho et al., 1993), tyrosine hydroxylase (Oh et al., 1996) JC virus, and SV40 
(Pechan et al., 1996). Inducible transgene expression in the context of helper 

virus infection has been achieved using the glucocorticoid responsive element 
(Lu and Federoff, 1995) and the tetracycline response operon and transactiva- 
tor developed Gossen and Bujard (1992) (Jacoby et al., 1995). 
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Amplicon vectors have been used effectively to change cellular morphology 
and physiology in culture and in vivo over periods of weeks to months. As 
examples, in culture an amplicon vector bearing GAP43 changed the morphol- 
ogy of PC12 cells (Neve et al., 1991), and one bearing the low-affinity NGF 
receptor changed the NGF responsiveness of cells (Battleman et al., 1993). 
Craig et al. (1995) have used an amplicon bearing a membrane-targeted pro- 
tein, CD8, in cultured hippocampal neurons and observed preferential addition 
of CD8 at axonal growth cones. Amplicon vectors can also be used to explore 
molecular mechanisms of pathogenesis, for example, by expression of the 
calcium-binding protein parvalbumin in the presence of NMDA (Hartley et 
al., 1996) or expression of the GluR6 kainate subtype of the glutamate receptor 
(Bergold et al., 1993). Many different gene delivery models have been explored 
in vivo -including delivery of the glucose transporter (Ho et al., 1993) and 
bcl-2 (Lawrence et al., 1996) to promote central nervous system neuronal 
survival; bcl-2 (Linnik et al., 1995) and vascular endothelial growth factor 
(VEGF) (Mesri et al., 1995) to stimulated angiogenesis in models of cardiac 
ischemia; NGF to help sensory neurons survive axotomy (Federoff et al., 
1992); and BDNF to potentiate neurite extension from damaged spiral ganglia 
neurons in the ear (Geschwind et al., 1997). The therapeutic effectiveness of 
these vectors has been demonstrated in a rat model of Parkinson’s disease, 
where dopaminergic neurons in the substantia nigra are damaged with 6- 
hydroxydopamine (During et al., 1994). Amplicon-mediated delivery of the 
tyrosine hydroxylase gene under its own promoter was permissive for behav- 
ioral recovery in an apomorphine-induced rotation paradigm. Overall ampli- 
con vectors provide a very promising means to bring genes into neurons and 
other cell types in culture and in vivo for experimental evaluation of neuronal 
functions and for therapeutic intervention. 

FUTURE DIRECTIONS 

It can be anticipated that HSV-l-derived vectors will have a major role in 
the upcoming development of vectors for gene delivery in three ways. First, 
the amplicon vectors packaged in a helper-free system offer a “virtual” syn- 
thetic vector for efficient, nontoxic gene delivery with very few modifications. 
Studies need to be undertaken to reduce the toxicity of elements in the virion 
itself, VP16, vhs, and possible other tegument proteins; to define the minimal, 
enhancer-free oris and pat sequences that will allow efficient replication and 
packaging in a helper-free system, mediate reliable transgene expression, and 
reduce recombinations and rearrangements; and to introduce other DNA 
elements that will allow the amplicon sequences to be maintained in both 
dividing and nondividing cells. Second, the virus itself has a number of novel 
functions that could be utilized to increase transduction efficiency of truly 
synthetic vectors. These include envelope glycoproteins that mediate fusion 
between lipid bilayer membranes at neutral pH; tegument and/or capsid pro- 
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FIGURE 9. Model of gene therapy for brain tumors using replication-conditional 
HSV-1 vector. The replication-conditional RR HSV-1 vector is inoculated directly 
into the tumor mass. Dividing tumor cells replicate the virus and are killed in the 
process. Nondividing neural cells do not replicate the virus, and viral DNA enters 
latency or is eventually degraded in normal cells. After allowing virus replication to 
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teins that allow rapid retrograde and anterograde transport along microtu- 
bules; tegument and/or capsid proteins that facilitate entry of DNA into 
postmitotic nuclei; and viral proteins, such as VP22, that are transferred effi- 
ciently from infected cells into the nuclei of noninfected cells, possibly through 

an actin-mediated mechanism (Elliott and O’Hare, 1996). Third, HSV-derived 
vectors provided an efficient backbone for construction of vectors designed 
to increase transgene capacity and efficiency of transgene expression. Both 
recombinant and amplicon vectors allow efficient gene delivery to nondividing 
cells in culture and in vivo; this is especially useful in the case of neurons for 
which other means of gene delivery are much less efficient. For safe delivery 
to neurons it will be important to further reduce the residual toxicity of the 
virus by making additional mutations in the genome of the helper virus or 
recombinant helper virus vectors. Efforts are also ongoing in a number of 
laboratories to simplify construction and packaging methods, to modify the 
viral envelope for cell-specific targeting of gene delivery, and to allow stable 
transgene expression in the latent state. The major goal of recombinant virus 
vectors remains to create a nontoxic vector that will achieve stable transgene 
expression in neurons via an episomal viral genome. 

Replication-conditional recombinant HSV vectors are highly effective vehi- 
cles for gene delivery to brain tumors (Martuza et al., 1991; Breakefield et al., 
1995). Such vectors can be made less toxic to normal brain by mutations in 
neurovirulence genes and can be made more effective at therapy by including 
therapeutic genes for prodrug activation, immune enhancement, and anti- 
angiogenesis. It should also be possible to combine amplicon and recombinant 
virus vectors to expand the therapeutic capacity. In the “piggyback” system, by 
using a recombinant helper virus vector with mutations in both IE3 and ICP6 
(RR) and an amplicon vector bearing IE3, it would be possible to retain division- 
specific propagation, at the same time introducing another level of safety to the 
vector, since propagation depends on co-infection with both vectors and only 
dividing cells would support replication (Pechan et al., 1996). 

HSV-1 vectors appears to be poised for clinical trials. These will 
include therapy for life-threatening brain tumors and metastatic tumors using 
replication-conditional or replication-defective vectors that bear antineoplas- 
tic genes, such as TK (Fig. 9) Administration can be by direct injection into 
tumors or through the vasculature or cerebrospinal fluid or, in the case of 

proceed for a therapeutic time window, animals are treated systematically with gan- 
ciclovir (G). In cells actively propagating the vector, levels of HSV TK are very 
high.HSV TK converts ganciclovir to toxic nucleotide analogs that can be transferred 
across gap junctions to uninfected neighboring cells. These toxic analogs are incorpo- 
rated into replicating genomic DNA, thereby disrupting it and leading to cell death. 
Ganciclovir also blocks further virus replication. (Reproduced from Breakefield et al., 
1996, with permission of the publisher.) 
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cytokines, by peripheral vaccination with irradiated tumor cell transduced 
with the vector. Other therapeutic applications appear more problematic. It 
seems hard to justify use of a potentially toxic vector with limited transgene 
expression as a therapy for a neurodegenerative condition in which the patient 

is trying to maintain as much neurological function as possible for as long as 
possible and where introduction of the vector itself into the brain requires an 
invasive neurosurgical procedure. In addition, the modes of delivery and 
relatively low titers of some of the vectors reduces the number of neurons 
that can be transduced. The most feasible neuronal application to date would 
be for peripheral inoculation of sensory or motor neurons, for example to 
promote neurite regeneration, to block pain transmission, or to treat move- 
ment disorders. For example, both the vitreous of the eye and the cerebrospinal 
fluid provide fluid compartments where a substantial amount of vector could 
be injected and “bathe” neurons at a constant MOI. In these compartments 
vectors could be used to deliver trophic factors that would promote neuronal 
survival over weeks to months following injury. Alternatively, vectors could 
be injected at sites of peripheral nerve injury to promote neurite extension 
(Breakefield, 1994). Treatment of peripheral pain could be effected by inocula- 
tion of vectors onto cutaneous receptors of sensory neurons to alter the 
transmitter phenotype of these neurons such that they would release analgesic 
peptides into the spinal cord along with their normal transmitters. The thera- 
peutic peptides would serve to downregulate normal pain transmission (Fig. 
10). A similar strategy could also be used to block transmission of motor 
neuron signaling to skeletal muscles involved in dystonic posturing. Currently 
botulinum toxin is applied to these nerve terminals, which results in a dying 
back of neurites innervating muscle (Tsui et al., 1995). Use of an HSV-1 vector 
to block synthesis of acetylcholine at neuromuscular junctions would reduce 
muscle contractions without damaging motor neurons. As with other virus 
vectors, extensive preclinical testing must be done to ensure that the vectors 
are as safe as possible and do not provide a public health hazard. However, 
new and original HSV vectors are being designed to minimize such risks and 
should offer effective alternatives to current modes of therapy. 
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INTRODUCTION 

Gene transfer into hernatopoietic cells for the purpose of gene therapy is a 
relatively new and promising field. Blood and bone marrow cells are easily 
accessible and can be manipulated ex viva before reinfusion into a recipient 
patient. This feature makes hematopoietic gene transfer an attractive system 
to test a variety of vectors and cell subtypes for gene therapy. The purpose 
of this chapter is to provide an overview of recombinant adeno-associated 
virus (rAAV) vectors and the current “state of the art” of their potential 
utility in gene therapy of hematopoietic disorders. We briefly review AAV 
biology and genetics and suggest more general reviews about AAV (Flotte and 
Carter, 1995; Rolling and Samulski, 1995; Skulimowski and Samulski 1995). 

The basic requirements that need to be fulfilled for gene therapy as treat- 
ment of hematopoietic disorders are the following: 

1. The transgene must be integrated into the host chromosome of the target 
stem cells, thereby achieving transmission to all progeny cells to obtain 
a long-lasting effect. 
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2. The transgene should be stably expressed, and the efficiency of transfer 
must be high enough to affect the disease phenotype. 

3. The treatment needs to be without risk for the patient, which implies 
that integration should take place in a safe chromosomal location to 
avoid insertional mutagenesis or dysregulation of growth control genes. 

AAV VECTOR BIOLOGY 

AAV is a single-stranded DNA virus with a genome size of 4.7 kb. The viral 
genome is flanked by palindromic terminal repeats (TRs) that are necessary 
for encapsidation, replication, and integration of the viral genome. AAV- 
based vectors are nonpathogenic, possess an extremely wide host and tissue 
range, integrate stablely into cellular DNA, and transduce both proliferating 
and nonproliferating cells (Flotte et al., 1993, 1994; Kaplitt et al., 1994, 1996; 
Lebkowski et al., 1988; McCown et al., 1996; Muzyczka, 1992; Xiao et al., 
1996). Although a high percentage of the population is seropositive for AAV 
antibodies (Flotte and Carter, 1995; Muzyczka, 1992) the virus has not been 
associated with human disease. For a productive AAV infection, coinfection 
with a helper virus, either adenovirus (Ad) or herpes virus, is required (Berns 
and Bohenzky, 1987; Buller et al., 1981). In the absence of helper virus, AAV 
integrates in a stable fashion into a specific site on chromosome 19 (Kotin et 
al., 1990; Samulski et al., 1991). Although this feature of site-specific integration 
is attractive for gene therapy approaches, current rAAV vectors do not retain 
targeting capability. Recent analyses of the molecular fate of rAAV- 
transduced genes suggest that the vector integrates randomly or persists as 
high molecular size episomal concatemers. These vector structures can achieve 
persistent (>1.5 years) gene expression in this form (Xiao et al., 1996) and 
have achieved one of the major goals of gene therapy: the ability to obtain 
long- term expression. 

Cell Tropism of AAV 

Another feature of parvovirus vectors that lends them to testing efficient gene 
delivery is cell tropism. AAV infects a broad range of host cell types and has 
been isolated from primate as well as from nonprimate species. The viral 
receptor is unknown. A variety of both primary and transformed cell types 
originating from different tissues (canine, murine, bovine) have been demon- 
strated to be permissive for infection (Berns, 1996; Cukor et al., 1984). This 
promiscuous infectivity suggests that some common membrane protein may 
be the receptor, such as the MHC class I protein identified for Ad (Hong et 
al., 1997) which would help explain these findings. However, a few cell types 
resistant to AAV infection like the megakaryocytic leukemia cell lines M07e 
and MB-02 (Ponnazhagan et al., 1996) and erythroid lineages (UT-7) (Mizu- 
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kami et al., 1996) suggest that it may be possible to identify the AAV receptor 
with the use of these cell types. 

While there has been evidence for AAV infection of human peripheral 
blood cells (Grossman et al., 1992), another human parvovirus, B19, shows a 
specific tropism for human erythroid progenitor cells. This cell specificity is 
mediated by a specific globoside receptor, the erythrocyte P-antigen receptor 
(Brown et al., 1993). B19 replication requires erythroid cell-specific factors 
(Liu et al., 1992), causing erythrocyte destruction during a productive infection. 
This is an important step in B19 pathogenesis exemplified by nonerythroid cells 
that express the globoside receptor but are nonpermissive for B19 replication 
(Brown et al., 1994; Rouger et al., 1987). While B19 is pathogenic for humans 
and in its wild-type state not suitable for gene therapy, the B19 parvovirus 
can package 6 kb of DNA, a full 1 kb more than the rAAV. Recent efforts 
using Bl9/AAV chimeras suggest that AAV viral tropism can be manipulated 
and may suggest that an increase in vector packaging capacity may be obtained 
(Rabinowitz and Samulski, personal communication). 

Production of Recombinant Virus 

A rate-limiting step in the use of rAAV vectors has been the ability to generate 
high titer stocks. To package transgenes into AAV capsids, different packaging 
systems have been developed. Typically a transient transfection system using 
plasmid substrates is implied. The initial system established used an infectious 
plasmid (psub201, SSV9) incorporating the AAV genome flanked between 
the two palindromic terminal repeats. This construct was modified to allow 
for removal of the AAV genome and insertion of foreign genes and their 
regulatory elements (Laughlin et al., 1983; Samulski et al., 1982, 1987). The 
vector plasmid contains only the foreign transgene flanked by the 145 bp 
inverted TRs, the only cis element required for DNA replication, packaging, 
and integration (Muzyczka, 1991; Samulski et al., 1989). With all of the viral 
genes removed, the rAAV vector has a strict packaging limit of 5 kb (typically 
up to 108% of wild-type AAV genome size). To generate infectious rAAV 
vectors, a second (helper) plasmid encodes the AAV genes required for 
productive infection. This molecule is devoid of the &-acting TRs and homolo- 
gous sequences and therefore cannot replicate or generate wild-type recombi- 
nants. Co-transfection of the helper and vector plasmids in Ad-infected cells 
(helper virus) is required to complete the packaging system and generate 
rAAV stocks. To eliminate wild-type Ad either heat treatment or physical 
separation by CsCl is performed. Several of the first experiments with rAAV 
in the field of hematopoietic cells used crude heat-inactivated cell lysates 
containing rAAV. Virus titers ranged from lo3 to lo5 infectious particles 

per milliliter. Improvements with co-transfection, modifications of the helper 
plasmid (Li et al., 1997) and purification methods now routinely produce 
titers of lo’-lo9 particles/ml. This system, although improved, has two major 
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disadvantages: One is the requirement of an adenoviral coinfection, and the 
other is the inconvenience and inconsistency of the co-tra nsfection procedure. 

While it is possible to purify rAAV from the contaminating adenoviral 
helper virus by CsCl centrifugation and heat inactivation of the virus prepara- 

tion, it would be advantageous to generate rAAV stocks that are totally devoid 
of adenovirus. A genetic approach to generate rAAV without the need for 
Ad helper virus infection has been developed (Xiao, Ferrari, and Samulski, 
unpublished results). This method requires the transfection of three plasmid 
constructs: the recombinant plasmid harboring the transgene with AAV TRs, 
the helper plasmid harboring the AAV replication and packaging genes, and 
a third plasmid that contains the essential adenoviral helper genes. With this 
procedure it is possible to generate high titer rAAV stocks that are completely 
free of Ad. With this method, titers of lo”--10”’ rAAV particles ml can be 
produced (Xiao, Ferrari, and Samulski, unpublished results). While these 
various approaches have continued to improve rAAV production, they still 
imply transient procedures, which may be problematic when large-scale pro- 
duction is required. 

To circumvent the necessity of co-transfection of the different vector and 
helper plasmids, there have also been efforts to generate producer cell lines. 
Cell lines that contain the rep gene under the control of inducible promoters 
(Holscher et al., 1994) allow the production of recombinant virus but only in 
low yield. A HeLa cell line containing an integrated AAV genome without 
the TRs has been generated in an effort to establish a packaging cell line 
(Vincent et al., 1990). After transfection of the recombinant vector, these 
producer cells supply the AAV genes in trans. Although attractive, this ap- 
proach yielded low rAAV titers of 103-lo4 per milliliter and suggests that 
improvements in this strategy are warranted. Along these lines, new cell lines 
that incorporated the vector plasmid into the cellular genome have been 
established. In this case, only the helper plasmid needs to be transfected, 
which results in a simplified procedure with higher vector yield (Flotte et al., 
1995). While attractive, the need for transient transfection still impedes effi- 
cient large-scale vector production. 

Recently an AAV-packaging cell line was reported (Clark et al., 1995) that 
may have resolved some of the earlier problems. The authors generated HeLa 
cells that harbored both AAV coding and AAV vector sequences in an inte- 
grated tandem array. After infection with adenovirus, the cell line produced 
rAAV stocks of more than 10” transducing units per milliliter. This cell line 
generates comparable yields of rAAV when compared with the transfection 
method. This is the first practical rAAV producer cell line reported, and it 
holds promise for the generation of an optimum packaging line in the future. 

Determination of rAAV Titers 

The wide range of rAAV titers that has been reported (from lO”/ml to 
10’ l/ml) reflects not only the different vectors and production protocols but 
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also how titers are measured and defined. Basically, rAAV titers can be 
expressed in three different ways: 

1. particles per milliliter, which reflects the number of DNase-resistant viri- 
ons containing the rAAV genome without any statement about their 
infectivity or functionality. Usually the unpacked genomes in an rAAV 
vector stock are digested with DNase, and then the viral particles are 
disrupted, thereby releasing the DNA genomes and quantitating them 
by DNA dot blot, Southern blot, or semiquantitative polymerase chain 
reaction (PCR). 

2. infectious units (or replication units), which are determined by infectious 
center assay (or replication center assay). For this assay rAAV is co- 
infected into cells with sufficient amounts of wild-type AAV and Ad to 
provide the necessary helper functions for the rAAV vector DNA to 
amplify within the cells. The cells are transferred on a nylon membrane 
and probed with radiolabeled rAAV-specific DNA. Each dot on an 
autoradiograph represents one rAAV-infected cell and therefor 1 infec- 
tious unit. 

3. transducing units, which are determined by functional assays for the 
rAAV transgenes like blue cells produced by rAAV-lac2 virus or 
immunochemical-positive cells resulting from specific transgene expres- 
sion. The virus titers estimated by this method are the most informative 
titers but also depend on the choice of transgene, promoter, and cell 
types. 

Since AAV does not form plaques, the plaque assay cannot be used to 
determine viral titers. The infectious center assay should generate titers with 
the least vector-to-vector variation, but it is also the most laborious procedure. 
In summary, for a given rAAV preparation the dot blot will usually generate 
the highest titer, followed by the infectious center assay, and finally the trans- 
ducing unit titer. The ratio of these three titering methods is roughly in the 
range of 1,000 (particles) : 10 (infectious units) : 1 (transducing unit) although 
the actual ratio may vary between different preparations and various vector 
constructs. Taken together, it is important to pay attention to the rAAV titers 
used when interpreting rAAV delivery results. 

Status of the rAAV Genome: Integrated versus Episomal 

Integration of wild-type AAV is part of the viral life cycle that is one of the 
advantages of rAAV vectors as gene therapy vectors (Hermonat and Muzyc- 
zka, 1984; Tratschin et al., 1985). In vitro wild-type AAV shows site-specific 

integration into human chromosome 19 (Kotin et al., 1990; Samulski et al., 
1991). For targeted integration of wild-type AAV, the rep gene products 
are necessary (Kotin et al., 1990; Samulski, 1993). This information was first 



240 KRONER-LUX ET AL. 

deduced from rAAV latent cell lines that lost chromosome 19 targeting (Walsh 
et al., 1992). These initial observations have been extended by studies that 
demonstrate that in the presence of rep gene products, plasmids containing 
AAV inverted TR sequences can target chromosome 19 in a manner similar 

to wild-type AAV (Balague et al., 1997; Shelling and Smith, 1994; Xiao, 1996). 
Although well documented in tissue culture cells, integration has not been 

well characterized in in viva settings. While wild-type AAV-2 DNA has been 
detected by PCR in peripheral blood leukocytes in 2 of 55 healthy blood 
donors and in 2 of 16 hemophilic patients, integration of the virus was not 
examined in that study (Grossman et al., 1992). The methodology by which 
the rAAV genome is assayed for integration has been problematic. Usually 
total DNA is isolated and characterized by Southern blot with or without 
single-cut restriction digestion. In undigested lanes the vector DNA should 
be associated with high molecular weight DNA. However it is usually difficult 
or impossible to rule out the existence of large concatemeric episomes or 
minichromosomes containing vector/chromosomal DNA (Xiao et al., 1996). 
For this reason, other procedures such as FISH are required to validate the 
integrated state. Since rAAV is only 5 kb, this makes the use of this technique 
difficult (FISH probe limitation is 3-5 kb). Demonstration of rAAV integra- 
tion in hematopoietic cells has been achieved and is described below. 

Recently an rAAV-1acZ vector has been reported to be maintained in 
nondividing tissue culture cells as functional double-stranded DNA episomes 
(Flotte et al., 1994). Another report revealed that an rAAV-CFTR vector 
has persisted as episomal DNA in viva in monkey lungs for more than 3 
month. The vectors were detected in low molecular weight DNA fractions 
but also in the genomic fraction of the transduced monkey lung (Afione et 
al., 1996). These results demonstrate the need for further analysis of the 
molecular fate of rAAV genomes in vivo. 

An attractive explanation for episomal persistence is that the AAV inverted 
TRs may also function as an origin of replication in a Rep-independent man- 
ner. AAV inverted TRs have been observed to act as origin of replication 
mediating circular plasmid DNA replication in genotoxic reagent stressed 
cells (Yalkinoglu et al., 1991). An alternative explanation is that the inverted 
TRs may simply stabilize the episomal vector DNA from degradation in 
nondividing cells, while the vector may proceed to integrate in rapidly dividing 
cells. Data that support this suggestion have shown that single-stranded vector 
episomes were also detected in growth-inhibited cells for nearly 2 weeks 
postinfection. However, after releasing the growth block of these cells the 
single-stranded episomes were converted to double-stranded integrated DNA 
molecules (Russell et al., 1994). Therefore, rAAV integration may be a slow 
process, especially in nondividing or slowly growing cells, where the vector 
DNA may persist as an episome and convert into duplex DNA, which may 
be the substrate required for integration into the host chromosome. It is clear 
that future studies in this area will not only yield answers to these possible 
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explanations, but also delineate the expectations and the limitations of this 
vector in dividing versus nondividing cells. 

AAV-MEDIATED TRANSDUCTION OF MARKER GENES IN 
HEMATOPOIETIC CELLS AND ANALYSIS OF INTEGRATION 

Early experiments to establish the feasibility of rAAV vectors used selectable 
marker genes such as the Escherichia coli P-galactosidase and the neomycin 
resistance genes. Cells that express the transgene can easily be detected by 
blue staining (P-galactosidase) or G418 resistance (neomycin). Initial studies 
employed K562 cells. This erythroleukemia cell line responds to hemin stimu- 
lation by differentiation and maturation into erythroid cells with concomitant 
increases in levels of y-globin gene transcription and globin protein production 
(Rutherford et al., 1979). The cell line is therefore a suitable model system 
to represent gene transfer in an erythroid-specific lineage. 

With rAAV that expresses the E. coli @-galactosidase gene (AAV P-gal), 
the K562 cell line and primary hematopoietic progenitor cells were used to 
assess transduction (Goodman et al., 1994). Transduction efficiency of the 
infected K562 cells was detected directly by P-gal staining, following infection 
with AAV P-gal. Stable expression of the transduced gene for 5 days could 
be shown. About 2%-3% of the cells were positive following exposure to the 
virus at an multiplicity of infection (MOI) of 1. The rAAV preparation that 
was used for this assay was crude heat-inactivated cell extract, and the titer 
was estimated by immunostaining for capsid proteins in infected cells or by 
quantitative Southern blot analysis at 104-10” infectious particles per milliliter. 

Target cells for the treatment of hematopoietic diseases are the stem cells. 
Stem cells are defined by their ability to self-renew and repopulate the bone 
marrow after experimental marrow ablation and transplantation. These cells 
can be isolated from human bone marrow, mobilized peripheral blood, and 
umbilical cord blood. Both primitive and committed cells express the CD34 
molecule on their membrane surface. Subsets of CD34’ cells have been identi- 
fied based on the pattern of antigen expression. Cells having the phenotype 
CD34+, CD33-, CD38-, HLA-DR-, and Thyl’ are thought to include the 
repopulating stem cells (Craig et al., 1993; Lansdorp et al., 1992). 

The CD34’ cells of humans can be used to address the same question as 
above, namely, whether rAAV vectors can infect these cells and express rAAV 
transgenes. Using normal human bone marrow, cells were immunoselected 
for CD34’ cells, incubated in suspension culture with growth factors, and 
infected at an MO1 between 1 and 10 over a period of 3 days. From 60% to 
70% of the CD34+ cells stained positive for P-gal 16 h after transfection. To 
quantitate rAAV transduction frequency, a DNA PCR assay was used to 
assess the copy number of the vector relative to the cellular genome. A cell 
line that was previously determined to carry a single integrated copy of the 
AAV P-gal vector served to calibrate the system, setting it up in a way that 
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it was sensitive to the vector copy number over a broad range of genomic 
DNA concentrations. The copy number of the vector relative to the cellular 
genome was determined using primers specific for the cellular @-actin gene 
to produce a standard of comparison. Infections of CD34+-enriched cells were 
performed at an MO1 of approximately 1 and plated under methylcellulose 
for C-Colony-forming unit-cell analysis in the absence of selection. Individual 
colonies were isolated 12-14 days postinfection, and 60% of the colonies 
yielded PCR signals indicating the presence of the 1acZ sequence. A copy 
number of 1 or 2 vector genomes per cell was determined by PCR. 

Similar experiments were performed with CD34’ progenitor cells isolated 
from rhesus monkeys and again showed a rAAV+ gal transduction frequency 
of 66%. Half of the positive clones yielded lacZ-specific PCR signals. A copy 
number of 1-2 rAAV genomes per cell was assessed. The molecular status 
of the rAAV genome in the transduced cells was left unanswered as the 
DNA PCR results could not distinguish between episomal or integrated virus 
genomes. These studies give no definitive answer to the molecular state of 
the rAAV genome in transduced human and primate CD34’ cells. 

If rAAV can transduce hematopoietic cells, is transduction influenced by 
cell prestimulation with cytokines? While stem cells are noncycling or slow 
cycling, the treatment with cytokines would stimulate cycling and perhaps 
transduction/integration. A study to determine if cytokine prestimulation is 
required (Zhou et al., 1994) used the neomycin resistance gene as a marker 
to determine transduction. CD34+-enriched cells from human cord blood were 
infected with the rAAV-neomycin virions. The neomycin gene was expressed 
under the control of either the herpes virus thymidine kinase (TK) or the 
human parvovirus B19 p6 promoter as well as an upstream erythroid cell- 
specific enhancer (HS-2) from the locus control region of the human P-globin 
gene cluster. After infecting the CD34’ progenitor cells with an MO1 of 1, 
the cells were placed under G418 selection. While 12% of the mock-infected 
granulocyte-macrophage colony-forming unit (GM-CFU) colonies survived, 
the numbers increased to 25% with rAAV-TK-Neo, 38% with HS- 
2-TK-Neo, 39% with B19-Neo, and 27% with HS-2-Bl9-Neo. For the ery- 
throid burst-forming unit (E-BFU) colonies similar results were observed, as 
15% of the mock-infected cultures survived in G418 selection and 37%-49% 
of the various rAAV-infected cultures were resistant to G418. Using a DNA 
PCR assay, the neo gene could be detected in the primitive as well as in the 
more mature hematopoietic progenitor cells infected with the recombinant 
AAV-Neo virus. In mock-transfected cells no Neo DNA product could be 
amplified. However, the DNA PCR used to detect transduced cells cannot 
distinguish between vector DNA contamination versus intracellular viral ge- 
nomes whether integrated or episomal. 

After determining these baselines, the authors next tried to prestimulate 
the cord blood cells with various growth factors before transduction with the 
recombinant virus. Recombinant human interleukin-3 (rhIL-3), recombinant 
human GM colony-stimulating factor (rhGM-CSF), and recombinant human 
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steel factor (rhSCF) were used. Neither GM-CFU nor E-BFU was measurably 
affected when the cells were prestimulated with growth factors for 48 h. These 
results were reproduced with IL-3, IL-6, and GM-CSF to prestimulate cord 
blood-derived CD34+ cells (Fisher-Adams et al., 1996). Again, prestimulation 
with cytokines did not affect rAAV transduction efficiency. 

In contrast to using retroviral vectors where at least one round of cell 
division seems to be necessary before random integration of a transduced 
gene occurs (Miller et al., 1990) these experiments suggest that AAV can 
express transgenes in slow or noncycling human hematopoietic progenitor 
cells from cord blood in the absence of growth factor stimulation. It is unclear 
if the transgene sequences are expressed from integrated or episomal rAAV 
and when the integration of the virus into the genome takes place. To test if 
rAAV vectors require active cell division for transduction, cells were induced 
into a nonproliferating state by treatment with cell cycle inhibitors (Podsakoff 
et al., 1994b). At the time of grokth arrest cells were infected with rAAV/P- 
gal. No difference in transduction was observed when cell cycle-arrested cells 
were compared with actively cycling cells. Integrated viral genomes were 
detected by Southern hybridization in the cycle-arrested cells. The data suggest 
that rAAV transduction and integration occur in the absence of cell cycling. 
However, this experimental approach does not rule out the possibility that 
the rAAV genome can persist in nondividing cells in an episomal form and 
integrate after the cell cycle block is released. 

Studies have shown that wild-type AAV integrates into a specific region 
on chromosome 19 in the absence of helper virus in many cell lines (Kotin 
et al., 1990; Samulski, 1993). It is of interest if the virus behaves in the same 
way in hematopoietic cells. To determine if wild-type AAV integrates in a 
site-specific manner in primary hematopoietic progenitors, genomic DNA 
isolated from CD34+ cells infected with wild-type virus at a high multiplicity 
(MO1 of lOO-1,000) was analyzed by PCR (Goodman et al., 1994). A set 
of nested primers specific for the vector sequence and the chromosome 19 
integration locus amplified junction sequences between the proviral and cellu- 
lar DNA sequences. PCR products generated with these primers indicate site- 
specific integration at chromosome 19. Pools of infected cells derived from 
40-80 individual colonies were then tested for the presence of chromosome 
19-AAV junction sequences. Each pool yielded PCR signals consistent with 
the presence of AAV-chromosome 19 junctions. The wild-type AAV showed 
targeted integration in hematopoietic progenitor cells with a frequency of 14% 
(4 of 27 pools). Because the first AAV-specific primer of the nested set 
annealed to a sequence unique to the right-hand end of the viral genome, 
this assay could detect AAV integration in only one orientation, thereby 
probably underestimating the frequency of targeted integration. 

A comparison of rAAV transduction and the integration status of rAAV 

has been performed in IS562 cells. Using a rAAV vector that carries a truncated 
rat nerve growth factor receptor (tNGFR) under the control of the Moloney 
murine leukemia virus long terminal repeat, gene transduction in K562 cells 
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was followed periodically by flow cytometry. Using an MO1 of 1.3 infectious 
units, 26%-38% of cells expressed tNGFR on their surface shortly after trans- 
duction (7 days), but after 1 month this rate dropped to 3%. If a much higher 
MO1 was used (130 infectious units per cell), 90% of cells expressed tNGFR 
after 7 days, and but after 1 month only 62% of the cells were still expressing 
the transgene and this number further declined in the next 3 month. Integration 
analysis showed that overall integration was inefficient in the absence of 
selective pressure. At an MO1 of 1.3, about 2% of the cells showed integration; 
at an MO1 of 130, about 49% of the cells have integrated the transgene. Similar 
results were obtained analyzing tNGFR expression in human CD34+ cells. 
Again, the levels of expression correlate with the virus input. The integration 
status was not assessed. 

In an effort to correlate rAAV transduction and integration frequency in 
CD34+ cells from human bone marrow or umbilical cord blood, CD34+ cells 
from bone marrow of four donors were infected with rAAV vectors at an 
MO1 of 2 for one day and then analyzed by Southern blot (Fisher-Adams et 
al., 1996). In each case, the probes detected vector-specific bands in sizes that 
were larger than the single vector, suggesting chromosomal integration of the 
vector. However, such bands could also derive from extrachromosomal vector 
sequences in rearranged forms. Another analysis was conducted using umbili- 
cal cord blood cells that were infected at an MO1 of 0.2. The cells were 
cultivated without selective pressure, and 2 weeks after infection FISH analysis 
was performed. The transgene sequences were present in a minimum of 3% 
of cord blood cells 7 days after infection. The signal could be detected on 
both chromatids, suggesting that the integrated vector replicated during cell 
division. Previous studies using FISH analysis of wild-type AAV integration 
on chromosome 19 also detected signals on both chromatids (Kotin et al., 
1990; Samulski et al., 1991). However, the larger number of CD34’ cells 
expressing the transgene (50%) compared with the fraction showing integrated 
vector sequences suggests that the majority of transduced cells must carry 
double-stranded episomal vector genomes. A concern using this method of 
analysis is the very low number of metaphase spreads that show a signal for 
the vector probe. In addition, the small probe employed was at the limit of 
detection (3.6 kb), and due to random integration a control probe labeling 
the second allele or the chromosome could not be used. 

The experiments mentioned above show convincingly that hematopoietic 
progenitor cells can be transduced by rAAV. Wild-type AAV integrates in 
hematopoietic cells in a site-specific locus in chromosome 19. rAAV integra- 
tion occurs in hematopoietic cell lines but stable, long-lasting expression can 
also be achieved from episomes. In primary human CD34’ cells only one 
report suggests integration into the genome. Clearly more work has to be 
done to confirm these results. If the low transduction frequencies could be 
overcome, rAAV vectors could be very promising for targeting progenitor 
cells with therapeutic genes. 
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AAV- MEDIATED TRANSDUCTION OF THERAPEUTIC GENES IN 
HEMATOPOIETIC CELLS 

While experiments with marker genes suggested that hematopoietic cells can 
be infected with rAAV and a foreign gene expressed therein, these experi- 
ments give no information about the level and stability of expression of a 
therapeutic gene. After showing that rAAV can stably transduce and express 
marker genes for short time periods of time in hematopoietic progenitor cells, 
the next step was to investigate the regulated expression of therapeutic genes. 
The initial experiments dealt with globin gene expression. Enhancer/promoter 
elements for the globin gene cluster fall into two general groups: the proximal 
promoter elements associated with each gene of the globin cluster and the 
locus control region (LCR). The LCR contains several DNase hypersensitive 
sites (HS), termed HS-1 to HS-5. A 225 bp fragment of HS-2 normally situated 
approximately 10 kb upstream from the P-like globin gene cluster is sufficient 
to confer high level, cell type-specific hemin inducibility upon the globin 
promoters (Philipsen et al., 1990). 

The HS-2 element incorporated into a rAAV vector linked with the y- 
globin gene (Walsh et al., 1992) was first to be investigated. The crude cell 
lysate virus preparation was heat inactivated. K562 cell infection with the 
vector resulted in stable integrated clones following neomycin selection. Each 
clone tested consistently maintained one to two unrearranged copies per cell. 
Pools and individual clones were tested for the transcription of the transduced 
Ay-globin sequences with and without hemin induction. Following hemin 
induction, comparable levels of y-mRNA transcripts of the endogenous gene 
and the transgene were detected. The two genes could be distinguished because 
the transgene harbors a 6 bp deletion in the S-untranslated region. Upon 
analysis of individual clones using quantitative reverse transcriptase PCR 
and RNase protection assays, the transgenes of seven individual clones were 
determined to be transcribed to approximately 40%-50% of the levels of 
the endogenous genes after correction for copy number. Following hemin 
induction, the level of transcripts from the transduced genes rose to approxi- 
mately 85% of the induced levels of the endogenous genes. This demonstrated 
that the AAV Ay-globin constructs were capable of directing the expression 
of transgenes in amounts comparable to those of the endogenous genes. The 
levels of uninduced transcription of the endogenous gene and the transgene 
were similar. 

The ability of an AAV-based vector to stably transduce a population of 
cells and to respond to cell type-specific stimuli makes it a powerful tool for 
the study of the behavior of transgenes and associated regulatory elements. 
As AAV can only carry a limited size of foreign genetic material, the precise 
understanding of these regulatory elements will allow inclusion of only the 

necessary regulatory elements. A precise investigation of the regulatory ele- 
ments of the globin genes was performed (Miller et al., 1993) using mutational 
analysis to investigate the role of putative HS-2 &-acting sequences. Mutation 
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of the HS-2 NF-E2 and the GATA-1 transcription factor binding sites were 
incorporated into HS2/y-globin rAAV vectors. Following rAAV infection of 
K562 cells, in the absence of hemin induction, mutation of the NF-E2 binding 
site did not alter the basal level of transgene expression. However, no induction 

of y-globin transcription could be observed after adding hemin. A different 
pattern of vector expression could be observed by mutating the GATA-1 site. 
Here, the hemin induction lead to comparable levels of y-globin mRNA, but 
a higher degree of variability in the level of induced and uninduced expression 
from the GATA-1 mutants was observed. This suggested that although 
GATA-1 was not essential for either basal or induced expression, the ability 
to bind this factor mitigated the effects of the site of integration, which was 
probably the only difference between these cell clones. 

These experiments demonstrate two important results about AAV-derived 
vectors. First, the exogenous Ay-globin gene under the control of its core 
promoter and a small segment of the globin LCR was inducible with hemin 
and expressed the globin message. Thus, within the context of the AAV 
provirus, the behavior of the transgene was indistinguishably from that of the 
endogenous gene in these cells. Second, the expression of the transgene was 
independent of its chromosomal position as long as the proviral construct 
contained the appropriate sequences (HS-2). This is an important observation 
given the fact that AAV integration is probably random if the viral Rep 
proteins are not present in the cell (Russell et al., 1994; Walsh et al., 1992). 

One approach for the treatment of P-thalassemia or sickle cell anemia 
requires the transfer of a human P-globin gene into a patient’s hematopoietic 
stem/progenitor cells. High-level regulated P-globin expression requires the 
presence of introns, a minimal P-globin promoter, and sequences located 
50-60 kb upstream of the human P-globin gene designated the LCR. An HS- 
2 regulated P-globin expression rAAV vector in K562 and KB cells (Zhou et 
al., 1996) was examined. With Northern blot as well as RNase protection 
assays, a regulated expression of the human P-globin gene was observed in 
IS562 cells, with expression of the transduced human P-globin in lo%-20% 
of the infected K562 cells. Similar experiments used a rAAV vector containing 
the HS-4, HS-3, and HS-2 LCR nano-elements linked to a human P-globin 
gene (Einerhand et al., 1995) and transduced 293 cells and murine erythroleu- 
kemia (MEL) cells. After selection of positive clones with G418, Southern blot 
analysis detected one integrated provirus per clone. Nuclease Sl protection 
analysis showed low preinduction levels of human P-globin. Upon erythroid 
induction of the transduced MEL cells, variable levels of P-globin RNA expres- 
sion were observed, the average being about 50% of the level of the endoge- 
nous murine pmaj expression. However, 50% of the transduced clones contained 
a rearranged P-globin expression cassette. An interesting finding in this study 
was the variable expression amongst clones, suggesting that the LCR region 
elements used were not sufficient for position-independent expression. Taken 
together, these experiments demonstrate that rAAV is able to transduce 
transgenes into hematopoietic progenitor cells and that these genes exhibit 
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almost the same regulated expression as the endogenous genes. However, 
more research has to be done to delineate the minimal combination of LCR 
elements necessary to preserve position-independent expression. 

Another possible approach to gene therapy for P-thalassamia is the suppres- 
sion of a-globin production, since the accumulation of free cu-globin reduces 
the lifespan of red blood cells in these patients. rAAV/antisense cu-globin 
vectors (Ponnazhagan et al., 1994) were used to infect K562 cells. Stable 
neomycin-selected clones were tested for antisense mRNA transcription. 
Northern blot analysis of total cellular RNA showed that while a thymidine 
kinase promoter construct had no effect on the a-globin RNA level, an SV40 
(simian virus 40) promoter-driven construct reduced cu-globin expression by 
29% and an cr-globin promoter-driven construct reduced the cx-globin gene 
expression by 91% on the transcriptional level. 

A different approach to gene therapy for malignant hematopoietic disorders 
has been investigated through the expression of specific cytokines in Cos-1 
cells. A rAAV vector expressing human granulocyte-macrophage colony- 
stimulating factor (GM-CSF) under the control of the SV40 early promoter 
was used for infection of Cos-1 cells (Lou et al., 1995). The cytokine was 
released into the supernatant at about 67-118 U/ml and had biological activity 
on a GM-CSF-dependent human megakaryocytic leukemia cell line. Recom- 
binant GM-CSF has been used in clinical trials for several hematopoietic 
malignant disorders. The generation of GM-CSF secreting cells will be useful 
for a wide range of hematopoietic disorders. However, as GM-CSF has shown 
toxic effects in animal models after long-term exposure to high amounts of 
the factor, it is of crucial importance to achieve regulated expression of the 
GM-CSF gene in vivo. Therefore, the cis-controlling elements of the cytokine 
have to be determined, and the safety and efficacy in animal models need to 
be established. 

Another important goal is the phenotypic correction of a disease by expres- 
sion of a transferred gene. This question has been addressed using Fanconi’s 
anemia (FA) as a disease model (Liu et al., 1994; Walsh et al., 1994b). The 
disease is an autosomal recessive disorder that appears to stem from deficien- 
cies in DNA repair. There are five known FA complementation groups (A, 
B, C, D, E), and the genes for group A (FA-A) and group C (FA-C) have 
been cloned (Lo Ten Foe et al., 1996; Strahdee et al., 1992). The genes for 
both complementation groups A and C can correct the phenotypic defect 
when transfected into FA cells in culture. 

A rAAV vector was constructed that expressed the FA-C cDNA under 
the control of the RSV promoter and also included a neo marker gene (Walsh 
et al., 1994b). Lymphoblasts from FA-C patients were immortalized by 
Epstein-Barr virus transformation and then infected with the rAAV vector 
and selected for neo expression. Phenotypic expression of the FA-C gene was 

determined by cell resistance to the DNA clastogen mitomycin C. Molecular 
confirmation of rAAV transduction of FA-C lymphoblasts was performed by 
Southern blot analysis and reverse transcriptase PCR. In transduced cells, 
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transgene mRNA expression levels were similar to endogenous gene expres- 
sion. Using immunoprecipitation of radiolabeled transduced cell extracts, the 
level of protein expression was comparable with levels in normal cells. The 
hallmark of this disease is the hypersensitivity of FA cells to DNA cross- 
linking agents. Transduction of the FA gene in hematopoietic stem/progenitor 
cells should confer a growth advantage for these cells when grown in the 
presence DNA-damaging agents. This was demonstrated following the trans- 
duction of CD34+ cells from an FA-C patient. In a short-term colony-forming 
assay, viral-infected cells yielded four times more colonies than mock-infected 
cells. Surprisingly, reverse transcriptase PCR analysis yielded a positive signal 
for only 60% of the cells. The integration status of the transduced cells was 
not documented. 

AAV-MEDIATED TRANSDUCTION IN VIVO 

While experiments in cell culture provide important information about the 
feasibility of a vector system, they give no information about how the vector 
will behave in vivo. Questions regarding long-term expression, level of expres- 
sion, and side effects like toxicity can only be addressed in animal models. 
As we have already described, the majority of rAAV experiments have utilized 
a variety of vector constructs in established cell lines in culture. However, 
there are few reports about the use of rAAV vectors in primary mouse bone 
marrow cells and in mouse animal models. 

Demonstration that primary mouse bone marrow cells can be infected by 
rAAV was performed using a rAAV vector carrying a neomycin gene as the 
reporter gene (Zhou et al., 1993). Recombinant virions were used to infect 
unfractionated murine bone marrow cells. With short-term colony cultures, 
colony growth was assayed with G418 selection, and stable integration of the 
constructs could be demonstrated on Southern blots by hybridization with a 
neo probe. 

The expression of human cy- and P-globin in MEL cells and mouse bone 
marrow cells has been addressed (Ohi and Kim, 1996). With a rAAV vector, 
the globin genes were expressed under the wild-type AAV p40 promoter. In 
the case of the P-globin construct the enhancers HS-1 and HS-2 were included. 
Messenger RNA and protein of both globin chains could be detected, with 
levels of expression similar to that of the endogenous mouse P-globin. 

The murine model can also be useful for analysis of the fate of human 
transduced cells. The ability to engraft human hematopoietic cells in various 
immunodeficient mouse strains provides an interesting human/mouse in vivo 
model system. A rAAV vector encoding the gene for FA-C was used to 
determine “gene marking” of human umbilical cord blood progenitor cells in 
vivo using CB17 scidlscid mice. (Walsh et al., 1994a). Following transduction, 
vector-specific sequences could be identified by DNA PCR 11 weeks post- 
transplantation in three of four mice. 
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Another assay for stem cell function is long-term multilineage hematopoi- 
etic reconstitution. rAAV transduced murine bone marrow cell engraftment 
was performed in lethally irradiated mice, and evidence of transgene expres- 
sion was observed for more than 6 months in peripheral blood mononuclear 
cells (Podsakoff et al., 1994a). Vector-specific sequences were detected in 
marrow, thymus, spleen, peripheral blood, and brain 6 and 7.5 months post- 
transplantation. In both of these studies no information on lineage marking 
or transgene expression was reported. 

AAV-mediated gene transfer of the human y-globin gene was also tested 
by serial bone marrow transplantation in mice (Ponnazhagan et al., 1997). 
The *y-globin gene was expressed under the control of the human P-globin 
promoter and the HS-2 enhancer. Recombinant AAV containing the trans- 
gene was CsCl purified and heated to eliminate contaminating adenovirus. 
Low-density bone marrow cells from mice were infected at MOIs of 1 and 
10 and transplanted into six lethally irradiated mice. The level of engraftment 
could be measured because donor cells showed a specific enzyme phenotype 
(glucose phosphate isomerase) that was different from the enzyme phenotype 
of the recipient mice. Reconstitution of the bone marrow was complete at 4 
months after infusion. Six months post transplantation the mice were sacrificed, 
and cells from bone marrow, spleen, and thymus were analyzed for gene 
marking and transgene expression by PCR. The y-globin sequences could be 
detected in bone marrow and, with the exception of one animal, also in spleen, 
with a transduction efficiency of about 7%. Expression analysis using reverse 
transcriptase PCR could only show expression in bone marrow cells. The level 
of expression was low, reaching only 4%-6% of the level of expression of the 
endogenous mouse pmaj -globin gene. A portion of the bone marrow obtained 
6 months after transplantation was used to engraft secondary recipients. These 
were analyzed 3 months post-transplantation by again using reverse transcrip- 
tase PCR to determine the expression of the transgene. Only one of the six 
animals showed the presence of the transduced human y-globin sequences in 
bone marrow and spleen cells. The level of expression of the transduced y- 
globin gene was determined by reverse transcriptase PCR to be 0.4% compared 
with the endogenous mouse prnaj -globin gene. However, the presence of the 
vector DNA sequences for 6 months in primary recipients and for an additional 
3 months in secondary recipients suggests that a progenitor cell may have 
been transduced. It is not clear which cells have been transduced with this 
vector, and the fate of the vector genome has not been addressed. 

CURRENT PROBLEMS 

Several issues concerning gene delivery and expression in hematopoietic cells 

are still unresolved. First, efficiency of gene transfer must be increased in 
order to achieve a therapeutic effect in the hematopoietic system. A possible 
solution to this problem could be in vivo selection and expansion of transduced 
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cells. An example of such an approach utilized constructs containing the 
multidrug resistance gene encoding the P-glycoprotein gene product. In the 
mouse model, three groups have shown that retroviral transfer of the multidrug 
resistance gene (MDR-1) into mouse bone marrow cells allows in vivo selection 

or chemoprotection after engraftment (Hanania and Deisseroth, 1994; Podda 
et al., 1992; Sorrentino et al., 1992). After a single dose of taxol, mice engrafted 
with transduced cells showed dramatic and stable increases in the number of 
circulating cells containing the MDR-1 provirus. 

Second, the mechanism of rAAV transduction is still unresolved. Several 
DNA-damaging agents, UV and y-irradiation, increase transduction efficien- 
cies lOO-l,OOO-fold (Ferrari et al., 1996; Fisher et al., 1996). In addition, cells 
from different patients show tremendous heterogeneity in transduction events, 
even if the same virus preparation is used (McKeon and Samulski, 1996). In 
this case, the difference in MO1 required to transduce cells suggests that a 
rate-limiting step either at viral entry and uptake (receptor variation) or at 
virus uncoating and gene expression is at play. 

Third, rAAV vector production is still unsatisfactory. Currently the most 
commonly used procedure relies on production of helper-free rAAV vectors 
using transient transfections. As illustrated by the new AAV packaging cell 
lines, these technical problems should be overcome soon. 

Fourth, the size constraint of AAV vectors can be problematic. It is unlikely 
that the AAV viral vector will ever overcome this limitation; however, prelimi- 
nary results using AAV integrating plasmids suggest that nonviral delivery 
may be an alternative approach for solving this problem. The evolution of 
such novel strategies may be the template for second-generation AAV vectors. 

CONCLUSIONS 

AAV vectors provide a powerful tool for the transduction of therapeutic 
genes into hematopoietic cells. They are able to infect non- or slow-dividing 
cells. With rAAV vectors, hematopoietic progenitor cells can be transduced, 
resulting in potentially therapeutic expression levels of transgenes. Phenotypic 
correction of FA and early experiments with bone marrow reconstitution 
in mice appear promising. To date, the question of rAAV integration in 
hematopoietic stem cells remains unanswered. However, long-term expression 
of transgenes using rAAV has been demonstrated over 1 year in rat brain 
(McCown et al., 1996; McCown, personal communication), 1.5 years in mouse 
muscle (Xiao et al., 1996) and 9 months in a mouse hematopoietic serial 
transplantation models (Fisher-Adams et al., 1996) making AAV an attractive 
vector for gene therapy of hematopoietic diseases. However, only from more 
animal studies can we prove that AAV can be useful for gene therapy of 
human hematopoietic disorders. 
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INTRODUCTION 

Adeno-associated virus 2 (AAV) is a single-stranded DNA-containing human 
parvovirus (Siegl et al., 1985; Berns and Bohenzky, 1987; Berns, 1990). It is 
becoming increasingly clear that the AAV-based vectors may prove to be 
potentially useful for human gene therapy. The basis for this optimism is 
twofold. First, between 80% and 90% of the human population has been 
exposed to AAV, and yet no symptoms or pathology have thus far been 
attributed to AAV infection (Blacklow, 1988). Second, the wild-type (wt) 
AAV has been documented to establish a stable, latent infection in human 
cells where the viral genome has been shown to integrate into the chromosomal 
DNA in a site-specific manner (Kotin et al., 1990,1991,1992; Kotin and Berns, 
1989; Samulski et al., 1991). Thus, the potential nonpathogenic nature of AAV 
vectors coupled with stable integration of the proviral genome may be of 
significant benefit compared with other viral vectors that are based on retrovi- 
ruses and adenoviruses, which have already been employed in a number of 
clinical trials (Rosenberg et al., 1990; Zabner et al., 1993). 
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Despite the initial success with retroviral vectors (Grossman et al., 1994; 
Blaese et al., 1995; Bordignon et al., 1995), their safety in long-term applica- 
tions may be of some concern since in nonhuman primate studies these vectors 
have been reported to cause T-cell lymphoma (Donahue et al., 1992). Similarly, 
the efficacy of adenoviral vectors in gene therapy of cystic fibrosis has been 
questioned (Knowles et al., 1995). It is of note that retroviruses as well as 
most of the DNA-containing viruses are the etiological agents of, or are 
intimately associated with, malignant disorders (Weiss et al., 1984; Tooze, 
1981). Parvoviruses, on the other hand, constitute the only group of viruses 
that have thus far not been known to cause any malignant disease (Cotmore 
and Tattersall, 1987; Pattison, 1988). 

Interestingly, AAV has been shown to possess antitumor properties (Mayor 
et al., 1973; Cukor et al., 1975; Ostrove et al., 1981) which may be an added 
desirable feature of the AAV-based vector system. Several reviews on AAV 
vectors have recently been published (Muzyczka, 1992; Carter, 1993; Xiao et 
al., 1993; Samulski, 1993; Srivastava, 1994; Kotin, 1994; Flotte and Carter, 
1995; Berns and Linden, 1995; Srivastava et al., 1996). This chapter attempts 
to highlight the salient features of AAV in general and outline a number of 
advantages of AAV vectors for their potential use in human gene therapy. 

LIFE-CYCLE OF AAV 

The AAV genome is a single-stranded DNA consisting of 4,680 nucleotides 
(Srivastava et al., 1983). The genomic organization of AAV is schematically 
represented in Figure 1. The viral genome is flanked by inverted terminal 
repeats (ITRs) that are 145 nucleotides in length, are palindromic, and form 
T-shaped hairpin structures (Lusby et al., 1980). The left half of the AAV 
genome contains the rep genes that encode four distinct nonstructural Rep 
proteins that are required for viral DNA replication, and the right half of the 
genome contains the cap genes that encode three viral capsid (Cap) proteins 
(Srivastava et al., 1983). The AAV genome contains three distinct promoters 
at map units 5 (p5), 19 (p19), and 40 (~40) respectively (Muzyczka, 1992). 
Expression of the viral rep gene is under the control of the p5 and p19 

[DNA replication] [Capsid structure] 

FIGURE 1. Schematic representation of the organization of the AAV genome. The 
viral rep and cap gene sequences are indicated as stippled and checkered boxes, 
respectively. The ITRs are depicted as T-shaped hairpin structures. 
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promoters, whereas expression of the viral cap gene is controlled by the 
p40 promoter. 

The life cycle of AAV is schematically depicted in Figure 2. AAV requires 
co-infection with a helper virus, such as adenovirus, herpesvirus, or vaccinia 
virus (Berns, 1990) or conditions of genotoxic stress (Yacobson et al., 1987; 
Yalkinoglu et al., 1988) for its optimal replication. In the absence of a helper 
virus, however, the AAV genome integrates into the host cell chromosomal 
DNA (Cheung et al., 1980; Berns and Linden, 1995). Upon superinfection 
with a helper virus, the proviral genome undergoes rescue, followed by replica- 
tion much the same wav as during a lvtic infection (Berns and Hauswirth. 
1979; Berns and Linden: 1995). Detailed accounts of‘these pathways in the 
AAV life cycle have previously been published (Berns and Bohenzky, 1987; 
Berns, 1990; Berns and Linden, 1995). 

Virus-Host Cell Interaction 

Because AAV possesses a broad host range that transcends the species barrier 
(Muzyczka, 1992) it has been suspected that AAV infection is either nonspe- 
cific or mediated by a putative receptor that is present ubiquitously. Ponnazha- 
gan et al. (1994b, 1996d) have addressed this issue more directly. In their 
studies, a number of different human cell lines were transduced with a recombi- 
nant AAV vector containing the firefly luciferase (Luc) reporter gene under 
the control of the thymidine kinase (TK) gene promoter (vTKp-Luc). It was 
noted that whereas significant expression of Luc gene occurred from the TK 
promoter in a human erythroleukemia cell line (K562), no expression from 

Latent infection Lytic infection 

FIGURE 2. Life cycle of AAV. In the presence of a helper virus, the wt AAV 
undergoes a lytic infection, but in the absence of a helper virus, the wt AAV establishes 

a latent infection and the proviral genome integrates into the chromosomal DNA in 
a site-specific manner. Following superinfection with a helper virus, the proviral AAV 
genome undergoes rescue and replication, and a lytic cycle ensues. 
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this promoter occurred in two different human megakaryocytic leukemia cell 
lines (MB-02 and M07e) under identical conditions. This observation was 
initially attributed to the lack of strength of the TK promoter. However, when 
these cells were transduced with the same reporter gene under the control of 
the cytomegalovirus (CMV) promoter (vCMVp-Luc), again a significantly 
high level of Luc activity was detected in K562 cells, but no detectable activity 
was observed in MB-02 or M07e cells. These results are shown in Figure 3. 
Similar results were obtained when the bacterial P-galactosidase (1acZ) gene 
was used as a reporter. Taken together, these results strongly suggested, 
although did not prove, that the human megakaryocytic leukemia cells lacked 
the putative receptor for AAV and, as a result, were nonpermissive for 
AAV infection. 

Since it remained possible that expression of the transduced Luc or 1acZ 
genes were below the detection limit, Ponnazhagan et al. (1996) next examined 
whether wt AAV could undergo replication in these cells in the presence of a 
helper virus, such as adenovirus (Ad2), since previous studies have established 
abundant replication of viral replicative DNA intermediates in permissive 
human cells, such as HeLa, in the presence of Ad2 that is easilv detectable 
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FIGURE 3. Comparative analysis of Luc activity in K562, MB-02, and M07e cells 
transduced with the recombinant vCMVp-Luc virions. Equivalent numbers of KS62, 
MB-02, and M07e cells were either mock infected (open bars) or infected with the 
recombinant vCMVp-Luc virions (closed bars) and analyzed for Luc activity 48 h 
postinfection as previously described (Ponnazhagan et al., 1996). 
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(Nahreini and Srivastava, 1989; Samulski et al., 1989). When equivalent num- 
bers of HeLa, K562, MB-02, and M07e cells were mock infected or infected 
with wt AAV in the presence or absence of Ad2 under identical conditions, 
it was evident that whereas Her-a and K562 cells allowed high and low levels 
of replication, respectively, of AAV DNA, but only in the presence of Ad2, 
no viral replicative DNA intermediates were detected either in MB-02 or 
M07e cells. These results are shown in Figure 4A. Although K562 cells are 
known to be susceptible to infection by recombinant AAV (Walsh et al., 1992; 
Ponnazhagan et al., 1994a; Zhou et al., 1996) the low level replication of 
AAV in these cells, and lack of AAV DNA replication in MB-02 and M07e 
cells, could also be due to lack of infectivity of these cells by Ad2. 

This possibility was examined by reprobing the Southern blot shown in 
Figure 4A with an Ad2-specific DNA probe. The results shown in Figure 4B 
indicate abundant replication of Ad2 DNA in HeLa cells followed by that in 
K562 cells. Because low-level replication of Ad2 DNA could also be detected 
in MB-02 and M07e cells, these results further suggest that lack of Ad2 
infection is insufficient to account for the absence of AAV DNA replicative 
DNA intermediates in these cells. 

Additional experiments further corroborated this contention. For example, 
no G418-resistant clones of MB-02 and M07e cells could be obtained following 
AAV-mediated transduction with a selectable gene such as neoR. In addition, 
infection of these cells with wt AAV followed by serial passage failed to 
reveal the presence of integrated proviral AAV genomes on Southern blots 
(Ponnazhagan et al., 1996). Thus, this is the first instance that a human cell 
type has been identified that cannot be infected by AAV. These results further 
suggest that the human megakaryocytic leukemia cells are resistant to infection 
by AAV and that AAV infection of human cells is receptor-mediated. More 
recently, an as yet unidentified host membrane protein has tentatively been 
implicated to mediate successful infection of human cells by AAV (Srivastava 
et al., 1995; Mizukami et al., 1996; C. Mah and A. Srivastava, unpublished 
results). The availability of this putative receptor, and the possibility that this 
receptor could be introduced into the potential target cells, should facilitate 
further studies on the virus-host cell interactions. The identification and char- 
acterization of the putative receptor for AAV also has important implications 
in the potential use of AAV-based vectors in human gene therapy. 

Lytic Versus Latent Infection 

Following infection of a permissive cell by AAV, at least one round of viral 
DNA synthesis must precede prior to initiation of viral gene expression because 
of the single-stranded nature of the viral genome. The palindromic nature of 
the viral ITRs facilitates their use as primers for viral DNA replication, which 
utilize the host cell DNA polymerases. In addition to the viral ITR sequences 
that serve as the origin of DNA replication (Lusby et al., 1980; Srivastava, 1987) 
the viral Rep proteins also play a crucial role in replication and resolution of the 
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FIGURE 4. Southern blot analysis of replication of the wt AAV in HeLa, K562, MB- 
02, and M07e cells. A: Equivalent numbers of cells were either mock-infected (lanes 
1, 4, 7, and lo), infected with AAV alone (lanes 2, 5, 8, and 11) or co-infected with 
AAV + Ad2 (lanes 3, 6, 9, and 12). Seventy-two hours postinfection, low M, DNA 
samples were isolated by the method described by Hirt (1967) and analyzed on Southern 
blots (Southern, 1975) using a 32P-labeled AAV-specific DNA probe. The AAV mono- 
meric (m) and the dimeric (d) forms of the DNA replicative intermediates are indicated. 
B: Same as in A except that the filter was probed with a 32P-labeled Ad2 DNA probe 
as previously described (Ponnazhagan et al., 1996). 

AAV genome (Muzyczka, 1992). Expression of the major Rep proteins occurs 
from the p5 promoter (Hermonat et al., 1984). In addition, the Rep proteins 
are required for successful rescue and DNA replication of the cloned wt AAV 
genome in human cells in the presence of a helper virus (Samulski et al., 1982, 
1983; Nahreini and Srivastava, 1989,1992) since AAV genomes with mutations 
in the rep gene are defective for viral DNA replication (Hermonat et al., 1984; 
Tratschin et al., 1984; Owens and Carter, 1992). 
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The original model for replication of linear, single-stranded DNA suggested 
by Cavalier-Smith (1974) and all available data on AAV DNA replication 
share remarkable similarities (Srivastava, 1987). Two of the viral Rep proteins 
(Rep78 and Rep68) are site-specific and strand-specific endonucleases that 
specifically bind to and cleave at the terminal resolution site (trs) within the 
AAV ITRs (Ashktorab and Srivastava, 1989; Im and Muzyczka, 1989, 1990, 
1992; Snyder et al., 1990). The terminal 125 nucleotides form a palindrome 
that can fold back on itself to form a T-shaped hairpin (HP) structure. The 
terminal hairpin is used as a primer for initiation of viral DNA replication 

(Lusby et al., 1980; Berns and Bohenzky, 1987; Srivastava, 1987; Muzyczka, 
1992). Previous in vivo and in vitro studies have demonstrated that the intact 
ITRs are required in cis for AAV DNA replication as well as for rescue or 
excision from prokaryotic plasmids (Samulski et al., 1982, 1983; Senapathy et 
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FIGURE 5. Strategy for generating recombinant AAV. Recombinant AAV vectors 
are generated by co-transfecting a plasmid containing the gene of interest between 
the AAV ITRs (open boxes) and a plasmid containing the wt AAV coding sequences 
between the adenovirus ITRs (closed boxes) in adenovirus-infected human cells. Re- 
combinant AAV can be physically separated from the wt adenovirus by centrifugation 
on CsCl density gradients (Wang et al., 1995b). 

al., 1984; Gottlieb and Muzyczka, 1988; Hong et al., 1992, 1994; Ni et al., 
1994). The ITR also contains a stretch of 20 nucleotides, designated the D 
sequence, that is not involved in the hairpin formation. Recently, Wang et 
al. (1995a, 1996b) provided experimental evidence to suggest that the D se- 
quence may be the packaging signal for AAV. Furthermore, although previous 
studies have documented that the AAV Rep proteins specifically interact with 
the AAV ITRs that are present in a cruciform structure (Ashktorab and 
Srivastava, 1989; Im and Muzyczka, 1989) and catalyze replication and resolu- 
tion of the viral genome (Im and Muzyczka, 1990, 1992) the existence of 
hitherto unknown cellular proteins that specifically interact with the D se- 
quence has also been demonstrated (Wang et al., 1996b; Qing et al., 1997, 
1998). It is highly likely that these cellular proteins are specifically recruited 
by AAV to ensure efficient replication and encapsidation of the viral genomes 
(Wang et al., 1996b; Qing et al., 1997, 1998). Several early gene products of 
adenovirus have been implicated in the regulation of AAV gene expression 
(Berns and Bohenzky, 1987). The p5 promoter also contains two binding sites 
for the host cell transcription factor YYl, and the adenovirus ElA protein 
has been shown to relieve the YYl-mediated negative regulation of expression 
from the p5 promoter (Shi et al., 1991). 
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Following viral DNA replication and Cap protein synthesis, progeny virions 
are assembled in infected cell nuclei. Although this poorly understood process 
is believed to be spontaneous, recent studies from two laboratories have begun 
to examine the AAV assembly in some detail (Holscher et al., 1994, 1995; 
Wistuba et al., 1995; Prasad and Trempe, 1995). In addition, Wang et al. 
(1996b) have identified the packaging signal for the AAV genome, and studies 
by Kube et al. (1997) have revealed that the viral Rep proteins are also 
encapsidated in mature progeny virions. Because productive replication of 
the helper virus leads to a lytic response, the role of AAV in this process is 
not entirely clear (Berns and Linden, 1995). 

In the absence of a helper virus, the wt AAV genome becomes integrated 
with the host cell chromosomal DNA in a site-specific manner (Kotin et al., 
1990, 1991; Samulski et al., 1991). Little expression from any of the AAV 
promoters occurs in the absence of a helper virus (Berns and Linden, 1995). 
The precise underlying molecular mechanism by which the remarkable site 
specificity of integration is accomplished remains unknown, but it is becoming 
clear that AAV Rep proteins and specific sequences in the viral ITR are 
pivotal (Kotin et al., 1992; Weitzman et al., 1994). 

RECOMBINANT AAV VECTORS 

The nonpathogenic nature of AAV has prompted a number of investigators 
to develop AAV as an alternative to the more commonly used retrovirus- 
and adenovirus-based vectors. However, the general concept that recombinant 
AAV vectors are also nonpathogenic as well as potentially capable of site- 
specific delivery of therapeutic genes has not been rigorously examined. Fur- 
thermore, one of the major limitations in utilizing AAV vectors for human 
gene therapy has been the relative difficulties in generating large quantities 
of high titer vector stocks. It is also well known that during a natural infection 
with the wt AAV, defective-interfering (DI) particles are generated (Haus- 
wirth and Berns, 1979). It has been estimated that the defective:infectious 
particle ratio for the wt AAV ranges between 20 and 200 (Muzyczka, 1992) 
but this ratio for the recombinant AAV vectors has been reported to vary 
widely depending on the methodology employed in different laboratories. A 
brief account of these issues follows. 

Strategies of Construction 

The general strategy to construct recombinant AAV vectors is outlined in 
Figure 5. Briefly, a gene of interest molecularly cloned between the two AAV 
ITRs (Hermonat and Muzyczka, 1984; Samulski et al., 1987; Nahreini et al., 

1993; Srivastava et al., 1989) in a recombinant bacterial plasmid (prAAV) is 
co-transfected into adenovirus-infected human 293 cells with a helper plasmid 
(pAAV/Ad) that contains the entire AAV coding sequences but lacks the 
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AA V ITRs, flanked by the adenovirus ITRs (Samulski et al., 1989). The AAV 
genome in the helper plasmid provides all the viral gene products in trans, 
but is itself unable to undergo DNA rescue and replication. The Rep proteins 
mediate the rescue and replication of the recombinant AAV genome followed 

by encapsidation into recombinant AAV progeny virions. In early studies, 
AAV DNA sequences containing insertions that were too large to be packaged 
into progeny virions were used as helper plasmids (Hermonat and Muzyczka, 
1984). However, because of extensive DNA sequence homology in the ITR 
sequences between the recombinant and the helper plasmids, this led to gener- 
ation of the wt AAV (McLaughlin et al., 1988). 

Samulski et al. (1987, 1989) devised a strategy to circumvent this problem 
by removing the homologous sequences between the recombinant and the 
helper plasmids, but it appears that low levels of contamination with AAV, 
which resembles the wt, in some preparations of highly purified recombinant 
AAV stocks can still be detected (Flotte et al., 1995; Kube et al., 1997). Recent 
studies suggest that non-homologous recombination between the recombinant 
and the helper plasmids leads to the generation of contaminating AAV that 
is replication competent in the presence of co-infection with adenovirus (Wang 
et al., 1998). Alternative strategies to generate recombinant AAV stocks that 
are completely free of wt AAV have also been developed (Wang et al., 1998). 

High Titer Stocks and DI Particles 

A number of investigators have attempted to circumvent the potential problem 
of relatively low titers of recombinant AAV by using a variety of means. For 
example, Ponnazhagan et al. (1995a) have described several strategies that 
include the elimination of the need for two-plasmid co-transfection by inserting 
the AAV rep and cap gene sequences in the same recombinant AAV plasmid, 
development of helper plasmids that undergo rescue and replication but are 
unable to get packaged, and development of AAV rep+ cell lines that produce 
high levels of Rep proteins following adenovirus infection that mediate rescue 
and replication of the recombinant AAV genomes. Kube et al. (1997) have 
described additional refinements in transfection protocols and subsequent 
purification of progeny virions on sucrose cushion and CsCl density gradients 
that have facilitated the production of recombinant viral titers ranging between 
10” and lo’* particles/ml. Maxwell et al. (1995) have also been able to increase 
the yield of recombinant AAV by using NB324K cells and d1309 mutant 
adenovirus. An improved method of obtaining tiers in the range of lO*l ml 
has also been described by Flotte et al. (1.995) that utilizes the HIV LTR 
promoter to drive the expression of the AAV rep gene and cell lines that 
contain rescuable recombinant AAV genomes. Similarly, Chiorini et al. (1995) 
have described a method utilizing an SV40 replicon to amplify the AAV 
structural genes in cos cells that yields 60-fold higher viral titers than a nonrep- 
licating helper plasmid, and Mamounas et al. (1995) have utilized the adenovi- 
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rus-polylysine DNA complex system to obtain an increase of viral titers by 
two orders of magnitude over the conventional method. 

The development of a number of different AAV rescue and packaging cell 
lines that can be induced to express the viral proteins have recently been 
reported by several investigators (Hiilscher et al., 1994, 1995; Q. Yang et al., 
1994; Ponnazhagan et al., 1995a; Luhovy et al., 1996; Tamayose et al., 1996). 
The development of a “semipackaging” (Luhovy et al., 1996) and an AAV 
packaging cell line (Clark et al., 1995; Tamayose et al., 1996) that yield trans- 
ducing viral titers ranging between lo6 and 109/ml has been reported as well. 
Further refinements of these systems may yield viral titers exceeding those 
generated by the conventional two-plasmid co-transfection method (Samulski 
et al., 1989). Finally, a novel means to generate high titer (1011-1012 particles/ 
plate) recombinant AAV in the absence of co-infection by adenovirus has 
been developed by Colosi et al. (1995). Thus, it appears that in due course 
the availability of high titer, clinical-grade recombinant AAV will no longer 
be a limitation. 

Although the defective:infectious ratio for the wt AAV ranges between 20 
and 200 (Muzyczka, 1992), it is intriguing that the same ratio for the recombi- 
nant AAV has been reported to be as high as lo6 (Russell et al., 1995). The 
molecular basis for this apparent discrepancy has been examined by Wang et 
al. (1996a), who have carried out rescue and replication of the wt AAV genome 
from recombinant plasmids in adenovirus-infected human cells because, in 
contrast to infection with wt AAV, rescue of the recombinant AAV genome 
must first occur from a plasmid. In recent in vitro studies, the purified Rep68 
protein has been shown to bind not only to the ITR but also to some linear 
DNA sequences such as the A sequence and the AAVp5, AAVpl9, and 
AAVp40 promoter sequences in the viral genome (McCarty et al., 1994a,b). 
In addition to Rep binding to the Rep-binding site (RBS) in AAVp5 promoter, 
which is believed to be involved in Rep gene expression (Kjiostio et al., 1995), 
and AAV DNA integration (Giraud et al., 1995), Rep binding followed by 
cleavage of these sequences in adenovirus-infected human cells has also been 
detected (Wang et al., 1996a; Wang and Srivastava, 1997). Thus, it is clear 
that additional putative “trs-like” sequences in the AAV genome exist other 
than that present within the ITRs that are utilized in the Rep-mediated cleav- 
age of the viral genome during a natural AAV infection. These results provide 
further evidence that the “trs-like” site near the AAV promoter sequences 
also constitutes a binding site for the AAV Rep proteins in vivo since Rep- 
mediated cleavage could be abolished following deletion of the RBS (Wang 
et al., 1996a; Wang and Srivastava, 1997) previously shown to bind the AAV 
Rep proteins in vitro (McCarty et al., 1994a,b). Interestingly, Wang et al. 
(1996b) have also documented that wt AAV genomes containing only one 
TTR sequence can be successfully packaged into progeny virions. Taken to- 

gether, these studies are beginning to provide some clues as to how the 
naturally occurring AAV DI particles might be generated and why only 1 out 
of 20-200 wt AAV particles is infectious. Thus, by deliberately mutating the 
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putative RBS in the recombinant AAV genomes, without altering the trans- 
gene coding sequences, it may be feasible to significantly diminish the produc- 
tion of DI particles. 

AAV-MEDIATED TRANSDUCTION AND GENE EXPRESSION 

A number of investigators have utilized the AAV-based vector system to 
successfully transduce and obtain short- and long-term expression of a variety 
of reporter genes in vitro as well as in vivo (Muzyczka, 1992; Srivastava, 1994; 
Kotin, 1994; Flotte and Carter, 1995; Berns and Linden, 1995). A number of 
potentially therapeutic gene sequences that have been transduced using this 
vector system are listed in Table 1. However, whether AAV is capable of 
transducing nondividing cells has been a subject of some debate (Podsakoff 

TABLE 1 AAV-Mediated Transduction of Potentially Therapeutic Genes 

Genes References 

Antisense wglobin 
Antisense HIV 
Arylsulfatase A 
B7-2a 
P-Globin 

CFTR’ Egan et al. (1992) Flotte et al. (1993a,b) 
FAC-C” Walsh et al. (1993) 
Flt-3d Broxmeyer et al. (3 996) 
FRe Sun et al. (1995) 
y-Globin Walsh et al. (1992) Miller et al. (1994), Ponnazhagan et 

Glucocerebrosidase 
GM-CSFf 
IL-2 
MDR-lg 
NADPH-oxidase 
Neuropeptide Y 
THh 
TK 

Ponnazhagan et al. (1994a) 
Chatterjee et al. (1992) 
Wei et al. (1994) 
Chiorini et al. (1995) 
Dixit et al. (1991) Einerhand et al. (1995) Zhou et al. 

(1996) 

al. (1997~) 
Wei et al. (1994) 
Luo et al. (1995) 
Philip et al. (1994) 
Shaughnessy et al. (1995) 
Thrasher et al. (1995) 
Wu et al. (1994) 
Kaplitt et al. (1994) 
Su et al. (1996) 

a T-cell co-stimulatory protein. 
’ Cystic fibrosis trans-membrane conductance regulator. 
’ Fanconi’s anemia-complementation group C. 
d Ligand for flt-3/flk-2 tyrosine kinase receptor. 
e Folate receptor. 
f Granulocyte-macrophage colony-stimulating factor. 
K Multidrug resistance. 
h Tyrosine hydroxylase. 
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et al., 1994b; Russell et al., 1994; Alexander et al., 1994; Kaplitt et al., 1994). 
Whereas it is clear that DNA-damaging agents can greatly increase AAV- 
mediated transduction (Alexander et al., 1994, 1996) it appears that the lack 
of efficient transduction may also be due to the rate-limiting second-strand 
DNA synthesis step of the recombinant AAV genome (Fisher et al., 1996; 
Ferrari et al., 1996). Thus, it is becoming clear that the efficiency of AAV- 
mediated transduction may be cell type specific (Ponnazhagan et al., 1996b,d; 
Qing et al., 1997, 1998). Further studies are warranted to examine this issue. 
Also, since one of the ultimate goals of successful gene therapy is to be able 
to deliver a therapeutic gene of interest directly into the body, studies on the 
fate of AAV vectors in vivo are needed as well. 

Direct Injection In Vivo 

Although a number of studies have reported successful AAV-mediated trans- 
duction and expression of therapeutic genes in vitro (Chatterjee et al., 1992; 
Walsh et al., 1992,1994; Flotte et al., 1993b; Ponnazhagan et al., 1994a; 1997b, 
1997~; Miller et al., 1994; Einerhand et al., 1995; Luo et al., 1995; Zhou et al., 
1996) few studies have examined the safety and efficacy of the AAV vectors 
in vivo (Flotte et al., 1993a; Kaplitt et al., 1994). Using a murine model system 
in vivo, Ponnazhagan et al. (1997b) have systematically evaluated the fate of 
the AAV vectors following direct intravenous (i.v.) injection of AAV. Two 
different highly purified recombinant AAV, the cytomegalovirus (CMV) 
promoter-driven P-galactosidase gene (vCMVp-1acZ) and the human P-globin 
promoter-driven human *y-globin gene containing the DNase hypersensitive- 
site 2 (HS-2) enhancer element (Tuan et al., 1989) from the locus control 
region (LCR) from the human P-globin gene cluster (vHS2-fip-*y-globin), 
were utilized. Approximately 1 X 10” viral particles of vCMVp-1acZ were 
injected i.v. into the tail vein of C57BL/6 mice. These animals were sacrificed 
at various times postinjection, and equivalent amounts of tissues from various 
organs were examined for the presence of recombinant viral genome by poly- 
merase chain reaction (PCR) amplification using the lacZ-specific primer-pair 
followed by Southern blot analysis. 

The results shown in Figure 6 document that the recombinant AAV ge- 
nomes were detected predominantly in the liver tissues up to 1 week postinjec- 
tion in each group of animals, suggesting that AAV may possess in vivo organ 
tropism for liver. These results were corroborated by injecting the recombinant 
vHS2-pp-*y-globin virions under identical conditions and by examining tissues 
from various organs 7 weeks postinjection using the P-globin promoter-*y- 
globin gene-specific primer-pair as described above. The results shown in 
Figure 7 further document that liver cells accumulate the bulk of the recombi- 
nant AAV followed by lung and heart. The extent of liver-specific human 

globin gene delivery was determined by semiquantitative PCR analysis (Good- 
man et al., 1994) using the mouse P-actin gene sequences as a control. Approxi- 
mately 4% of liver cells contained the transduced human globin gene 7 weeks 
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FIGURE 7. Southern blot analysis of PCR-amplified DNA fragments of the recom- 
binant vHS2-pp-*y-globin genome in various tissues of mice. Approximately 1 X 

1O’O particles of the recombinant vHS2-pp-*y-globin virus were injected i.v. as de- 
scribed in the legend to Fig. 6. Seven weeks postinjection, the indicated organs were 
obtained and analyzed for the presence of the recombinant viral genome using the 
human P-globin promoter (S-GATGGTATGGGGCCAAGAGA-3’)-specific and *Y- 
globin gene (S-GGGTTTCTCCTCCAGCATCT-3’)-specific oligonucleotide primer- 
pair. Liver tissues obtained from a mock-injected mouse was also included as a negative 
control. The arrow indicates the 354 bp human y-globin-specific DNA fragment (Pon- 
nazhagan et al., 1997b). 

postinjection (Ponnazhagan et al., 1997b). The transcription potential of the 
1acZ gene delivered by direct injection of the recombinant AAV was also 
determined. Whereas no expression was observed in liver cells from mock- 
injected animals, 1acZ gene expression was readily detected in hepatocytes in 
liver from animals injected with vCMVp-1acZ (Ponnazhagan et al., 1997b). 
Interestingly, however, a cytotoxic T lymphocyte (CTL) response against p- 

galactosidase expressed from recombinant AAV in these mice 1 week postin- 
jection could not be detected. These results are shown in Figure 8. It remains 
possible, however, that the level of ,&galactosidase expression was insufficient 
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FIGURE 8. Cytotoxic T lymphocyte assays. Single cell suspensions from spleens 
obtained from three mock-injected, or three vCMVp-lacZ-injected mice at 7 days 
postinjection were re-stimulated in vitro with syngeneic SV40-transformed C57BL/6 
fibroblasts (SVB6KHA fibroblasts) infected with a P-galactosidase-encoding adenovi- 
rus vector (AD2/P-gal-2) to stimulate expansion of CTLs specific for P-galactosidase. 
Spleen cells were cultured for 6 days at 37OC in 5% CO;! and were assessed for 
cytolytic activity against uninfected SVBGKHA fibroblasts (background lysis) or p- 
galactosidase-expressing SVBGKHA/@galactosidase fibroblasts transfected with a ret- 
rovirus vector encoding P-galactosidase (P-galactosidase-specific lysis). All targets 
were treated with recombinant mouse interferon-y for approximately 24 h (to maximize 
MHC class I expression and antigen presentation) and labeled with 51Chromium over- 
night before the CTL assay. Effector cells were plated in triplicate with the target cells 
at various effector:target (E: T) ratios and incubated for 5 h at 37°C in 5% C02. A 
100 ,~l aliquot of cell-free supernatant was collected from each well and counted in a 
gammacounter. The percent specific lysis was calculated as follows: 

% Lysis = 
(cpm in test sample) - (spontaneous cpm) x loo 

(total cpm) - (spontaneous cpm) 

Spontaneous chromium release was assessed by incubating target cells alone in medium, 
and the total amount of chromium incorporated by the targets was determined by 
adding 1% Triton X-100 to the target cells. The SVBGKHAIP-galactosidase targets 
were confirmed to express P-gal by X-galactosidase staining. In a separate CTL assay 
performed concurrently with effector cells from mice instilled with an adenovirus 
vector encoding /3-galactosidase, using the same reagents and target cells, significant 
lysis of SVB6KHA@-galactosidase fibroblasts was observed, indicating that the condi- 
tions of the assay were adequate to detect P-galactosidase-specific lysis (Ponnazhagan 
et al., 1997b). 
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to induce a CTL response since Escherichia coli P-galactosidase can serve as 
a CTL target in mice (Gavin et al., 1993) and is immunogenic when expressed 
at high levels from a recombinant adenovirus vector (Fig. 8) (Van Ginkel et 
al., 1995). 

Since AAV infection involves a hitherto unknown host cell receptor (Pon- 
nazhagan et al., 1996), it is perhaps not surprising that organ tropism of AAV 
was evident, suggesting that murine liver cells may express the highest number 
of the putative receptor. Whether human liver cells also show preferential 
transducibility remains to be determined. If so, AAV-mediated liver-specific 
gene delivery may be feasible. It is intriguing, however, that the presence of 
the recombinant viral genome in thymus tissue of any of the animals was not 
detected, the significance of which is currently unknown. Further studies with 
additional recombinant viral vectors are needed to establish organ-tropism of 
AAV as well as to determine whether the proviral genome undergoes stable 
integration into the host chromosomal DNA or remains episomal. 

Ex Vivo Transduction 

The efficiency of AAV-mediated transduction of murine hemopoietic progeni- 
tor cells ex vivo and the potential of expression of the transduced gene in 
vivo following transplantation into recipient mice have also been evaluated 
(Ponnazhagan et al., 1996b). Highly purified murine hematopoietic progenitor 
cells (Sea-l+, lin-) obtained from C57BL/6 mice were either mock-infected 
or infected with the recombinant vCMVp-1acZ virions. Approximately 250 
cells were transplanted into lethally-irradiated syngeneic recipients. Twelve 
days post-transplantation, the animals were sacrificed. Spleens from these 
animals were obtained and enumerated for colony formation (Yoder et al., 
1993). Individual spleen colonies were examined for the presence of the trans- 
gene by PCR analysis as described above. The results shown in Figure 9 for 
10 such colonies indicated the presence of transduced gene sequences only 
in mice transplanted with the vCMVp-lacZ-infected cells. Equivalent numbers 
of cells from spleen colonies obtained from these mice were also examined 
for expression of the transduced 1acZ gene by fluorescence-activated cell- 
sorting (FACS). These results shown in Figure 10 for 10 individual colonies 
clearly indicated expression of the transgene only in vCMVp-lacZ-infected 
cells. 

The nonpathogenic nature of AAV vectors was further evidenced by the 
fact that AAV infection had no effect on the spleen colony formation by 
murine hemopoietic progenitor cells. Although abundant short-term expres- 
sion of the transgene was evident following both direct injection and ex vivo 
transduction and transplantation, it remains unclear whether the recombinant 
AAV genome was stably integrated into the host chromosomal DNA. Al- 

though further studies are needed to address this issue, Ponnazhagan et al. 
(1997c), using a serial bone marrow transplant model, have obtained evidence 
to indicate the potential of long-term in vivo expression of the AAV-mediated 
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transduced human globin gene, implying stable integration of the recombinant 
viral genome in murine hemopoietic stem cells. 

Based on these results, it can be concluded that highly purified recombinant 
AAV vectors directly injected i.v. into mice predominantly target the liver. 
The transgene expression occurs in hepatocytes without a detectable CTL 
response. These results raise the possibility that liver-specific gene delivery 
may be feasible, which, in turn, may prove useful for the potential gene 
therapy of a variety of liver diseases such as familial hypercholesterolemia, 
cxl-antitrypsin deficiency, phenylketonuria, and hemophilia B (Grossman et 
al., 1992). Recombinant AAV vectors can also be successfully used for high- 
efficiency transduction of murine hematopoietic stem cells ex vivo without 
any cytotoxic effect, and these cells can be transplanted in mice, leading to 
the generation of progeny cells that not only retain the recombinant proviral 
genome, but also allow expression of the transduced gene. Since no adverse 
effects are evident following either direct viral injection or reconstitution with 
AAV-infected cells, these studies strongly suggest that AAV vectors may 
prove to be a safe and effective alternative to the more commonly used 
retrovirus- and adenovirus-based vectors. Further studies with a nonhuman 
primate model system are warranted to establish the safety and efficacy of 
the AAV-based vector system prior to its potential use in human gene therapy. 

Finally, although previous studies by Kotin et al. (1990, 1991, 1992) Kotin 
and Berns (1989) and Samulski et al. (1991) have established that the wt 
AAV genome integrates site specifically on human chromosome 19q13.3-qter 
at a very high frequency in established human cell lines, the site specificity of 
integration of recombinant AAV vectors has not been documented (Xiao et 
al., 1993; Goodman et al., 1994; Kearns et al., 1996; Ponnazhagan et al., 1997a). 
Previous studies with the wt AAV have also revealed that integrated proviral 
genomes are almost always present in linear, tandem repeats (Giraud et al., 
1994,1995). However, in an in vivo rhesus macaque model system, the recombi- 
nant AAV vector sequences have been shown to persist in an episomal form 
for up to 34 months (Afione et al., 1996). Interestingly, in murine bone marrow 
serial transplant model systems, sustained presence of, and expression from, 
the recombinant proviral genomes in progeny hematopoietic cells approxi- 
mately 1 year post-transplantation have been documented (Podsakoff et al., 
1994a; Ponnazhagan et al., 1995b, 1997~). These studies strongly suggest that 
successful transduction and, by inference, stable integration of the proviral 
genome into chromosomal DNA of pluripotent hematopoietic stem cells does 
indeed occur. These observations underscore the need to critically evaluate 
the recombinant AAV-diploid cell interaction since primary cells are the 
most likely targets for AAV-mediated gene transfer in a gene therapy setting. 
Further studies are therefore warranted to systematically investigate the mo- 
lecular interaction of recombinant AAV with human cells in general and 
diploid cells in particular (Srivastava, 1994; Zhou et al., 1993, 1994). 
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ADVANTAGES AND DISADVANTAGES OF AAV VECTORS 

It is becoming increasingly clear that the more commonly used retrovirus- 
and adenovirus-based vectors may be associated with certain complications. 
For example, retroviruses are associated with neoplastic events (Donahue et 
al., 1992) and adenoviruses induce a CTL response (Y. Yang et al., 1994). 
Thus, the search is on for an alternative vector that is neither pathogenic nor 
immunogenic (Hodgson, 1995; Miller and Vile, 1995). In contrast to retrovi- 
ruses and all other DNA-containing viruses, parvoviruses remain the only 
group of viruses that have to date not been associated with any malignant 
disease and in fact have been shown to possess antitumor properties. Specifi- 
cally, the nonpathogenic nature of AAV makes this virus extremely attractive 
for the purpose of developing vectors for human gene therapy. The following 
brief account lends credence to the argument that the advantages of the AAV- 
based vector system for human gene therapy might outnumber its disadvan- 
tages. 

Host Range and Safety and Efficacy Issues 

AAV has thus far been shown to possess an extremely broad host range that 
transcends species barriers (Muzyczka, 1992) with the possible exception of 
human megakaryocytic leukemia cells (Ponnazhagan et al., 1996). Additional 
desirable features of AAV vectors include their abilitv to transduce nondivid- 
ing cells as well as stable and potentially nonrandom integration of the proviral 
genome in human cells. Although vector mobilization remains a finite possibil- 
ity, it is less likely since simultaneous infections by wt AAV and adenovirus 
would be required. Rescue of the integrated proviral genome has been shown 
to occur in only approximately 30% of the transduced cells, at least in vitro 
(McLaughlin et al., 1988). Superinfection immunity by AAV, on the other 
hand, has not been observed, at least ex viva (Lebkowski et al., 1988) suggest- 
ing that multiple transductions might be feasible. Since AAV is of human 
origin, it is conceivable that, in contrast to murine retroviral vectors, AAV- 
based vectors might be physiologically more relevant for gene therapy in 
humans. 

The possibility of an adverse immune response to AAV vectors in vivo 
appears to be greatly diminished (Ponnazhagan et al., 1997b), in contrast to 
adenovirus-based vectors, since none of the wt AAV gene sequences is present 
in most of the recombinant AAV vectors. However, because 80%-90% of the 
human population is seropositive for AAV, successful transduction of human 
cells in vivo would be a formidable, if not insurmountable, challenge. These 
problems notwithstanding, recent success with animal models in vivo docu- 
menting long-term expression of AAV-mediated transduced genes without 

significant pathological consequences (Flotte et al., 1993a; 1993b; Kaplitt et 
al., 1994; Chatterjee et al., 1995; Broxmeyer et al., 1995; Ponnazhagan et al., 
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1997b, 1997~) strongly suggests that the AAV-based vector system may prove 
to be safe and effective in human gene therapy. 

Large-Scale Production and Size Limitation 

Because of the small size of AAV, the main limitation of AAV vectors is the 
size of a DNA sequence that can be packaged into mature virions. However, 
the use of cDNA copies of most, if not all, therapeutic genes may circumvent 
this problem. The problem of large-scale, commercial production of high titer 
recombinant AAV vectors does not now appear to be as unsurmountable as 
was initially perceived. Although contamination with low-levels of wt AAV 
in some of the recombinant vectors has been detected, it remains to be deter- 
mined whether this would be detrimental in a gene therapy setting. Finally, 
the heat stability, resistance to lipid solvents, and stability between pH 3.0 
and 9.0 should facilitate worldwide application of the AAV-based vector 
system for human gene therapy. 

SUMMARY 

From the foregoing discussion, it is evident that the AAV-based vector system 
has the potential to be a safe and effective alternative to the more commonly 
used retrovirus- and adenovirus-based vectors in human gene therapy. How- 
ever, it is also clear that a number of questions with regard to the basic biology 
of AAV still need to be resolved. Although it is clear that extensive studies 
on AAV vectors are currently being pursued in a number of laboratories, our 
own efforts have focused on the development of recombinant AAV vectors 
that not only mediate stable transduction but also allow tissue-specific expres- 
sion of transduced genes (Srivastava et al., 1996). It is anticipated that the 
AAV-based vector system will prove useful in the potential gene therapy 
of a variety of human diseases in general and human hemoglobinopathies 
in particular. 

FUTURE PROSPECTS 

Further molecular analyses of the AAV-primary human cell interactions 
should provide new and useful information that will undoubtedly contribute 
to the further development of the AAV-based vector system. Detailed studies 
on the molecular mechanisms underlying viral assembly, viral entry into target 
cells, and stability of integration and long-term, regulated expression of trans- 
duced genes will also be critical in realizing the full potential of this vector 
system. Finally, a better understanding of the host immunological responses 
to AAV vectors will be crucial in achieving the safe and efficacious application 
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of this unique vector system in gene therapy of a variety of clinical disorders 
in humans, both genetic and acquired, in hopefully the not too distant future. 
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INTRODUCTION 

Most infectious diseases are self-limiting or are responsive to antimicrobial 
agents. Infection with the human immunodeficiency virus (HIV), however, is 
chronic, usually lasting for more than a decade until the patient finally suc- 
cumbs to the disease. Recently, promising advances have been made on the 
clinical front for treating HIV-infected patients. The use of new protease 
inhibitors, particularly in conjunction with other antiviral drugs such as reverse 
transcriptase inhibitors, have demonstrated greater and more sustained antivi- 
ral effects than previously seen (Stephenson, 1996). However, the chronicity 
of HIV infection and the probable need for lifelong therapy call for the 
development of more long-term treatment strategies. 

Gene therapy, although still in its infancy, promises to be an exciting new 
treatment regimen. Its scope has greatly expanded beyond its original concep- 
tion as a gene replacement strategy for hereditary disorders and now embodies 
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disease targets that include chronic infectious diseases, cancer, and degenera- 
tive disorders. For HIV infection, many different approaches using gene trans- 
fer to either limit virus replication or stimulate host immunity are in preclinical 
development, and a number of clinical investigations are currently underway 

(for recent reviews, see Yu et al., 1994; Poeschla and Wong-Staal, 199596). 
The antiviral approach has also been referred to as intracellular immunization 
(Baltimore, 1988) as the goal is to render cells genetically resistant to infection. 
This chapter is not meant to provide an exhaustive and comprehensive review 
of the entire field, but focuses on the use of hemopoietic stem cells as vehicles 
for antiviral gene therapy for HIV infection. 

HIV INFECTION AND HEMATOPOIESIS 

The acquired immunodeficiency syndrome (AIDS) is one of the major threats 
to public health on a global scale. Other than immunodeficiencies, ineffective 
hematopoiesis is commonly observed in patients with AIDS. The mechanisms 
for the hematological abnormalities are not yet defined but may include accel- 
erated destruction of cells due to infections, specific autoimmunity, or direct 
action of HIV on hematopoietic precursors, their progeny cells, or bone mar- 
row accessory cells such as stromal cells and T lymphocytes. As most of the 
cells targeted by HIV-l infection, e.g., T-helper lymphocytes, monocytes, and 
microglia cells, are all derived from hematopoietic stem cells, immunization 
of the latter by means of genetic manipulations might eventually confer protec- 
tion against HIV-l invasion and restore immune function. Gene therapy tar- 
geting hematopoietic stem cells, therefore, may pre-empt infection of the 
mature target cells by the virus. 

LIFE CYCLE OF HIV: STRATEGIES FOR GENE THERAPY 

HIV-l is a complex retrovirus that infects target cells by binding to its cell 
surface receptor, the CD4 molecule. By interacting with the latter and at 
least one other cell surface molecule, a conformational change occurs in the 
envelope glycoproteins to reveal the hydrophobic sequence of the transmem- 
brane envelope protein. This leads to a fusion of the viral envelope with the 
cell membrane and delivery of the viral capsid into the cytoplasm of the cell. 
Within the capsid structure, the diploid RNA genome is reverse transcribed 
by the viral reverse transcriptase (RT) to an RNA-DNA heterodimer; subse- 
quently the RNA is degraded and a DNA duplex synthesized. The double- 
stranded DNA genome is integrated into the host cell chromosomes where 
it might become latent or transcriptionally active. Transcription is mediated 
through promoter and enhancer sequences in the long terminal repeat (LTR) 
and initially gives rise to RNAs that are multiply spliced to form the codes 
for the regulatory proteins tat, rev, and nef. The tat protein is a transcriptional 
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transactivator that interacts with an LTR encoded RNA stem-loop structure 
(TAR) in the nascent transcript. The rev protein interacts with a c&acting 
stem-loop RNA structure embedded in the env coding sequence (the rev 
response element [RRE]), which is removed in the multiply spliced RNA. 

This interaction apparently shunts the RRE-containing RNA (unspliced or 
singly spliced viral mRNA) from the splicing to the nuclear export pathway 
and allows its utilization in the cytoplasm for protein synthesis. The singly 
spliced mRNA codes for the envelope glycoprotein and the unspliced message 
for the gag and pol proteins. Envelope glycoproteins have a signal sequence 
that leads to translocation of the polypeptide into the endoplasmic reticulum 
lumen where it is processed and glycosylated. The envelope glycoprotein is 
then transported to the cell membranes, which are assembling the unglycosyl- 
ated gag and gag/pal polyproteins. In association with the envelope glycopro- 
teins, gag and gag/pal assemble at the membrane, and the virus buds from the 
cell. After budding, autocatalytic cleavage of the gag and gag/pal polyprotein 
occurs, leading to production of mature and infectious progeny viruses. 

The above-described life cycle shows many vulnerable steps that could be 
disrupted by genetic modifications. In particular, processes specific to the virus 
are most amenable to manipulations: entry into the cell, reverse transcription, 
integration, virus budding, and maturation. The tat and rev RNA-protein 
interactions and the packaging of the RNA genome are additional virus- 
specific functions distinct from normal cellular processes. Current antiviral 
gene therapy strategies include the use of receptor decoys (e.g., CD4, gp120), 
intracellular expression of RNA decoys (monomeric and polymeric TAR, 
RRE decoys, packaging site decoys), transdominant proteins (e.g., transdomi- 
nant RT, tat, rev, gag, env), antisense RNA, and ribozymes. Recent phase I 
studies of various gene therapy trials have revealed that expression of foreign 
proteins in the genetically modified cells is likely to efficiently induce immune 
clearance of these cells (Riddell et al., 1996). Since persistence of the modified 
cells is key to the concept of “intracellular immunization,” these observations 
indicate that therapeutic genes that express noncodogenic RNA would be 
preferable over those that express foreign viral proteins (e.g., transdominant 
mutant viral proteins), which are immunogenic. Therefore, we only expand 
on the several approaches that utilize RNA as inhibitory molecules. 

RNA DECOYS 

This strategy seeks to sequester viral regulatory proteins through overexpres- 
sion of their cognate RNAs, e.g., TAR and RRE. The HIV-l TAR (Sullenger 
et al., 1990) and RRE (Smith et al., 1993) sequences have been introduced 
into both LTRs of a retroviral vector with an internal pol III (tRNAme’) 

promoter driving the expression. CEM SS cells transduced with these con- 
structs were specifically inhibited in HIV expression and replication. One 
potential concern for the decoy strategy is that cellular factors that bind TAR 
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or RRE will also be sequestered. In the case of RRE, the regions binding to 
rev and to cellular factors are apparently distinct (Xu et al., 1997; Lee et al., 
1992), and a minimal version of the RNA was efficient in inhibiting rev function 
and viral replication (Lee et al., 1992). In contrast, conservation of the loop 

of TAR which is responsible for binding cellular factor but not tat, is essential 
for the antiviral effect (Lee et al., 1992). One way of minimizing the potential 
toxicity of TAR is to render its expression tat inducible. Therefore, only HIV- 
infected cells expressing tat will express the TAR decoy, which provides 
feedback inhibition for viral transcription (Lisziewicz et al., 1993). It should 
be noted that RNA decoys are only effective after virus infection and integra- 
tion, but would not be able to prevent the establishment of infection. 

ANTISENSE RNA 

Antisense RNA or DNA utilizes the specificity of Watson-Crick base-pairing 
to interfere with gene expression in a sequence-specific fashion. Initial studies 
employing antisense RNA to inhibit HIV-l replication showed limited efficacy 
with pol II-promoted transcripts complementary to tat, rev, vpu (Rhodes and 
James, 1990, 1991) gag (Sczakiel and Pawlita, 1991) and the primer binding 
site (Joshi et al., 1991). Significantly greater inhibition was observed using a 
recombinant adeno-associated virus (AAV) vector to deliver an antisense 
sequence complementary to a 63 bp sequence in the HIV-l LTR, which is 
present at both 5’ and 3’ ends of all HIV-l transcripts. Transduction of a 
human T- cell line with the antisense vector resulted in a three log reduction 
of virus titer after challenge. 

RIBOZYMES 

Ribozymes are RNA molecules that possess both antisense and sequence- 
specific RNA cleaving properties. Because of their catalytic properties, ribo- 
zymes can theoretically be effective at much lower concentrations. The greater 
constraint inherent in the rules for substrate selection should also minimize 
potential toxicity due to nonspecific gene inhibition. Sarver et al. (1990) first 
described the use of a hammerhead ribozyme as an anti-HIV agent. Since then, 
several groups have reported the design and functional study of hammerhead 
ribozymes targeting other HIV sequences including vif (Lorentzen et al., 1991) 
integrase (Sioud and Drlica, 1991), and the leader sequence (+133, NL43 
[Weerasinghe et al., 19911) all reporting various delays or reduction in virus 
expression. We have designed a hairpin ribozyme that cleaves HIV RNA in the 
5’-leader sequence (positions + 111/112 from the cap site in HXB2). Human T- 
cell lines and primary T cells transduced with retroviral vectors containing 
this hairpin ribozyme showed resistance to the challenge of HIV virus for a 
prolonged period of time. A clinical trial using CD4’ cells as targets is now 
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under way. As lymphocytes have a limit .ed life 
represent a n al ternative and perhaps an ideal t 

span, 
arget 

hematopoietic stem cells 
for human gene therapy. 

HEMATOPOIETIC STEM CELLS AS VEHICLES 

Pluripotent hematopoietic stem cells are precursor cells from which all mature 
blood cells, including the T and B lymphocytes, are derived. In contrast to 
other somatic cells such as monocytes/macrophages, hepatocytes, and muscle 
cells, stem cells are capable of self-renewal as well as differentiation into all 
hematopoietic lineages throughout adult life. Successful insertion of anti-HIV 
ribozyme genes into the true pluripotent stem cells may protect all the progeny 
cells, including the monocytes and T cells from infection by HIV. The long- 
term goal of gene therapy for AIDS patients is, therefore, to use autologous 
or allogeneic grafts of stem cells equipped with anti-HIV ribozyme genes to 
reconstitute the immune function of HIV-infected individuals. The hypothesis 
is that stem cells equipped with ribozyme genes will give rise to progeny cells, 
especially lymphocytes and monocytes, that carry the anti-HIV transgene and 
are hence protected as they mature and become prime targets for HIV infec- 
tion. This protection might provide them with survival benefit versus progeny 
cells derived from untreated stem cells. Autologous or allogeneic transplanta- 
tion with genetically engineered stem cells might represent an ultimate cure 
for patients with AIDS. 

PLURIPOTENT STEM CELLS VERSUS LINEAGE-COMMITTED 
PROGENITOR CELLS 

Hematopoietic stem/progenitor cells have been demonstrated to be associated 
with the surface antigenic marker CD34 (Civin et al., 1987). At steady state, 
about l%-2% of the cells from the bone marrow and ~0.1% (almost undetect- 
able) of mononuclear cells (MNC) from the peripheral blood are positive for 
CD34 (Terstappen et al., 1991; Bender et al., 1991). By means of multicolor, 
multidimensional flow cytometry, it has been shown that the CD34’ cells can 
be subcategorized into early, or pluripotent, stem cells and lineage-committed 
progenitors (Terstappen et al., 1991; Bender et al., 1991). The pluripotent 
stem cells are characterized by CD34+, CD38- and can be further subclassified 
according to the presence or absence of HLA-DR (Terstappen et al., 1991) 
Thy-l (Lansdorp and Dragowska, 1992) or staining with rhodamine, and so 
forth (Wagner, 1993). The lineage-committed subsets are characterized by 
CD34+, CD38+, and the co-expression of one of other leukocyte surface anti- 

gens depending on the lineage commitment, e.g., CDlO, CD19 for B lymphoid 
cells; CD7, CD10 for T lymphoid cells; CD33, CD14, CD15 for myeloid cells; 
and CD71 for erythroid cells (Terstappen et al., 1991). 
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It is not yet definitively known which CD34’ subset represents the popula- 
tion with the highest self-renewal or multilineage potential. Possible candidates 
include CD34’ CD38-, HLA-DR’ (Terstappen et al., 1991; Huang and 
Terstappen, 1994), CD34+, Thyl+ and negative for all mature lineages (lin-), 

or CD34+, CD45RA10, CD71”, and so forth, probably depending on the assay 
system as well as on the source of the cells (Davis et al., 1995; Mayani and 
Lansdorp, 1995; Verfaille and Miller, 1995; Mayani et al., 1995; Traycoff et 
al., 1995). Applying a single cell culture technique, Huang and Terstappen 
(1994) recently provided evidence that among the CD34’ populations derived 
from fetal liver or fetal marrow, the subset characterized by CD34+, CD38-, 
HLA-DR” gives rise to both myeloid and lymphoid precursors. This observa- 
tion has been confirmed in our laboratory by “index sorting.” Previous single 
cell sorting studies were performed using flow cytometers with an automated 
cell deposition unit (ACDU). The cells were deposited into single wells accord- 
ing to preset sort gates. An index sorting unit is a device that links the ACDU 
(coordinates of the wells) to the sorted events (list-mode data of the cells), 
and the information is stored in a computer file. Therefore, index sorting 
allows the assignment of list-mode data of each cell to the location of the cell 
in the microtiter plates. The technology enables us to (1) retain list-mode data 
of sorted cells, (2) identify any duplication of cells in a single well during 
sorting, and (3) correlate the functional capacity (growth pattern and replating 
potential) to the assigned markers and the level of surface markers on the 
cell surface. Using this technique, single-sorted cells derived from cord blood 
or fetal tissue that were CD34+, CD38-, HLA-DR’ have been shown to have 
the highest replating potential, giving rise to blast and cluster colonies even 
up to fourth-generation cells upon repetitive replating (S. Huang et al., unpub- 
lished results). 

SOURCES OF STEM CELLS 

For clinical purposes such as for transplantation, hematopoietic stem cells 
can be derived from a healthy donor, i.e., syngeneic, from an identical twin; 
allogeneic, from a matched related or unrelated donor; or (autologous), from 
the patient. The conventional source of hematopoietic stem cells for clinical 
use has been the bone marrow. In the past decade, mobilized peripheral 
blood progenitor cells have been increasingly used in lieu of bone marrow 
for allogeneic as well as autologous transplantation. A major advantage is the 
accelerated hematopoietic recovery achieved by blood-derived versus marrow- 
derived stem cells (Weerasinghe et al., 1991; Kessinger and Armitage, 1991; 
Korbling et al., 1986; Kessinger et al., 1986; Sheridan et al., 1992; Bensinger 
et al., 1993; Ho et al., 1993). 

Essential for a successful engraftment is the collection and transplantation 
of an adequate amount of both pluripotent stem cells and lineage-committed 
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progenitors. At steady state, the concentration of stem/progenitor cells in 
circulating blood is less than one tenth of that in bone marrow. Chemotherapy, 
with or without the addition of hematopoietic growth factors, has been used 
successfully to enhance and mobilize stem/progenitor cells into peripheral 
blood for patients with cancer (Sheridan et al., 1992; Bensinger et al., 1993; 
Ho et al., 1993; Pettengell et al., 1993; Peters et al., 1993). Granulocyte colony- 
stimulating factor (G-CSF) has been used extensively for mobilization of stem/ 
progenitor cells from normal individuals for allogenic transplantation (Grigg 
et al., 1995; Bensinger et al., 1995; Korbling et al., 1995; Schmitz et al., 1995; 
Goldman, 1995; Russell et al., 1993). We have demonstrated that injection of 
G-CSF (10 pg/kg body weight) for 4 days is as effective as the combination 
of G- and granulocyte-macrophage (GM)-CSF (at 5 pg/kg body weight of 
each) for the same time period (Lane et al., 1995). Moreover, concurrent 
administration of G- and GM-CSF (5 pg/kg/day of each) appears to be as 
effective as sequential administration of GM-CSF (10 pg/kg/day for 3 days) 
followed by G-CSF (10 mg/kg/day for 2 days). 

Within the overall objective of identifying and isolating the optimal graft 
for transplantation and gene therapy, we have compared the immunopheno- 
types and colony formation capacities of the CD34’ cells mobilized by different 
growth factors in normal subjects (Ho et al., 1996). Using three-color and 
five-dimensional flow cytometry to compare the pluripotent CD34’ subsets, we 
have found evidence that the combination of G-CSF and GM-CSF stimulates a 
significantly higher proportion of pluripotent CD34 subsets than G-CSF alone, 
whereas GM-CSF by itself is not very efficient in mobilizing an adequate 
number of CD34+ cells. The combination of G- and GM-CSF might therefore 
offer the advantage of stimulating both quantitatively an adequate number 
of total CD34’ cells and a higher proportion of the rare pluripotent stem/ 
progenitor cells into the peripheral blood. The profile of CD34’ subsets mobi- 
lized by the combination of G- and GM-CSF approaches that of fetal cord 
blood, which is known to contain a higher proportion of primitive, pluripotent 
stem/progenitor cells (Ho et al., 1996). Such pluripotent progenitors might be 
of special relevance for gene therapy. 

Other sources of hematopoietic stem cells for clinical use, such as PUCB 
and fetal liver tissue, are being studied and their roles in human gene therapy 
explored (Broxmeyer et al., 1992; Wagner, 1993; Gluckman et al., 1992; 
Rubinstein et al., 1993; Rice et al., 1994; Roncarolo et al., 1991). Present 
evidence indicates that there are significant differences in the proportion of 
pluripotent stem cells versus lineage-committed progenitors among fetal tis- 
sue, umbilical cord blood, adult bone marrow, and peripheral blood. Such 
differences are of relevance for gene therapy, as long-lasting effects can only 
be expected from transduction of pluripotent stem cells with self-renewal 

capacity. In terms of collecting large quantities of stem cells, mobilized periph- 
eral blood is the easiest approach among all sources. 
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INFECTIBILITY OF HUMAN HEMATOPOIETIC STEM CELLS 
BY HIV 

Conflicting res ults have been repor ted regardin .g the infectibi .lity of human 
hematopoie tic stem cells. It i s not definitively known if and which of the 
pluripotent stem cell or committed progenitor cell compartments are suscepti- 
ble to HIV infection (Busch M et al., 1986; Davis BR et al., 1991; Molina JM 
et al., 1990; Stanley SK et al., 1992; Von Laer D et al., 1990). The reason for 
such discrepancies might be caused by the different methods for separation 
of stem/progenitor cells, which selects the cells based on the antigenic marker 
CD34. As mentioned above, the population defined by the antigen CD34 is 
very heterogeneous and contains only a very small fraction of pluripotent 
stem cells among mainly lineage-committed progenitors (Ho et al., 1996). 
Stanley et al. (1992) reported that CD34’ cells from 14%-37% of HIV-l- 
infected patients are infected, with up to 0.2% of CD34+ cells positive by 
polymerase chain reaction (PCR) or after co-culturing; this percentage ex- 
ceeded the percentage of peripheral blood lymphocytes that were positive in 
the same patients. Others have reported virus-specific RNA in megakaryocytes 
and granulocytes (Busch et al., 1986) and DNA in PCR studies of hematopoi- 
etic colonies (Kaczmarski et al., 1992). Davis et al. (1991) reached the opposite 
conclusion while using PCR to assay for proviral DNA in GM colony-forming 
units (CFU) derived from bone marrow aspirates from HIV-seropositive do- 
nors. Similarly, von Laer et al. (1990) and Molina et al. (1990) did not detect 
HIV-infected cells by PCR in CD34-enriched bone marrow cells or in GM- 
CFU or erythroid blast-forming units (E-BFU) from HIV-infected subjects. 
In situ hybridization and immunohistochemistry studies on single colonies 
derived in vitro from bone marrow of three AIDS patients also failed to detect 
HIV RNA or protein (Ganser et al., 1990). Most recently, De Luca et al. (1993) 
found that CD34+-enriched cells, GM-CFU colonies, and purified CD34+ cells 
after 3 weeks of liquid culture from six HIV-infected patients were negative 
by PCR. However, viral sequences were always detected in bone marrow 
mononuclear cells from the same patients. In this study, HIV-l proviral copies 
decreased with increasing enrichment for CD34; the investigators concluded 
that at most l/lo4 CD34+ cells are infected in vivo. It seems indisputable from 
all of these studies that, even if present, HIV-infected progenitor cells comprise 
a very small percentage of the hematopoietic stem cell population. 

Whether purified CD34+ bone marrow cells from healthy uninfected donors 
are infected in vitro by HIV is also controversial. Whereas viral replication 
was detected after approximately 1 month of continuous culture of CD34’ 
cells from an uninfected bone marrow sample following exposure to HIV-l, 
all the cells with detectable virus expressed a CD4+, CD34- phenotype with 
esterase staining indicative of mature monocytes. Further complicating the 
interpretation of this and other studies (Folks et al., 1988; Kitano et al., 1991) 
has been determining whether the true pluripotent CD34’ cells were infected 
in these experiments or whether the contaminating mature monocytes (with 
HIV-l infection) subsequently infected the culture-induced progeny mono- 
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cytes derived from the CD34’ cells. A third possibility is that a very small 
subset of truly pluripotent CD34’ cells expresses the CD4 marker. 

We have recently identified HIV-l genes and CD34+ markers within the 
same cell. In one infant born of an HIV-l positive mother, we have studied 
the enriched CD34’ cells obtained from umbilical cord blood at the time of 
delivery by double staining techniques and flow cytometry (Li et al., 1996). 
We demonstrated that OS%-1.0% of the mononuclear cells stained positively 
with both phycoerythrin-conjugated anti-CD34 and FITC-linked anti-HIV-l 
~24. This was subsequently confirmed by positive PCR-amplified products 
from colonies derived from CD34’ cells from the same cord blood sample 
using HIV-l-specific primers. This infant became HIV-l positive at 3 months 
after birth. Thus our data indicate that a small percentage of the CD34’ cells 
can be infected by HIV-l. However, the majority of the CD34’ cells are not 
infective and do not appear to be functionally or phenotypically compromised 
(see below). These should still be appropriate targets for gene therapy. 

MOBILIZATION OF STEM CELLS FROM AIDS PATIENTS 

There is no definite information concerning the feasibility of mobilizing CD34’ 
cells into the peripheral circulation of HIV-l-infected patients. Potentially, 
HIV-l infection and antiretroviral therapy has an impact on hematopoiesis 
and might influence the response to G-CSF or GM-CSF. Moreover, it is 
possible, although unlikely, that administration of GM-CSF or G-CSF might 
also induce an activation of HIV-l in a clinical setting. 

Experience with GM-CSF and G-CSF in HIV-l-infected patients has been 
largely limited to the use of these agents to increase circulating neutrophils 
during HIV-related pancytopenia, including primary bone marrow failure due 
to HIV infection, pancytopenia due to granulomatous infections, and (most 
commonly) neutropenia induced by antiretroviral (AZT) or antiherpetic (gan- 
cyclovir) antiviral agents. In addition, considerable experience exists concern- 
ing the use of these agents for support of neutrophils during chemotherapy 
for AIDS-related malignancies, especially lymphoma. 

Information concerning the potential of these cytokines to induce HIV 
expression in viva is limited. While GM-CSF has been shown to be capable of 
accelerating or increasing the amount of HIV produced by infected monocyte- 
macrophages, T cells, and CD34+, CD4- progenitor cells in vitro (Koyangi et 
al., 1988; Perno et al., 1992) experience with clinical use of GM-CSF has not 
demonstrated prominent virological effects, as assessed by determination of 
plasma HIV-l gag p24 antigen by EIA and by semiquantitative virus culture 
(Krown et al., 1992; Kaplan et al., 1991; Lafevillade et al., 1992; Davison et 
al., 1994). One study did show an average increase of 243% in p24 antigen 

concentrations in non-Hodgkin’s lymphoma patients undergoing chemother- 
apy after the second cycle (Kaplan et al., 1991). One recent study employed 
PCR measurement of proviral DNA in peripheral blood mononuclear cells 
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under GM-CSF administration has not detected any effect (Kimura et al., 
1990). 

In vitro studies have shown a lack of effect of G-CSF on viral production 
in in vitro culture systems (Koyangi et al., 1988; Perno et al., 1992) and in 

neutropenic pediatric patients and adults undergoing zidovudine therapy or 
therapy for AIDS-related malignancy (Kimura et al., 1990; Sloand et al., 1993) 
as assessed by p24 EIA or semiquantitative culture. G-CSF has also been 
used in AIDS patients with bacterial sepsis, aphthous ulcers, and refractory 
fungal infection (Manders et al., 1995; Vecchiarelli et al., 1995) as adjunctive 
immunotherapy. No increase in viremia was attributable to G-CSF injections. 
However, the effects of high doses of G-CSF in non-neutropenic, asymp- 
tomatic HIV-seropositive patients, who might be assumed to be at risk for 
treatment-induced activation of virus expression through indirect mechanisms, 
have not been determined. Likewise, it is not clear how well such subjects 
will tolerate the side effects commonly associated with G-CSF. Studies are 
currently underway to evaluate the use of G-CSF to mobilize hematopoietic 
stem/progenitor cells from AIDS patients. 

GENE THERAPY USING HEMATOPOIETIC STEM CELLS 

Despite some encouraging advances made in the identification and enrichment 
of hematopoietic stem cells and in vector development, there remain two 
major obstacles to the transfection of hematopoietic stem cells (Friedmann, 
1989). The first is a low efficiency of gene expression after transduction 
(Benveniste and Reshef, 1990; Lu et al., 1993). Similar to the situation in 
other primate and human somatic cells, only a small amount of foreign DNA 
can be integrated into human stem cells. The second problem is that the 
transgene has a short-lived expression even after successful transfection. 

The Effect of Stroma on Adhesion Molecules 

Some studies have shown that the extent of gene transfer into marrow-derived 
hematopoietic progenitor cells is increased by using the cytokine combination 
of interleukin (IL)-3, IL-6, and stem cell factor (SCF) (Lu et al., 1993, 1994). 
Others have shown that the presence of irradiated marrow stroma cells during 
transduction of hematopoietic progenitor cells increases gene transfer and 
eliminates the need to use cytokines (Nolta et al., 1995). There are other 
reports that have shown relatively efficient gene transfer into peripheral blood 
stem/progenitor cells in the absence of stroma (Lu et al., 1994). Nolta et al. 
(1995) have demonstrated that the optimal transduction conditions differed 
for marrow and peripheral blood-derived stem/progenitor cells. A stromal 
underlayer appeared to be essential for efficient retroviral-mediated transduc- 
tion of lineage-committed progenitors as well as for early, primitive stem cells 
from bone marrow. In contrast, stem/progenitor cells from G-CSF-mobilized 
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peripheral blood were effectively transduced without stroma if cytokines were 
present. It has been suggested that the presence of bone marrow stroma 
possessed dual benefits in that it increased gene transfer efficiency and is 
essential for survival of long-lived human hematopoietic progenitors. 

Several mechanisms have been proposed by which irradiated stroma can 
increase the extent of retroviral-mediated gene transfer into human hemato- 
poietic progenitor cells (Nolta et al., 1995). A co-localization effect may exist 
by which retroviruses adhere to elements of the stroma matrix. This effect 
might facilitate the entry of the virions into hematopoietic cells attached to 
fibronectin or other adhesion molecules on the stroma layer. Moritz et al. 
(1994) showed that flasks coated with the fibronectin fragment increased the 
extent of gene transfer into hematopoietic progenitor cells as efficiently as 
stroma. Another mechanism may be the result of direct stimulation by attach- 
ment of stem/progenitor to the stroma layer. Integrins can transmit activation 
signals via tyrosine phosphorylation in response to attachment to matrix mole- 
cules. This activation might be able to induce quiescent stem/progenitor cells 
into cell cycle. Another possibility is the production of cytokines (sequential, 
combination, or yet to be identified factors) by the stroma layer that induce 
cycling of quiescent hematopoietic progenitors, allowing retroviral integration. 

Induction of Stem/Progenitor Cells Into Cell Cycle 

One of the major limitations in the use of retroviral vectors is that their 
integration occurs only in replicating cells (Miller et al., 1992). As hematopoi- 
etic stem/progenitor cells are predominantly in a resting state and little is 
known about the replication and cell cycle kinetics of the pluripotent stem 
cells in vivo, various combinations of cytokines have been used empirically 
to stimulate the stem/progenitor cells into cycle. The cells are exposed to 
cytokines and then to retroviral vectors with the hope that gene transfer will 
ensue (Hughes et al., 1989; Gregni et al., 1992; Cassel et al., 1993). We have 
examined systematically the impact of various cytokines on the cell cycle 
of CD34’ cells derived from peripheral blood from normal subjects after 
mobilization using G-CSF or GM-CSF. The CD34’ cells enriched by the 
immunomagnetic procedures using the Baxter Isolex System were incubated 
with or without SCF, either alone or in combination with IL-1 (100 rig/ml), 
IL-3 (500 U/ml), IL-6 (500 U/ml)? IL-11 (50 rig/ml), G-CSF (50 rig/ml), GM- 
CSF (50 rig/ml), or flk-2/fit-3 ligand (100 nglml). The cell cycle kinetics of 
three consecutive cell divisions were studied by labeling with 5 mM bromo- 
deoxyuridine, H033258, and/or ethidium bromide staining (Agrawal et al., 
1996). The best cytokine combinations for inducing CD34’ cells into mitosis 
after 48 h were determined to be SCF/IL-1, SCF/IL-3, SCF/G-CSF, and SCF/ 
GM-SCF. Without any exogenous cytokines, the cells remained in the Cl 

noncycling state. (Clear differences were observed in the abilities of different 
cytokines to induct CD34+ cells into cell cycle when aliquots of cytokine- 
treated samples were analyzed after 24, 48, or 72 h of incubation.) By 72 h, 
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the majority of cells had cycled once, and some were in the third cycle of cell 
division in all cytokine combinations. However, even under the most favorable 
stimulating conditions, 20%-30% of cells remained quiescent and never en- 
tered the cell cycle. 

We then analyzed the cell cycle of CD34+, CD38- subsets using 7-aminoacti- 
nomycin-D (7-AAD) staining of the stimulated cells. The results suggest that, 
under the conditions of the assay, most of the CD34+, CD38- cells derived 
from mobilized blood do not undergo cell division within 72 h (Agrawal et 
al., 1996). Other studies have confirmed that the pluripotent stem cells with 
the highest self-renewal capacity remain initially quiescent under cytokine 
stimulation (Young et al., 1996; Nolta et al.., 1995). 

A few clinical trials have suggested that successful transfection of pluripo- 
tent stem cells can be achieved using retroviral vectors. The transgenes can 
be detected in the bone marrow and peripheral blood cells for a long period 
(>l year). However, the proportion of transfected progeny cells and the levels 
of gene expression were low (Brenner et al., 1993; Dunbar et al., 1995). 
Although the clinical results were encouraging, the technical hurdle of inducing 
early stem/progenitor cells into cell cycle remained unresolved. 

Transduction of Stem/Progenitor Cells Using the Hairpin Ribozyme 

We have previously shown that macrophage progeny cells derived from cord 
blood CD34’ cells transduced with ribozyme vectors were resistant to HIV 
replication (Li et al., 1996). We have initiated studies to determine whether 
transfection of PUCB CD34+ stem cells from HIV-exposed infants would 
compromise progenitor colony formation. The cells were transfected with cell- 
free recombinant retroviral vectors expressing a single ribozyme against the 
U5 region of HIV: MJT, MJV, and a double ribozyme vector MY-2 containing 
an additional ribozyme targeting pol region. No difference in either the clono- 
genie activity or the transduction efficiency by retroviruses (70%-90%) was 
observed between CD34’ cells derived from normal donors and those from 
HIV-exposed donors. 

Li et al. (1996) recently studied the use of enriched CD34+ cells from PUCB 
of newborns of HIV-infected mothers for gene therapy. CD34+ cells enriched 
from HIV-exposed infants were stimulated (IL-3 at 500 U/ml, IL-6 at 500 U/ 
ml, and SCF at 25 rig/ml) for 24 h and transduced by LNL, MJV, or MY-2 
viral supernatants. The transduced cells were plated in flasks coated with an 
irradiated marrow stromal layer after 6 days. After culturing for 20+ days, 
supernatant cells were collected and subsequently cultured for colony forma- 
tion. Individual colonies were removed, and DNA PCR was performed using 
neo markers as primer. Transduction efficiencies were as high as described 
for a normal UCB sample. Moreover, when the progeny macrophages of the 
transduced CD34’ cells were challenged with HIV-pal (a macrophage-tropic 
strain) or with the HIV isolate of the mother, the cells were protected for up 
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to a period of 56 days (Li et al., 1996). Thus our studies have demonstrated 
the efficiency and safety of this strategy. 

PROSPECTS 

For HIV gene therapy to be effective, it should be implemented at a very 
early stage after HIV infection before extensive damage to lymphoid organs 
such as the thymus. As most of the antiviral drugs also cause severe myelosup- 
pression, use of high-dose antiviral treatment with a combination of anti-HIV 
agents will be similar to the use of high-dose chemotherapy and stem cell 
transplant for patients with cancer. Stem cells will be harvested and, if success- 
fully transduced, can be a durable cure for patients with HIV infection. The 
ability to harness pluripotent hematopoietic stem cells with self-renewal capac- 
ity may represent one solution to circumvent the finite life span of genetically 
modified mature lymphocytes. Studies are underway to assess the capacity of 
genetically modified pluripotent hematopoietic stem cells to undergo multilin- 
eage development in HIV-infected individuals. 
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ELEMENTS OF DNA 
VACCINE DESIGN 

MICHAEL J. CAULFIELD AND MARGARET A. LIU 
Department of Virus and Cell Biology, Merck Research Laboratories, West Point, 
PA I9454 

Overview 

The concept of immunization using nucleic acid vectors encoding antigens 
rather than purified protein vaccines has numerous theoretical advantages 
over the use of conventional subunit vaccines. The central question is, however, 
does this novel methodology work? The answer is clearly yes-the original 
work has been reproduced in many laboratories and extended to many differ- 
ent preclinical disease models. Do DNA vaccines work as well as conventional 
vaccines? The answer to this question may depend on the particular immune 
response necessary for protection. If cell-mediated immune responses or a 
more diverse array of antibody isotypes are desired, then DNA vaccines may 
have the advantage over certain conventional vaccines that induce antibody 
responses sometimes containing undesirable (e.g., IgE) isotypes. Clearly, how- 
ever, immunization using DNA (or RNA) vectors will enhance vaccine devel- 
opment by facilitating the discovery of new antigens and by allowing the 
testing of modified or hybrid proteins without the painstaking process of 
expression and purification of each antigen-a process that may require the 
development of new purification schemes for each new protein modification. 
In contrast, the molecular biology necessary to construct plasmid DNA expres- 
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sion vectors is usually straightforward, and purification of plasmid DNA is 
the same regardless of the inserted gene. The field of DNA vaccines has been 
reviewed extensively in recent articles from the perspective of disease targets 
and efficacy, particularly in animal models (Donnelly et al., 1997; Manickan 
et al., 1997b; Shiver et al., 1996~; Ulmer et al., 1996b). Therefore, the present 
chapter focuses on strategies for the design of vaccines that exploit the advan- 
tages of the DNA vaccine approach. 

Antigen Expression 

Because bacterial plasmids did not evolve to vector foreign genes into mamma- 
lian cells, additional elements must be incorporated to allow expression of 
the target gene. An expression vector must contain, at a minimum, a promoter 
and a terminator. The promoter (which is usually of viral origin) is required 
to enlist nuclear-binding factors from the host cell to allow initiation of tran- 
scription. A terminator is required to provide the genetic information neces- 
sary for the addition of a poly(A) tail, which is needed for exit from the 
nucleus to the cytoplasm where translation into protein occurs. Once in the 
cytoplasm, the mRNA can be translated into protein. Since the fate of a protein 
depends on its sequence, the potential exists to alter the coding sequence or 
its regulatory elements using standard recombinant DNA technology to target 
the molecule along different intracellular pathways to effect secretion, cell 
membrane expression, or degradation. In this way, the resulting immune 
response may be redirected from, e.g., a humoral response to a cell- 
mediated response. 

Immunogenicity of DNA Vaccines 

Following the demonstration by Wolff et al. (1990) that intramuscular (i.m.) 
injection of naked DNA could result in expression of reporter genes in trans- 
fected myocytes, Tang et al. (1992) showed that immunization using DNA 
attached to gold beads delivered via a “gene gun” was effective at inducing 
antibody responses. Ulmer et al. (1993) demonstrated that i.m. injection of 
plasmid DNA encoding influenza nucleoprotein (NP) resulted in the genera- 
tion of NP-specific cytotoxic T lymphocytes (CTLs) and cross-strain protection 
from death and disease after a live virus challenge. Since then DNA vaccines 
have been used to induce immune responses to a wide variety of microbial 
antigens as well as tumor-associated antigens, as summarized in Table 1. 

The ultimate goal of immunization is to induce protective immunity. This 
entails eliciting the appropriate type of immune response. For most diseases, 
neutralizing antibodies are desired for protection. However, for some diseases 
(such as tuberculosis), a cell-mediated immune response is required for protec- 
tion (Lowrie et al., 1995). For development of a therapeutic vaccine, a cell- 
mediated response may be required. 
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TABLE 1 Disease Targets and Selected Experimental Models for DNA Vaccines 

Disease Antigen(s) 
Challenge 

Model Reference 

Bovine herpes 
Colon 

carcinoma 
Hepatitis B 

Hepatitis C 

Herpes 
simplex l/2 

HIV 

g IV Cattle 
Carcinoembryonic Mouse 

antigen 
HBs, preS, core - 

Core antigen - 

env gB/gD Mouse, 
guinea pig 

env, gag, nef, pol, SHIV- 
rev rhesus 

monkey 

Influenza HA, NP 

Leishmaniasis 
Lyme disease 
Lymphoma 

leukemia 
Malaria 

Melanoma 
Papilloma 
Rabies 

Schistosomiasis 
Streptococcal 

pneumonia 
Tuberculosis 

Mouse, 
ferret 

gp63 
OspA 
Idiotype 

Mouse 
Mouse 
Mouse 

Circumsporozoite Mouse 

MAGE Mouse 
Ll capsid protein Rabbit 
Glycoprotein - 

Paramyosin 
PspA Mouse 

Antigen 85, hsp65 Mouse 

Babiuk et al. (1995) 
Conry et al. (1994, 1995) 

Davis et al. (1996) Michel et 
al. (1995) Schirmbeck et 
al. (1995) 

Geissler et al. (1997) 
Lagging et al. (1995) 

Bourne et al. (1996) 
Manickan et al. (1995) 
McClements et al. (1996) 

Asakura et al. (1996) Boyer 
et al. (1996) Fuller et al. 
(1996) Lekutis et al. 
(1997), Liu et al. (1996), 
Okuda et al. (1995) 
Shiver et al. (1995, 
1996a,b), Wahren et al. 
(1995) Wang et al. (1993, 
1995) Yasutomi et al. 
(1996) 

Donnelly et al. (1995) 
Fynan et al. (1993a), 
Montgomery et al. (1993) 
Robinson et al. (1993) 
Ulmer et al. (1993, 1995) 

Xu and Liew (1995) 
Simon et al. (1996) 
Stevenson et al. (1995) 

Syrengelas et al. (1996) 
Doolan et al. (1996) 

Sedegah et al. (1994) 
Bueler and Mulligan (1996) 
Donnelly et al. (1996) 
Ertl et al. (1995) Xiang et 

al. (1995) 
Yang et al. (1995) 
McDaniel et al. (1997) 

Huygen et al. (1996) Lowrie 
et al. (1994) Tascon et al. 
(1996) 

SHIV; simian HIV; gIV; bovine herpes virus envelope glycoprotein IV; HSV; herpes simplex 
virus; gB; HSV envelope glycoprotein B; gD; HSV envelope glycoprotein D; HA; influenza 
hemagglutinin; PspA; pneumococcal surface protein A; MAGE: melanoma antigen gene. 
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DELIVERY 

Route of Injection 

For naked DNA injected by syringe, the route of injection is important in 
optimizing antibody responses. For influenza vaccines, the i.m. route is clearly 
superior to intravenous (i.v.) or intraperitoneal (i.p) injection (Donnelly et 
al., 1994). Intradermal injection has been shown to induce potent antibody 
and CTL responses (Raz et al., 1994, 1996) but may be less effective in the 
induction of helper T-cell responses (Shiver et al., 1995, 1996b) or protection 
from live virus challenge (Donnelly et al., 1994). Delivery of DNA on gold 
particles using a “gene gun” has been shown to induce potent immune re- 
sponses with much lower amounts of DNA compared with i.m. injection 
(Fynan et al., 1993b; Herrmann et al., 1996; Tang et al., 1992); however, the 
response to gene gun immunization is qualitatively different from that obtained 
with i.m. injection of DNA. In a comparative study, i.m. inoculation was shown 
to induce Thl-like responses as defined by elevated IgG2a levels, production 
of interferon-y (IFN-y), CTL activity, and lack of interleukin (IL)-4 produc- 
tion. By contrast, the gene gun was reported to induce a mixed ThUTh2 
response consisting of IFN-7 and CTL activity characteristic of Thl responses 
as well as elevated IgGl antibodies and IL-4 production characteristic of a 
Th2 response (Pertmer et al., 1996). In a subsequent study, Feltquate et al. 
(1997) reported that gene gun administration of an influenza hemagglutinin 
(HA) expressing plasmid led to a predominantly Th2 response, whereas i.m. 
injection of the vaccine resulted in a Thl response profile. 

Delivery Vehicles 

A number of strategies have been used to enhance the potency and stability 
of DNA vaccines. Delivery vehicles range from inert liposome vesicles de- 
signed to protect DNA from degradation to formulations that include immu- 
nostimulating substances. Studies on the mechanism of DNA delivery with 
cationic lipids support the concept that the DNA-lipid complexes fuse with 
cell membranes, thereby facilitating entry of intact DNA into the cytoplasm. 
Most of the widely available cationic lipids, including Lipofectin and Lipofec- 
tamine, are reported to have very poor ability to enhance DNA expression 
in the lung over that of naked DNA (Felgner et al., 1995). The intracellular 
fate of injected DNA-containing liposomes remains largely unknown. Presum- 
ably, the DNA-lipid complexes are taken up into phagolysosomes from which 
a fraction of the DNA escapes into the cytoplasm before being degraded. 
Although various compounds have been evaluated for their ability to aid in 
vitro transfection of cells by DNA, it is not clear that any correlation exists 
between the in vitro utility of a delivery vehicle and its usefulness for generating 
or enhancing immune responses in vivo. 
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Intracellular Fate of Plasmid DNA 

Injection of naked plasmid DNA into muscles has been shown to result in 
uptake and expression of the encoded gene product. How naked DNA enters 
cells is not known in detail; however, there are reports that specific receptors 
on the cell membrane of human leukocytes mediate binding and internalization 
of DNA (Bennett et al., 1985, 1986). Whether naked DNA is taken up into 
phagosomes or whether it directly enters the cytoplasm is unknown, but it is 
likely that most plasmid DNA is degraded (Bennett et al., 1985) to mono- or 
oligonucleotides within the lysosome and that only a fraction of intact DNA 
escapes to the cytoplasm. The oligonucleotides resulting from degradation of 
the plasmid DNA may not be inert, as it has been demonstrated that certain 
DNA motifs containing CpG dinucleotides have potent immunostimulatory 
properties (Krieg et al., 1995; Yamamoto et al., 1992). This issue is discussed 
in detail below. 

Migration of DNA to the Nucleus 

In a recent paper, Dean (1997) showed that pBR322 plasmid DNA was not 
imported into the nucleus of mammalian cells, whereas plasmids containing 
the SV40 origin of replication and eukaryotic promoter sequences were im- 
ported at the same rate as the SV40 genome. By contrast, pBR plasmids 
containing the SV40 T antigen, polyadenylation signal, or pBR322-SV40 
hybrid plasmids lacking early and late promoters as well as the origin of SV40 
remained in the cytoplasm. Since the SV40 promoter region contains consensus 
binding sites for eukaryotic transcription factors such as Ott-1 and NF-KB 
(Jones et al., 1989) these results suggest that viral/eukaryotic promoter se- 
quences inserted into DNA vaccines serve two purposes: (1) to target the 
DNA for import to the nucleus and (2) to enable efficient transcription of 
mRNA once the plasmid reaches the nucleus. Whereas nuclear transport of 
proteins is reported to take only 30 min (Adam and Gerace, 1991) nuclear 
import of plasmid DNA requires 6-8 h (Dean, 1997). 

GENE AND PROTEIN EXPRESSION 

Transcription 

Promoter Effects. Once in the nucleus, the plasmid DNA must compete with 
host DNA for transcription factors and other DNA-binding proteins enabling 
the transcription and processing of DNA into mRNA. Early studies used 
strong promoters from potentially oncogenic viruses such as Rous sarcoma 
virus (RSV) (G orman et al., 1982) or SV40 (Moreau et al., 1981). Subsequent 

studies were done to evaluate various promoters from more acceptable sources 
for relative strength as measured by expression of reporter genes in vitro and 
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in viva. Most laboratories currently utilize the immediate early promoter from 
human cytomegalovirus (CMV) (Boshart et al., 1985). This promoter (with 
or without intron A) has been used in numerous expression vectors and DNA 
vaccines as reviewed elsewhere (Donnelly et al., 1997; Ulmer et al., 1996b). 
An interesting exception to the general finding that eukaryote/viral promoters 
are superior to prokaryotic promoters is the observation of Simon et al. 
(1996) that plasmid DNA encoding the outer surface lipoprotein A (OspA) 
of Borrelia burgdorferi under the control of its own bacterial promoter induced 
OspA-specific antibody and T-cell responses. These investigators identified a 
140 bp region immediately upstream from the OspA open reading frame 
(ORF) that was essential for transcription. Deletion of this region eliminated 
expression and immunogenicity of a plasmid in which OspA was situated next 
to the human elongation factor la (EF-lcr) promoter. 

Enhancers. As the name implies, enhancer elements increase expression of 
genes by enhancing (but not substituting for) the activity of the promoter. 
Enhancer elements can be upstream or downstream from the ORF of the 
gene of interest. For DNA vaccines, enhancer elements have not been studied 
systematically, and their presence in most DNA vaccines is serendipitous. 

Transcriptional Transactivation. Genes encoding transcriptional transactiva- 
tors have not been studied systematically in DNA vaccines. The HBX gene, 
a known transactivator located about 500 bp downstream from the gene 
encoding hepatitis B envelope (HBs) protein has been included in the DNA 
vaccines studied by Davis et al. (1993); however, vectors lacking the HBX 
gene have not been directly compared with those containing this transactivator. 
Therefore, the contribution of the HBX gene to the immunogenicity of the 
HBs gene remains unknown. Most transactivator genes studied are of viral 
origin and some are associated with oncogenesis. Thus, addition of such genes 
to DNA vaccines intended for mass immunization might be problematic. 
Nevertheless, systematic investigation of transactivating genes that increase 
expression and immunogenicity of target antigens may be a fertile area for 
future investigation. Studies on nonviral transactivators such as the tetR ele- 
ment used in so called maximum expression and regulated vectors (MERVs) 
that have been reported to increase expression by -lo-fold (Liang et al., 
1996) may prove to be beneficial for certain applications of DNA vaccination. 

Termination/Poly(A) Signal Site. Transcription of mRNA in mammalian 
cells is accompanied by the addition of a poly(A) tail required for exit of the 
message from the nucleus to the cytoplasm where protein synthesis takes place. 
The poly(A) tail is added 11-30 nucleotides downstream from a conserved 
sequence (AAUAAA) in the 3’ end of the mRNA transcript. Many DNA 
vaccines use the bovine growth hormone (BGH) terminator sequence 
(Montgomery et al., 1993) whereas others use endogenous terminators that 
are downstream from the ORF of the gene of interest (e.g., the 3’-untranslated 
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region [UTR] of the HBs transcript contains an endogenous terminator that 
can replace the BGH terminator and allow expression in human myoblast 
[RD] cells [M. Caulfield, X. Liu, and S. Wang, unpublished observations]). 
In other studies, modifications to the polyadenylation and transcriptional ter- 
mination sequences have been shown to influence reporter gene expression 
(Hartikka et al., 1996). 

Message Stability. The stability of mRNAs varies from minutes to hours, 
depending on the sequence of the untranslated region. Long-lived messages 
(e.g., hemoglobin) contain a -2 kb UTR and have a half life of -10 h. By 
contrast, other genes (especially cytokine genes) contain AT-rich sequences 
such as ATTTA that are associated with rapid turnover of the message (Kruys 
et al., 1989; Shaw and Kamen, 1986). Rajagopalan et al. (1995) used a gene 
gun to transfect peripheral blood mononuclear cells with expression vectors 
encoding granulocyte-macrophage colony-stimulating factor (GM-CSF) con- 
taining wild-type or mutated instability elements. They found that a single 
base change in the AT-rich UTR (from ATTTA to ATGTA) resulted in 
mRNA expression that was increased - 5-fold from a half life of 20 min to 
a half life of 95 min. Based on these observations, DNA vaccines should avoid 
such “instability sequences” in order to prolong expression. 

Protein Synthesis 

Initiation Site Optimization. Genes derived from viruses and bacteria may 
not contain a protein synthesis initiation site optimized for use in mammalian 
cells. The Kozak consensus sequence, GCCGCC(A/G)CCAUGG, defines 
what is thought to be the optimal context for initiation of protein synthesis in 
mammalian cells (Kozak, 1987). Many investigators have altered the sequence 
preceding the initiation codon (AUG) to incorporate this sequence. Again, 
as for 0 ther seq 
sons of vectors 

uence 
using 

al terations used in D NA vaccines, systematic compari- 
or lacking the Kozak secl uence have not been studied. 

Protein Termination. In mammalian cells translation is initiated at an AUG 
codon, and termination occurs at UGA codons. Occasi onally, “rea 
occurs and protein synthesis proceeds until a second stop codon 

.d 
1s 

through” 
reached. 

This can result in synthesis of an oversized aberrant protein that may fold 
improperly and may be targeted for degradation. To prevent read through, 
some investigators have inserted double stop codons (e.g., UAGUGA) to 
ensure proper termination of protein synthesis (Yellen-Shaw and Eisenlohr, 
1997). The potential benefit of this practice has not been examined for 
DNA vaccines. 

Expression Versus Immunogenicity 

Generally, DNA vaccines are tested for expression of target genes after tran- 
sient transfection in mammalian cells in vitro prior to immunogenicity testing 
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in vivo. There are no reported exceptions to the rule that immunogenic DNA 
vaccines are expressed after in vitro transfection into myoblast or other cell 
types. However, there is less evidence demonstrating that the level of expres- 
sion in vitro correlates directly with immunogenicity in vivo. Constructs that 
are more potent in vivo have generally been shown to express better in vitro; 
however, the converse may not be true, and systematic studies of this issue 
have not been reported. 

Correlation between expression in vivo and immunogenicity has been more 
difficult to study. Expression of reporter genes such as P-galactosidase and 
luciferase indicate that long-lasting expression can occur in mice injected with 
certain vectors (Wolff et al., 1992). This implies that the immune response to 
these reporter genes did not eliminate the antigen-expressing cells. By contrast, 
Davis et al. (1993) have reported that HBs antigen can be detected in vivo 
following injection of an HBs DNA vaccine and that the antigen becomes 
undetectable at the time anti-HBs antibodies arise. The long-term persistence 
of immune responses in certain species following DNA inoculation may be 
reflective of species differences more than an indicator of persistent antigen ex- 
pression. 

ANTIGEN PROCESSING 

The issue of antigen presentation after injection of plasmid DNA is of special 
interest because the antigen can potentially be expressed in multiple cells of 
the host, i.e., the vaccinee. The pathway of antigen processing appears to 
depend on whether the antigen expressed by a DNA vaccine is secreted, 
expressed as a membrane protein, or rapidly degraded into peptides that are 
then bound to MHC class I molecules. Secreted proteins would be expected to 
enter the class II processing pathway, whereas membrane-bound or internally 
processed peptides would be expected to enter the class I pathway. 

Targeting Protein to Proteosomes/TAP 

An antigen lacking an N-terminal signal peptide would be synthesized in the 
cytoplasm and subsequently degraded into peptide fragments in proteosomes. 
Peptides are then transported via the transporter associated with antigen 
processing (TAP) complex (Monaco et al., 1990; Spies et al., 1992) to the 
endoplasmic reticulum (ER) where they bind to MHC class I molecules. 
Indeed, there is now evidence that rapid intracellular degradation of human 
immunodeficiency virus (HIV) proteins enhances CTL responses in vivo 
(Tobery and Siliciano, 1997) following DNA vaccination. 

Targeting Protein to ER for Secretion 

The addition of a signal peptide to a protein otherwise destined for the 
cytoplasm can allow it to be secreted, increasing its availability to professional 
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antigen-presenting cells (APCs). Some antigens used for DNA vaccines con- 
tain endogenous signal peptides (McClements et al., 1996; Stevenson et al., 
1995; Syrengelas et al., 1996). For those that do not, exogenous signal peptide- 
encoding sequences (e.g., the adenovirus E3 leader sequence [Ciernik et al., 
19961) or the tissue plasminogen activator (tPA) can be added to the 5’ end 
of the target gene (Chapman et al., 1991). The signal peptide is cleaved upon 
entry into the ER and thus is not part of the mature protein, although there is 
a report of antibody production to a signal peptide following DNA vaccination 
(Krasemann et al., 1996). During transport across the ER membrane, the 
protein may associate with chaperone proteins that assist in folding the antigen 
protein into its native structure. Subsequent modification of the protein in- 
cludes the addition of sugar residues at N or 0 positions containing the 
corresponding amino acid motifs. N-linked glycosylation begins in the ER 
and is completed upon transfer to the Golgi, whereas O-linked glycosylation 
occurs mainly in the Golgi. Secretion of the mature protein occurs when the 
Golgi body fuses with the cell membrane, thereby allowing escape of its 
contents. The state of glycosylation may affect the processing of a protein 
(e.g., by protecting certain residues from proteolytic degradation and thereby 
altering the T-cell response to the “protected” peptide). For example, the 
addition of N-linked oligosaccharides to Mycobacterium tuberculosis antigen 
85 during expression of this bacterial antigen in eukaryotic cells following 
DNA vaccination appears to interfere with processing and/or presentation of 
this antigen for induction of T-cell responses (A. M. Yawman et al., unpub- 
lished observation). 

Membrane-Targeted Antigens 

Proteins containing a transmembrane domain (usually near the C terminus 
for type I proteins) remain membrane bound upon fusion of the Golgi to 
the cell membrane. Antigens expressed on the cell membrane may present 
conformational epitopes to B cells. Alternatively, membrane-bound proteins 
can re-enter the cell through endocytosis, whereupon the antigen can be 
degraded to peptides for presentation via the MHC class I pathway as de- 
scribed above. 

The plasticity of the DNA vaccine approach may allow the development 
of vaccines that simultaneously enhance both humoral and cell-mediated im- 
munity. For example, a vaccine could contain a combination of DNA vectors 
expressing the same antigen with or without a leader or transmembrane se- 
quence. Whether such an approach is beneficial or detrimental for the induc- 
tion of protective immunity remains to be determined. 

Requirement for Professional APCs 

Although many cell types can take up and express plasmid DNA, recent 
experiments indicate that bone marrow-derived “professional” APCs are 
required for generation of a CTL response (Corr et al., 1996; Fu et al., 1997). 
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To determine whether professional APCs are required for generation of class 
I-restricted CTL following DNA immunization, parent -+ F1 bone marrow 
chimeras were examined to determine the MHC restriction pattern of CTL 
from immunized recipient mice. In our studies, BALB/c X C57BL/6 F1 hybrid 
mice were irradiated and reconstituted with T cell-depleted bone marrow 
from either parent strain. Recipient mice were held at least 3 months to allow 
regeneration of donor bone marrow cells and sufficient exhaustion of residual 
host-derived APCs (confirmed by FACs analysis). Mice were then immunized 
with plasmid DNA encoding influenza virus NP. CTLs recovered from chim- 
eric mice immunized with NP DNA were found to be restricted to the haplo- 
type of the bone marrow donor rather than to both parental haplotypes, as 
would be the case if the myocyte presented antigen directly to the T cell. 

These results indicate that bone marrow-derived APCs are required for 
the generation of CTLs after DNA immunization, suggesting that antigen 
produced in transfected cells is transferred to professional APCs. This would 
easily explain the response to secreted proteins; however, it does not ade- 
quately explain how CTL responses are generated against nonsecreted pro- 
teins. In this case one would have to invoke “cross priming” (Bevan, 1976; 
Huang et al., 1994) by antigen released from dead cells or a novel phenomenon 
of transfer of MHC class I-peptide complexes from antigen-expressing cells 
(e.g., myocytes) to macrophages or dendritic cells. An alternative explanation 
is that bone marrow-derived cells such as macrophages or dendritic cells may 
be directly transfected with plasmid DNA even after i.m. injection. In support 
of this possibility, it has been reported that dendritic cells transfected in vitro 
with a herpes simplex virus (HSV) DNA vaccine induced an enhanced immune 
response to HSV upon transfer into naive mice (Manickan et al., 1997a). 
Finally, Condon et al. (1996) have reported that gene gun administration of 
a DNA vaccine resulted in direct transfection of cutaneous dendritic cells that 
were shown to localize to draining lymph nodes, where they were presumed 
to initiate an immune response to the antigen. 

Transfer of Antigen to APC 

To determine whether an antigen expressed in a nonprofessional APC could 
be transferred to professional APCs, a myoblast cell line permanently trans- 
fected with an NP vector was transplanted into syngeneic or semiallogeneic 
mice to look for induction of CTLs. Ulmer et al. (1996a) found that transplanta- 
tion of NP-transfected myoblasts into syngeneic mice led to the generation 
of NP-specific antibodies, CTLs, and cross-strain protective immunity against 
a lethal challenge with influenza virus. Furthermore, transplantation of NP- 
expressing myoblasts (H-2k) intraperitoneally into F1 hybrid mice (H-2d X H- 
2k) elicited NP CTL restricted by the MHC haplotype of both parental strains. 
These results indicate that NP expression by muscle cells after transplantation 
was sufficient to generate protective cell-mediated immunity and that induc- 
tion of the CTL response was mediated at least in part by transfer of antigen 



DNA VACCINE DESIGN 319 

from the transplanted muscle cells to a host cell. Finally, the strategy of using 
parent -+ F1 bone marrow chimeras was applied to the transplantation model 
to confirm the requirement for professional APCs in the generation of CTLs 
after immunization with NP-expressing myoblasts (Fu et al., 1997) and pro- 
vided further evidence that transfer of antigen in some form from myoblasts 
to APCs occurs. 

TARGETING CELL-MEDIATED VERSUS HUMORAL RESPONSES 

Conventional subunit vaccines consisting of purified proteins formulated with 
aluminum adjuvants induce humoral (antibody) rather than cell-mediated 
immune responses, whereas vaccination with live virus vaccines induces both 
antibody and cell-mediated immunity. DNA vaccines tend to mimic live- 
virus vaccines in that they induce both antibody and cell-mediated immune 
responses. This property of DNA vaccines is associated with the induction of 
IFN-y and IL-2, cytokines associated with the Thl population of helper T 
cells (Mosmann et al., 1986). The ability of DNA vaccines to induce cell- 
mediated immunity may account for the demonstrated activity of these vac- 
cines to induce protective immunity upon challenge with infectious agents, as 
summarized in Table 1 and discussed in detail elsewhere (Donnelly et al., 
1997; Manickan et al., 1997b; Ulmer et al., 1996b). 

Immunoenhancing Agents for DNA Vaccines 

Although naked DNA has been shown to be immunogenic in a variety of 
experimental models (Table l), several approaches have been taken to en- 
hance the immune response to DNA vaccines, including (1) co-administration 
of DNA vaccines with cytokine proteins, (2) co-administration of DNA vac- 
cines with expression vectors encoding cytokine genes, and (3) incorporating 
immunostimulatory sequences into DNA vaccine vectors. 

Cytokines. Irvine et al. (1996) used an experimental murine tumor, CT26, 
expressing the model tumor-associated antigen, P-galactosidase (p-gal) to 
investigate cytokine enhancement of DNA immunization. A plasmid express- 
ing P-gal administered via a “gene gun” induced P-gal-specific antibody and 
cytolytic responses. DNA immunization alone had little or no impact on the 
growth of established lung metastases; however, a significant reduction in the 
number of established metastases was observed when human rIL-2, mouse 
rIL-6, human rIL-7, or mouse rIL-12 was given after DNA inoculation. rIL- 
12 was reported to be the most effective adjuvant for this DNA vaccine. 

Cytokine Genes. Studies in experimental animals have shown that it is possible 
to manipulate the immune response to a plasmid-encoded viral antigen by 
co-inoculation with plasmids expressing cytokines. Xiang and Ertl (1995) 
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showed that co-inoculation of a plasmid expressing the glycoprotein of rabies 
virus with a vector expressing mouse GM-CSF enhanced the helper B- and 
T-cell activity to rabies virus, whereas co-inoculation with a plasmid expressing 
IFN-y resulted in a decrease in the immune response to the viral antigen 
(Xiang et al., 1995; Xiang and Ertl, 1995). For HIV, Kim et al. (1997) found 
that co-delivery of IL-12 expression vectors with DNA vaccines for HIV-l in 
mice resulted in splenomegaly, as well as a shift in the specific immune re- 
sponses induced. Co-delivery of IL-12 genes resulted in the reduction of 
specific antibody response, whereas co-injection of GM-CSF genes resulted 
in the enhancement of HIV-specific antibody responses. A dramatic increase 
in HIV-specific CTL responses was reported in animals co-immunized with 
the HIV-l DNA vaccine and IL-12 genes. 

Immunostimulatory Sequences in Plasmid DNA (CpG Motifs). Bacterial 
DNA has been shown to have immunostimulatory properties, including the 
ability to induce natural killer (NK) cell activity and the induction of cytokines 
such as IFN-c~/fl and IFN-7 (Yamamoto et al., 1988). By contrast, mammalian 
DNA is not mitogenic (Pisetsky, 1996). The active bacterial DNA was found 
to contain palindromic hexameric sequences such as GACGTC, AGCGCT, 
or AACGTT (Tokunaga et al., 1992; Yamamoto et al., 1992). More recently, 
Krieg et al. (1995) have shown that oligonucleotides containing similar motifs 
to those identified by Yamamoto et al. (1992) (e.g., GACGTC and AACGTT) 
are mitogenic for mouse B lymphocytes. They further demonstrated that 
methylation of the cytosine base within the CpG motif resulted in a loss of 
activity, and they have attributed the lack of mitogenicity of mammalian DNA 
to the observation that this cytosine base is heavily methylated. 

Recently, CpG-containing sequence motifs have been reported to enhance 
the immunogenicity of a model DNA vaccine encoding P-gal (Sato et al., 
1996). In these studies, plasmids containing the ampicillin resistance gene 
(ampR) induced a stronger antibody and CTL response to P-gal than did 
plasmids containing the kanamycin-resistance gene (kanR) instead of the 
ampR gene when injected intradermally. Analysis of the ampR gene revealed 
that it contained two repeats of S-AACGTT-3’ that were reported to have 
immunostimulatory activity (Yamamoto et al., 1992). By contrast, the kanR 
gene had no such sequence. Furthermore, insertion of 5’-AACGTT-3’ se- 
quence motifs into the kanR gene within the DNA vaccine resulted in an 
increase in both antibody and CTL activities. The strategy of incorporating 
immunostimulatory motifs into DNA vaccines may not be a universal solution, 
however, since replacement of the kanR gene with the ampR gene did not 
improve the immune response to a highly immunogenic DNA vaccine encod- 
ing influenza virus NP (R. Deck et al., unpublished observation). 

TOLERANCE VERSUS IMMUNITY 

Tolerance to self-antigens generally occurs during fetal development at which 
time immature T cells encounter peptides associated with self-MHC in the 
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thymus and are deleted (Fowlkes and Pardoll, 1989). For some antigens the 
period of tolerance induction extends beyond birth, e.g., mice can be rendered 
tolerant to alloantigens by injection of allogeneic cells during the neonatal 
time period (Billingham et al., 1956). For certain polysaccharide antigens, 
tolerance appears to develop because the B-cell repertoire is incomplete 
(Chang et al., 1991; Fernandez and Moller, 1978). Recently, Mor et al. (1996) 
compared a DNA vaccine with the corresponding protein antigen for the 
induction of neonatal tolerance in mice. They injected 2-5-day-old mice with 
a DNA vaccine encoding the malaria circumsporozoite (CS) antigen and then 
re-immunized them at 7 weeks of age with either the DNA vaccine or the CS 
protein. Three weeks later, sera were tested against a panel of synthetic 
peptides spanning the length of the P. yoelii CS protein. Mice injected neona- 
tally and boosted with the DNA vaccine did not develop an antibody response 
to any CS peptide in their panel, whereas adult mice injected once or twice 
with the DNA vaccine developed antibodies to CS peptides 3, 19, 21, and 
25. Interestingly, mice immunized with the CS protein in complete Freund’s 
adjuvant developed a different pattern of antibody reactivity. These mice 
responded vigorously to peptides 9, 14, 15, and 25 but not to peptides 3 and 
21. Thus, immunization with the CS DNA vaccine appears to select a different 
repertoire of B cells than does immunization with the corresponding pro- 
tein antigen. 

Regarding the issue of neonatal tolerance induction, Mor et al. (1996) 
reported that mice injected neonatally with the DNA vaccine were unrespon- 
sive to the DNA vaccine as adults, whereas mice boosted with the CS protein 
in complete Freund’s adjuvant developed antibodies predominantly to CS 
peptides 14 and 15. They interpret these results to suggest that neonatal 
immunization with a DNA vaccine induces tolerance; however, the data indi- 
cate only that immunization with the DNA vaccine induces unresponsiveness 
to a second injection of the DNA vaccine. The mice were clearly not tolerant 
to the CS antigen per se because they responded well to a booster injection 
of CS protein. Other investigators have found that neonatal injection of DNA 
vaccines leads to immunity rather than tolerance (Bot et al., 1996; Prince et 
al., 1996; Wang et al., 1997). For example, Bot et al. (1996) demonstrated that 
neonatal mice were immunized rather than tolerized by the injection of an 
influenza virus NP DNA vaccine, and Wang et al. (1997) showed that mice 
inoculated within 24 h after birth with a plasmid vector expressing the rabies 
virus glycoprotein developed antibodies as well as helper T cells to the rabies 
virus glycoprotein- a response that was indistinguishable from that of adult 
mice. 

SUMMARY 

This review was intended to outline the elements of DNA vaccine design as 
they relate to the induction of immunity with the purpose of identifying areas 
for future research. Although the basic design of plasmid vaccines appears to 



322 CAULFIELD AND LIU 

be set to include a viral promoter (usually CMV), the gene of interest, and 
a terminator (often from BGH), there may be room to improve the various 
elements of a DNA vaccine to enhance expression and immunogenicity. The 
search for better promoters and enhancers will continue, and the observation 

that sequences from the target gene may influence expression and immunoge- 
nicity (as is the case with OspA) indicates the potential need to match target 
genes with compatible promoters and other regulatory elements. Improving 
immunogenicity of DNA vaccines by the inclusion or co-administration of 
cytokine genes or immunostimulatory DNA sequences is a fertile area for 
further study, especially for therapy of cancer in which there may be synergy 
between DNA vaccines and cytokines. It is also clear that DNA vaccine 
delivery can be improved whether the issue is one of increasing the dose that 
can be delivered via the gene gun or optimizing lipid-based delivery vehicles. 

A major consideration in vaccine design is the nature of the immune re- 
sponse that is desired. This is not trivial for some diseases (e.g., HIV) in which 
early efforts at vaccination were directed toward the induction of antibody 
responses to env protein, whereas current efforts are directed toward maximiz- 
ing CTL responses. Although DNA vaccines (due to endogenous expression 
of target antigens) tend to generate CTL responses, it has been shown that 
such responses can be enhanced by changing the target gene sequence to 
effect more rapid degradation of the encoded antigen (Tobery and Siliciano, 
1997). Whether such changes will result in a better vaccine is the question. 
Regardless, the use of plasmid DNA as immunogen will surely help define 
the vaccines of the future. 
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INTRODUCTION 

Gaucher Disease 

The lysosomal storage disorders are caused by mutations in the genes coding 
enzymes responsible for catabolic reactions. These degradative processes are 
required to dispose of the debris of cell turnover. Failure to breakdown these 
materials results in their accumulation in the lysosome and subsequently cell 
dysfunction and cell death. The pathobiology of the disorders should dictate 
the target cell for gene transfer in the development of gene therapy. However, 
because the pathogenesis of these and most diseases is only partially defined, a 
variety of gene transfer approaches may need to be studied before a successful 
therapy is discovered (Table 1). 

Gaucher disease (GD) is the most common lysosomal storage disorder. In 
the Ashkenazic Jewish population, the incidence of the disease is 1 in 450, 
with approximately 1 person in 10 carrying the gene for the disease (Zimran 
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TABLE 1 Gene Transfer Strategies 

BARRANGER ET AL. 

EX viva gene transfer to transplantable cells involved in the pa&genesis 
Distribution in viva: Widely or locally 
Examples: Bone marrow, hepatocytes, oligodendrocytes 

EX viva gene transfer to transplantable cells capable of secreting a therapeutic 
protein 
Distribution in vivo: Usually locally (miniorgan) 
Examples: Fibroblasts, myoblasts, bone marrow 

In vivo targeted gene transfer to a single organ in which genetic correction has 
broad therapeutic effects on multiple organs 
Distribution in vivo: Single organ 
Example: Liver 

Zn vivo direct gene transfer locally to correct a major manifestation of the disease 
Distribution in vivo: Local 
Examples: Brain, vascular endothelium 

et al., 1991). In the non-Ashkenazic Jewish population, the carrier frequency 
is approximately 1 in 100, with 1 person in 40,000 affected. 

Persons with GD are deficient in glucocerebrosidase (GC), a specialized 
lysosomal enzyme that hydrolyzes glucosylceramide to glucose and ceramide. 
As a result of the deficiency, glucosylceramide accumulates in the lysosomes 
of reticuloendothelial cells to produce the characteristic Gaucher cell. These 
cells are large, lipid-filled macrophages that are particularly abundant in the 
red pulp of the spleen, sinusoids of the liver, sinusoids and medullary portion 
of the lymph nodes, and bone marrow. Gaucher cells are histiocytes in the 
spleen, Kupffer cells in the liver, macrophages in the bone marrow, and 
periadventitial cells in the Virchow-Robin space of the brain. These distinctive 
cells are 20-100 pm in size and have an eccentric nucleus and a “wrinkled 
tissue paper” appearance useful for distinguishing GD from other lyso- 
somal disorders. 

There are three types of GD (Barranger and Ginns, 1989). Each is the 
result of GC deficiency and is inherited in an autosomal recessive manner. 
The principal difference among the types is the presence and progression of 
neurological complications. Type 1 GD is the most common and has a chronic, 
non-neuronopathic course. The age of onset and severity of symptoms vary 
widely. It is this type of GD that has an increased incidence in the Ashkenazic 
Jewish population. Type 2 GD is the acute neuronopathic or infantile form. 
The average age of onset is 3 months, and neurological complications are 
usually apparent by 6 months of age. This type is fatal at an average of 9 
months and has no ethnic predilection. Type 3 GD is panethnic, but there is 
a genetic isolate of type 3 disease in the population of northern Sweden. 
Patients with type 3 usually present as children and have slowly progressive 
neurodegenerative disease. The first neurological sign is typically oculomotor 
apraxia, an eye movement disorder. 
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GD is caused by mutations in the gene encoding GC (Ginns et al., 1984). 
The most common genetic mutation causing type 1 disease is a single base 
pair substitution in codon 370 (Barranger and Ginns, 1989). It accounts for 
approximately 70% of the mutant alleles in Ashkenazic Jewish patients with 
GD. The lysosomal enzyme associated with this mutation has reduced activity 
but is not diminished in concentration in the lysosome (Furbish et al., 1981). 
Most patients with the more severe types of GD (types 2 and 3) who present 
with neurological complications carry at least one allele with a single base 
substitution in codon 444. This mutation results in an unstable enzyme with 
little or no enzymatic activity in the lysosome. More than 50 mutations in the 
GC gene are known, most being private alleles occurring in a single kindred. 

Diagnosis 

The diagnosis of GD should be considered in any case of unexplained spleno- 
megaly with or without a bleeding diathesis or other disease manifestations 
in the liver or skeleton. The diagnosis should also be considered in infants 
with hepatosplenomegaly and a neurodegenerative course. The presence of 
Gaucher cells in bone marrow aspirates is highly suggestive of the disease; 
however, bone marrow examination should not be used as the principle diag- 
nostic tool because enzyme assays are readily available. Definitive diagnosis 
of GD requires the demonstration of GC deficiency, which is apparent in all 
tissues and cells, including leukocytes, cultured skin fibroblasts, amniocytes, 
and chorionic villi. 

Enzyme activity less than 30% of normal is diagnostic of the disease state. 
Enzyme activity in excess of 30% but less than normal is consistent with 
persons who are heterozygous or carriers of a GD mutation. Carrier detection 
via this method is unreliable, however, due to a high rate of false-negative 
results. There is overlap between normal and carrier enzyme levels so that 
about 20% of obligate carriers fall within the normal range. Molecular diagno- 
sis using a polymerase chain reaction (PCR)-based system and oligonucleotide 
probes specific for the most common alleles detects carriers accurately in 
kindreds in which the mutations are known. 

Treatment 

The recent success of enzyme replacement therapy has simplified the manage- 
ment of patients with type 1 GD. Before enzyme replacement therapy became 
available, severe anemia and thrombocytopenia were treated with splenec- 
tomy. Some clinicians maintain that splenectomy contributes to the progres- 
sion of GD. Enzyme replacement therapy may make splenectomy unnecessary 
and resolve the controversy over the contribution of splenectomy to the pro- 
gression of the disease. 

Skeletal problems are treated by limitation of activity, prostheses, analge- 
sics, and surgical intervention. Surgical decompression of an acutely infarcted 
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area of the bone may alleviate discomfort, but bone surgery is hazardous for 
GD patients due to the risks of hemorrhage and infection. 

In severely affected patients with liver failure, orthotopic liver transplanta- 
tion and bone marrow transplantation (BMT) are life-saving options. How- 

ever, liver transplantation is not a systemic therapy for GD and additional 
therapies must be considered. Given that macrophages are derived from the 
bone marrow and are the only storage cells in which glucosylceramide accumu- 
lates in GD, successful BMT logically has been curative for this genetic disease. 
BMT has been reported in several patients with GD, who had resolution of 
enzyme deficiency in circulating white blood cells, regression of organomegaly, 
and an improvement in general health. However, the risk of allogenic trans- 
plantation does not justify the procedure in patients with mild disease. More- 
over, transplant-associated risks increase with the severity of the disease and 
the age of the patient. The advent of enzyme replacement therapy obviously 
limits the number of patients who will be considered for BMT. 

With the isolation and purification of GC, replacement of the deficient 
enzyme in persons with GD became a possibility (Barranger et al., 1989). 
While initial biochemical results were encouraging, further studies revealed 
that GC in its native form was not effectively delivered to the storage macro- 
phages in which glucosylceramide accumulates. Further research established 
that if the oligosaccharide side chains of the enzyme were degraded to expose 
mannose residues, the enzyme will bind to a mannose-specific receptor on 
the macrophage plasma membrane and be endocytosed (Furbish et al., 1981). 
Studies in animals have shown more than a lo-fold increase in uptake of 
the modified (mannose-terminated) enzyme by Gaucher cells compared with 
uptake of native enzyme by the same cells. Periodic infusion of mannose- 
terminated GC in patients with GD is effective in reaching the target macro- 
phages and reversing disease manifestations. Patients experience an increase 
in hemoglobin concentration, an increase in platelet count, a reduction in the 
size of the liver and spleen, and a gradual improvement in bone manifestations. 

Enzyme replacement therapy represents the first therapeutic breakthrough 
for the treatment of persons with lysosomal storage disease (Barranger et al., 
1989; Barton et al., 1991). The pharmacology of mannose-terminated GC is 
complicated, and multiple variables need to be clarified to fine tune and 
enhance the success of enzyme replacement therapy. The recommended dos- 
age is 60 U/kg body weight every 2 weeks (Barton et al., 1991). The minimum 
effective dose and the optimal dosage frequency are only beginning to be 
determined (Barton et al., 1991; Fallet et al., 1992; Beutler et al., 1991). 
Additional clinical experience and research using cell cultures and transgenic 
animal models will provide important tools to further evaluate this therapeu- 
tic approach. 

The cloning of cDNA for the GC gene made it possible to consider treating 
GD with somatic cell gene therapy (Ginns et al., 1984). Initially it was shown 
that GC deficiency can be corrected by transferring the GC gene into cultured 
fibroblasts of persons with GD (Choudary et al., 1996). Early studies demon- 
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strated that simplified retroviral vectors carrying the human gene can result 
in sustained expression of GC in the hematopoietic stem cells of mice (Ohashi 
et al., 1992; Nolta et al., 1990). 

DEVELOPMENT OF GENE TRANSFER AS A POTENTIAL 
THERAPY FOR GD: CONSTRUCTION OF MFG-GC 

Initial results with N2-derived vectors demonstrated efficient transduction into 
murine hematopoietic stem cells in long-term bone marrow cultures (Nolta 
et al., 1990) and in irradiated syngeneic recipients of transduced bone marrow 
(Ohashi et al., 1992). Expression of the transgene was observed in vitro, but 
only minimally in vivo in spleen colonies derived from recipients’ transplanted 
bone marrow transduced with the N2-SV-GC vector. In contrast, sustained 
long-term expression was achieved in animals transplanted with bone marrow 
transduced with the MFG retroviral vector. The features of the MFG-GC 
vector are that the GC cDNA was transcribed by the retroviral long terminal 
repeat (LTR) and the start codon of the GC cDNA was placed at the start 
codon of the deleted envelope protein gene. No internal promoter or dominant 
selectable marker is included in the construct (Ohashi et al., 1992). 

To clone into the MFG vector, we created an NcoI site in the position of 
the start codon (ATG) of the GC cDNA using PCR. The sense primer (5’- 
CCACCATGGCTGGCAGCCTC-3’) was made with a one base pair mis- 
match to create the NcoI site. The antisense primer (S-GTGTACTCTCA- 
TAGCGGCTG-3’) was located down stream of a Hind111 site. The product 
was cut with NcoI and HindIII, and a 60 bp fragment was isolated using 4% 
NuSieve agarose gel. On the 3’ side of the GC cDNA, an EcoRI fragment 
of GC cDNA was isolated, and the terminus was filled in with dNTPs by the 
Klenow fragment to create a blunt end. A BclI linker was ligated in the usual 
manner and digested with Hind111 and BclI. The 1.7 kb HindIIUBclI fragment 
was isolated from 1% low melting point agarose gel. The 60 bp NcoI/HindIII 
fragment and 1.7 kb HindIIUBclI fragment were ligated to NcoUBamHl site 
in the MFG vector. The sequence of this construct revealed no PCR errors 
or cloning artifacts. 

Murine Bone Marrow Transplant Model 

The MFG-GC vector was cotransfected with pSV2neo into the ecotropic 
!I!CRE helper line. Following selection in G418 and screening of clones of 
the supernatants by gene transfer into 3T3 targets, approximately half of 28 
G4Wresistant clones expressed viral titers in the range of lo6 integrating 
copies per milliliter, and five clones expressed titers 5--lO-fold higher. The 

titering method was based on a linear correlation observed between enzyme 
activity in 3T3 targets with Southern blot hybridization intensity calibrated 
upon cell lines of known copy number (Bahnson et al., 1994). 
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The highest titer ecotropic producer, !ECRE4, was used to transduce mar- 
row from 5fluoruoracil (5-FU)-treated donor C57BL6/J-GPIa mice using a 
2 day prestimulation followed by 2 day co-culture with irradiated producer 
cells in the presence of interleukin-3 (IL-3), IL-6, and stem cell factor (SCF), 

essentially as outlined by Bodine and coworkers (1986). Irradiated syngeneic 
recipient mice carried the alternative GPI-lb isoenzyme, which permitted 
estimation of the degree of engraftment of donor cells at various time points 
after transplantation based on electrophoresis of peripheral blood cell extracts. 

The efficiency of transduction and expression of the GC gene in bone 
marrow cells was estimated by analyzing individual colonies harvested from 
the spleens of lethally irradiated mice at 12 days after BMT. Eighty-six colonies 
from the spleens of mice given MFG-GC-transduced cells and 13 colonies 
from mice reconstituted with marrow infected with N2-SV-GC were analyzed 
for comparison. Colonies from lethally irradiated mice transplanted with nor- 
mal syngeneic marrow were used as controls. Southern blot hybridization 
revealed that essentially all of the spleen colonies from either group of experi- 
mental recipients contained integrated vector at similar copy numbers, but 
colonies from MFG-GC mice gave enzymatic activities that ranged from two- 
to fivefold above the controls, whereas the colonies from N2-SV-GC mice 
were not greater than controls. 

By 2 months after BMT in mice given lo6 bone marrow cells, circulating 
white blood cells were >90% donor type as assessed by GPI and remained 
>90% until sacrifice. In addition, the majority of circulating white blood cells 
were positive for the human gene product by immunocytochemical analysis. 
Animals were sacrificed between 4 and 7 months after BMT. Southern blots 
were positive for the human gene in tissues from the liver, lung, spleen, thymus, 
lymph nodes, and bone marrow. The enzymatic activity of hematopoietic 
tissues from mice reconstituted with MFG-GC-infected marrow exceeded the 
activity of control tissues an average of threefold in spleen and sixfold in bone 
marrow. By comparison, the hematopoietic tissues from mice given N2-SV- 
GC-infected BM cells showed little or no increase above control levels of 
activity. The data accumulated on nonhematopoietic tissues (liver, lung) were 
also informative. These tissues normally are supplied with bone marrow- 
derived cells on a continuing basis. Under normal physiological circumstances, 
bone marrow-derived cells in these tissues are primarily macrophages. In 
liver, tissue macrophages (Kupffer cells) constitute approximately 15% of the 
organ. If all of the liver macrophages were replaced in MFG-GC-reconstituted 
animals by the progeny of transduced hematopoietic stem cells derived from 
the bone marrow, the copy number of the vector in the liver should be about 
O.l5/cell. The results of Southern blot analyses demonstrated that the MFG- 
GC vector resulted in a copy number in liver of approximately O.l/cell. This 
result is consistent with a high transduction efficiency of hematopoietic stem 
cells by the MFG-GC vector and the ability of hematopoietic stem cells to 
repopulate the macrophage lineage. 
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As a further measure of the ability of the MFG-GC vector to transduce 
self-renewing pluripotent hematopoietic stem cell, we performed secondary 
BMTs using bone marrow collected from three long-term reconstituted mice. 
All secondary spleen colonies from animals sacrificed at 12 days were positive 
for the human GC gene by Southern blot analyses (n = 27), and the enzymatic 
activities were two to seven times higher than that of control spleen colony- 
forming units (S-CFU). Long-term secondary transplants were maintained for 
more than 12 months. Assay of peripheral blood leukocytes (PBL’s) for GC 
activity revealed that cells have 4-10 times the background amount of enzyme. 

To investigate vector expression in macrophages, bone marrow from 
sacrificed recipients was expanded in the presence of macrophage colony- 
stimulating factor (M-CSF), resulting in nearly pure colonies of macrophages 
that were actively phagocytic as evidenced by the ability to take up latex 
beads. The enzymatic activity in these cells was on average fourfold greater 
than that of control macrophages. Western blots of macrophage extracts 
showed an intense band of human GC protein not present in control cells 
cultured from normal mouse bone marrow. The copy number in these cells was 
approximately one to two per cell by Southern blot analyses. Immunochemical 
staining of these cultured macrophages for the human gene product revealed 
that most of the cells exhibited positive staining, whereas there was no staining 
in control cultures. These results demonstrated conclusively that self-renewing 
pluripotent stem cells were transduced, that the transgene was expressed at 
high levels for the life of the mice, and that macrophages, which are the 
differentiated cells of therapeutic potential for gene therapy, exhibited robust 
expression of the GC enzyme at low vector copy numbers. 

Generation and Characterization of Amphotropic Producer Lines 

For preclinical studies and for clinical application, an amphotropic producer 
cell line was required. Cell surface envelope protein interferes with cross- 
infection of cells of the same pseudotype, but supernatant from an ecotropic 
producer can be used to cross-infect an amphotropic packaging cell line to 
generate stable amphotropic producers and vice versa. In this case, the proviral 
vector DNA integrates without carriage of plasmid sequences, and transduc- 
tion efficiency may be high enough to clone candidate producers without 
selection. The high titer amphotropic MFG-GC producer cc-2 was thus gener- 
ated by cross-infection of SCRIP packaging cells with supernatant from 
pCRE4. Among 12 isolated clones, 5 yielded significant titer, and one clone, 
CC-~, expressed a titer of about 2 X lo7 integrating copies/ml. 

The MFG-GC vector was subsequently modified by insertion of a Sac11 
linker immediately downstream of the gag start site, yielding a frame shift to 
prevent expression of partial gag sequences (incorporated into MFG to retain 

packaging efficiency). Following this change, a set of promising producers was 
obtained using a two-step process employing the BOSC 23 transient packaging 
line (Pear et al., 1993) to produce an ecotropic vector-containing supernatant 
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that was then used to cross-infect YKRIP packaging cells. The subsequent 
titer of a selected SCRIP producer was highly variable on 3T3 targets in 
contrast with human TF-1 cell targets, which remained readily transducible 
with supernatants from the same producer. Southern blot analysis revealed 

high copy number in the 3T3 targets, indicating efficient transduction without 
GC enzyme expression in these targets. More definitively, among a recent set 
of 15 G4Wresistant SCRIP clones co-transfected with the modified MFG- 
GC vector and pSV2neo, none raised 3T3 target activity as much as 200 U/ 
mg above background, whereas 8 clones yielded elevations of over 500 U/mg 
in human TF-1 cell targets. These findings reveal unexpected specificity of 
expression among slightly different forms of the MFG vector (manuscript in 
preparation) and imply that potentially useful producer clones may have been 
overlooked because 3T3 target activity was implicitly relied on for titering. 

Transduction of CD34+-Enriched Cells 

High titer vector production and efficient expression of the MFG-GC vector 
facilitated effective supernatant transduction of enriched populations of 
CD34’ cells obtained from normal cord blood, normal bone marrow, periph- 
eral blood granulocyte (G)-CSF-primed leukemia patients, and GD patient 
bone marrow collected during surgical procedures for knee replacement. En- 
zyme activity in transduced cells was compared with normal and abnormal 
(Gaucher) enzyme activity levels in nontransduced cells, showing that a poten- 
tially therapeutic elevation in GC was readily achieved in transduced cells 
using this experimental protocol and high titer cc-2 supernatants. 

In the initial protocol. CD34+-enriched cells were prestimulated in medium 
containing the cytokines IL-3, IL-6, and SCF, followed by four or five daily 
exposures to fresh vector-containing supernatants. During the course of these 
initial studies, experiments indicated that a prestimulation period of 1 day and 
reduced infection numbers over a shorter time period were equally effective 
(Bahnson et al., 1994; Nimgaonkar et al., 1994). The rapid appearance of 
myeloid differentiation antigens on the CD34’ cells over time in culture 
stressed the importance of minimizing the ex viva period as much as possible 
(Nimgaonkar et al., 1994). 

Transduction was directly analyzed by Southern blot analysis of SstI digests 
of genomic DNA from expanded transduced CD34+ cells. Vector proviral 
DNA hybridization intensity in transduced cells was compared with controls 
consisting of human DNA quantitatively spiked with DNA from a murine 
fibroblast clone carrying a known vector copy number. Results showed that 
low copy numbers of the MFG-GC vector ((1 copy/cell) resulted in GC 
expression levels that more than compensated for the deficiency of this enzyme 
in GC patient hematopoietic cells in culture. Supporting evidence for normal 
enzyme expression was provided by immunocytochemical staining, which indi- 
cated that at least 20% of the expanded cells expressed the transgene and 
displayed a staining intensity equal to or greater than that of normal bone 
marrow cells (Bahnson et al., 1994). 
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Centrifugal Enhancement of Transduction 

Despite the encouraging results described above, variability and reports of 
lower than expected transduction efficiencies when research procedures were 
applied in clinical practice (Dunbar et al., 1993; Kohn et al., 1993) spurred us 
to investigate centrifugation as a method to gain additional advantage over 
the transduction process (R. W. Atchison, personal communication). In part 
this effort is based on the assumption that higher observed transduction in 
progenitor cells will be found to correlate with a higher probability of transduc- 
tion in the ultimate target, the engrafting pluripotent stem cells. This assump- 
tion is necessary at the present time, regardless of the method, since there 
are no proven assays for this target cell population other than transplantation 
in human patients. 

Initial experiments comparing centrifugal with noncentrifugal transduction 
of cord blood CD34’-enriched cells demonstrated the potential for improved 
transduction. In one of the two experiments comparing both methods, PCR 
analysis of granulocyte-macrophage (GM) CFU indicated a transduction effi- 
ciency of 95% using centrifugation in comparison with no PCR-positive colo- 
nies detected in control cultures of cells transduced in the same experiment 
at lg. A transduction efficiency of 17 to 20% in the long-term culture-initiating 
cells (LTC-IC) from centrifuged samples was revealed by PCR analysis of 
GM-CFU taken at 4,5, and 6 weeks in this experiment. Although these results 
are among the best reported for retroviral transduction of hematopoietic 
cells, lower transduction of LTC-IC in comparison to GM-CFU points to and 
reinforces the need for continuing improvement in transduction efficiency. 

Additional experiments with cultured human hematopoietic cells (TF-1) 
indicated that the enhancement effect of centrifugation is directly related to 
centrifugal force up to 10,OOOg and to the time of centrifugation. On the other 
hand, the effect was inversely related to cell number in a given container, 
presumably reflecting a requirement for surface area exposure to suspended 
virus (Bahnson et al., 1995). These variables provide opportunities for further 
improvement, but for practical application at the present time we have adopted 
a procedure using blood bags containing up to 5 X lo7 cells per bag centrifuged 
at 2,400g twice for 2 hour periods with a midpoint change of supernatant. A 
major advantage of the centrifugation protocol is that it reduces to a minimum 
the time the cells must be kept in culture. This may be particularly important 
in light of studies by Quesenberry and coworkers showing rapid reduction in 
engraftment potential with increasing time in culture (Peters et al., 1996). 

TRANSDUCTION OF CD34+ CELLS 

Preclinical studies demonstrated efficient transduction in CD34’ cord blood 
(CB) cells as measured by high enzyme activity and positive PCR signals for 
the GC transgene in GM-CFU and clonogenic cells arising from LTC-IC 
cultures in transduced fractions (Mannion-Henderson et al., 1995). 
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Human umbilical CB cells were collected following normal deliveries and 
enriched for the CD34’ fraction using Ceprate columns (Cellpro, Inc., Bothell, 
WA). The CD34-enriched fraction was prestimulated for up to 24 hours with 
10 q/ml each of IL-3, IL-6, and stem cell factor (PeproTech) in long-term 
bone marrow culture media at a concentration of 2 X lo5 cells/ml. These cells 
were transduced with a retroviral vector containing the normal human GC 
cDNA three times over the course of 24 h at a concentration of 105/ml, 
using a protocol based on a centrifugation-enhanced technique developed by 
Bahnson, et al. (1995). Nontransduced controls were obtained as fractions 
from each CB sample. Data from these experiments demonstrate an average 
transduction efficiency in the CD34+-enriched fraction of 50% as measured 
by PCR for the integrated GC cDNA in CFU-GM colonies. PCR of GM- 
CFU harvested from LTC-IC cultures at 6 weeks also indicates transfer of the 
cDNA to early progenitor cells. Measurements of enzyme activity comparing 
transduced and nontransduced fractions at 4 or 6 days post-transduction indi- 
cate an average enzyme increase of six-fold over nontransduced back- 
ground levels. 

The next question that needed to be addressed was the stability of the 
transgene and the ability to sustain expression of a functional enzyme over 
time. Human cord blood cells would not be appropriate for this assessment, 
since the composition and stability of the CD34’ cell population grown in 
bulk culture over time is not well defined. The human cell line TF-1, a factor- 
dependent human erythroleukemia cell line (American Type Culture Collec- 
tion) (Kitamura et al., 1989) was chosen to address this question of stability. 
TF-1 cultures provide readily available material in which to optimize a large- 
scale infection that would be necessary in a clinical trial. These cells were 
transduced at a concentration of lO?ml, using the a retroviral vector containing 
the GC cDNA and maintained in culture for 44 days. With a successful 
transduction efficiency at a cell concentration of 105/ml, the question of increas- 
ing cell concentration against efficiency was addressed. Cells from this experi- 
ment remained in culture for 35 days. Although a relationship was observed 
with increasing cell number to decreasing transduction efficiency, both experi- 
ments show enzymatic activities in transduced TF-1 cultures that remained at 
least 25fold above the activity of nontransduced cells throughout a 6 week 
culture period. 

The results from this study were used in establishing conditions appropriate 
for transducing GD patient cells in a clinical trial. 

PRECLINICAL STUDIES OF CD34 CELLS FROM GD PATIENTS 

Transplantation of CD34+ cells is advantageous for several reasons. First, the 
number of CD34+ cells required for transplantation is considerably smaller 
than a whole bone marrow transplant, consequently reducing the side effects 
associated with cell transplantation as well those associated with infusion 
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of the toxic cryopreservant dimethylsulfoxide. Second, the amount of viral 
supernatant and cytokines required for transduction and prestimulation is 
significantly reduced. 

We have shown previously that a significant number of CD34+ cells can 
be collected in patients with GD that are adequate for conventional transplan- 
tation in the host (Nimgaonkar et al., 1995). These data are reviewed here. 

Patients 

Three patients with GD were entered into this Institutional Review Board- 
approved study. Patient 1 (JH), aged 48 years, was diagnosed in 1968 as 
having type 1 GD. He was started on enzyme replacement therapy (ERT) in 
September 1993 and is at present on Ceredase 30 U/kg every 2 weeks. Patient 
2 (RH), aged 35 years, was diagnosed in 1965 with type 1 GD and has been 
maintained on Ceredase 45 U/kg every 2 weeks. Patient 3 (IM), aged 49 years, 
was diagnosed in 1954 with type 1 GD. This patient has been maintained on 
Ceredase since June 1992. Her present dose is 30 U/kg every 2 weeks. All 
three patients have responded to enzyme therapy as evidenced by a reduction 
in organ size and an increase in hematological indicies. Each continues to 
experience skeletal complications of the disease. The different doses of ERT 
for these individuals reflect the efforts to reduce the dose from 60 U/kg every 
2 weeks to a lower maintenance dose. Patient characteristics are summarized 
in Table 2. All patients gave written informed consent. 

Mobilization Regimen and Leukapheresis 

Patients 1 and 2 received G-CSF (Neupogen [Amgen]) 5 mg/kg/day subcutane- 
ously for 10 days. Patient 3 received G-CSF at a dose of 10 mg/kg/day for 10 
days. Pre G-CSF laboratory evaluation for each patient involved GC activity, 
genotype, complete blood count and differential, platelets, uric acid (UA), 
alkaline phosphatase, lactate dehydrogenase (LDH), and flow cytometric anal- 
ysis for CD34’ cells. Daily evaluation while the patient was on G-CSF involved 

TABLE 2 Characteristics of Patients 

Age (years) 
Bone 

Present Marrow GC 
At At Disease Therapy Storage Activity 

Patient Diagnosis Present Type Genotype (Ceredase) (nmol/h/mg) 

1 (JW 21 48 1 N370W 60 U/kg +++ 1 
N370S 

2 w-v 5 35 1 N370S/? 45 U/kg +++ 2 
3 uw 6 49 1 L444P/? 30 U/kg +++ 2 
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complete blood count, platelet count and differential, UA, LDH, alkaline 
phosphatase, and FACS analysis for CD34’ cell number. 

Leukapheresis was started in the three patients on day 5. A total of five 
leukaphereses were done in each patient using the Cobe Apheresis Spectra 

device. The total volume of the leukapheresis produce was recorded, and the 
samples were removed for cell counts and further analysis. All cell counts 
were done on the Coulter Counter ZM to determine the total number of 
white blood cells in the leukapheresis product. The leukapheresis product was 
washed with RPM1 1640 on the Cobe 2991. The final volume of the washed 
cell preparation was approximately 150 ml. 

Mobilization of CD34+ Cells 

Following leukapheresis, the total number of white blood cells in the apheresis 
products averaged 1.6 X 10” (range 1.0 X lo**-2.5 X loll) or 2.1 X 109/kg. 

Enrichment Procedure for CD34+ Cells 

Enrichment for CD34+ cells was done using the Ceprate column. The washed 
leukapheresis product was incubated with the biotin-labeled anti-CD34 anti- 
body and 0.1% HSA (25%) for 25 min at room temperature with mixing for 
15 min. Following incubation the cells were washed on the Cobe 2991 and 
resuspended in phosphate-buffered saline to a volume of 300 ml. Samples 
were removed for further analysis at this stage, which included cell counts, 
flow cytometry for CD34 and subset analysis, and viability and clonogenic 
assays. The cells were processed on the Ceprate SC instrument. The enriched 
and depleted fractions were removed, and aliquots were removed for further 
analysis. Sterility testing was also performed on the enriched fraction. The 
enriched fraction was centrifuged at 1,200 rpm for 8 min and the supernatant 
removed. The enriched CD34’ cells were cryopreserved in Media 199 with 
dimethylsulfoxide plus 20% autologous plasma using a clinically approved 
controlled rate freezing protocol. 

The number of white cells in the enriched fractions averaged 6.3 X 10” 
(range 4.5 X lo”-7.9 X 108) or 9.6 X 106/kg. Using the clinical Ceprate column, 
enrichments averaging 195-fold (range 4-625-fold) were observed. These data 
demonstrate up to a sixfold increase in the percentage of CD34+ cells in the 
peripheral blood of the three patients respectively. 

The recovery varied from a mean of 25.6% (range 4.9%-48.4%) 61.4% 
(range 22.4%-168.3%) and 36.9% (range 25%-59%) in the three patients, 
respectively. The total number of CD34+ cells collected was 1.2, 3.5, and 
2.1 X lo6 cells/kg, respectively. 

Flow Cytometric Analysis for CD34+ Cells 

Sample Preparation. The cell concentration was adjusted to 10 X lo6 cells/ 
ml in phosphate-buffered saline. Then 100 ~1 of the cell suspension was incu- 
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bated with the labeled monoclonal antibodies. Dual color staining was done 
using the following monoclonal antibodies: CD34 (FITC) combined with ei- 
ther CD38 (phycoerythrin) (PE), HLA-DR (PE), Thy-l (PE), or CD33 (PE). 
Relevent isotype controls were used. A 100 ,ul aliquot of stained cells was 
mixed with an equal volume of PBS containing 1% human albumin and 0.1% 
sodium azide and incubated for 15 min at room temperature in the dark. The 
tubes were then centrifuged for 5 min at 250g and the supernatant decanted. 
Two milliliters of FACS lysing solution was added to each tube and the cells 
incubated for an additional 10 min. The tubes were then centrifuged again 
for 5 min at 25Og, the supernatant decanted, and the pellet resuspended in 
500 ~1 of 1% paraformaldehyde. The suspensions were stored at 4°C in the dark 
and submitted to flow cytometric analysis in their respective staining solutions. 

Flow Cytometry. Samples were acquired on a FACScan flow cytometer 
(Becton Dickinson, San Jose, CA.) equipped with a 15 mW, air-cooled, 
488 nm argon-ion laser. Fluorescence data were displayed on a four-decade 
log scale. Analysis of the bivariate data was performed with LYSYS II soft- 
ware (Becton Dickinson). 

Analysis. To obtain total CD34’ cell numbers, samples were analyzed based 
on SSC and CD34 fluorescence intensity within a live cell gate. Gates to 
identify CD34+ cells were set using the relevant negative isotype control. The 
CD34+ cells were gated, and the expression of the second antibody was as- 
sessed on the CD34+ cells using a dot plot of FL1 versus FL2. Twenty thousand 
events were acquired for each sample. To improve the accuracy of subpopula- 
tion analysis in those samples in which the CD34+ cell count was low, at least 
500 CD34’ events were collected. 

CD34 Subset Analysis. We analyzed the percentage of CD34’ cells that co- 
expressed Thy-l, CD38, HLA-DR, and CD33. The mean percentage of CD34+ 
cells in peripheral blood that co-expressed Thy-l was 71.6%, 28.9%, and 44.4% 
in the three patients, respectively. We noted that there was a trend for the 
percentage of CD34+, Thy-l+ cells to diminish with enrichment. The reason 
for this reduction is uncertain and is under investigation. Thy-l has been 
shown to be an early hematopoietic marker (Murray et al., 1995). Impairment 
of long-term engraftment by the diminution of these cells is unlikely, since 
CD34’ cells using the CellPro column have been shown to engraft as well 
as bone marrow (Berenson et al., 1991). Therefore, the significance of this 
observation remains unknown. The percentages of other CD34 subsets re- 
mained unaltered with manipulation. 

Transduction of Human Hematopoietic Progenitors 

We have previously demonstrated high transduction efficiencies using a 
centrifugation-promoted infection protocol (Bahnson et al., 1995). This 
method involves centrifugation of small numbers of cells in tubes, which is 
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not feasible in the clinical setting. We have therefore developed a method 
using blood collection bags for the centrifugation of large numbers of cells 
applicable to the clinical trial. The patients’ CD34-enriched cells that were 
frozen were thawed rapidly while mixing constantly. The cells were washed 

immediately in long-term bone marrow culture media, counted, and resus- 
pended at a concentration of 2 X lo5 cells/ml. Pre-stimulation of the cells 
was performed using the cytokines IL-3, IL-6, and SCF at concentrations of 
10 rig/ml for 24 h. The cell concentration was maintained at 2 X 105/ml 
throughout the pre-stimulation procedure. Following this, the cells were resus- 
pended at 1 X 107-lo8 cells in 50 ml of long-term bone marrow culture media. 
The cytokine concentration was maintained at 10 rig/ml, and protamine sulfate 
was added to achieve a concentration of 4 mg/ml. A 60 ml syringe was used 
to inject the cell suspension into a 150 ml capacity blood collection bag. Then 
50 ml of viral supernatant was injected into the same blood collection bag. 
The air pocket was removed, the bag sealed, and the excess tubing removed. 
The blood bags were then centrifuged at 2,400 g at 24°C for 2 hours. The bags 
were removed from the centrifuge and the contents transferred to a 50 ml 
conical tube. The bag was rinsed with 50 ml of long-term bone marrow culture 
media to remove any adherent cells. The cells were then centrifuged at 2,400g 
for 5 min, the supernatant removed, and the cells resuspended in 25 ml of 
the culture media. The cells were counted and subjected to further analysis. 

Analysis of Transduction Efficiency 

PCR Analysis of CFU-GM Colonies 

Clonogenic Assays. Transduced CD34’ cells were plated at a concentration 
of 1 x lo4 cells/ml in methyllcellulose with IL-3 and GM-CSF. Individual 
CFU-GM colonies generated after 14 days were plucked and analyzed by 
PCR for the GC gene in the retroviral vector. 

PCR Technique. PCR was carried out on genomic DNA samples in a final 
volume of 50 ,ul. The reaction mixture contained 200 PM of each dNTP, 0.5 
units Amplitaq (Perkin-Elmer), 2 mM MgC12, and 0.2 PM of each primer in 
Amplitaq buffer. One primer hybridizes within the GC cDNA region and the 
second within the viral sequence, yielding a unique 407 bp amplification prod- 
uct (ABl: 5’ ACG GCA TGG CAG CTT GGA TA 3’; AB2: 5’ AGT AGC 
AAA TTT TGG GCA GG 3’). Thermal cycling was performed on Gene 
Amp PCR System 9600 as follows: 94°C X 5 min for an initial denaturing 
cycle, followed by 30 cycles of 94°C X 30 set, 58OC X 30 set, and 72°C X 

30 sec. The PCR products were resolved on a 6% acrylamide or 2% agarose 
gel and the bands visualized by ethidium bromide and UV light. 

PCR of Methylcellulose Colonies. Because of the viscosity of the methylcellu- 
lose media, extraction of DNA from these GM-CFU colonies required further 
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preparation. Isolated, single colonies were removed by a pipetman and placed 
into a sterile, nuclease-free microcentrifuge tube. The DNA extraction method 
was adapted as previously described (Nimgaonkar et al., 1995) (30). The lysis 
solution consists of 1.5 ,ul of glycogen, 10 ~1 2M sodium acetate (pH 4.5) 
20 ~1 of sterile distilled water, 100 ~1 phenol, and 20 ~1 chloroform. To 
each tube 100 ~1 of this mixture was added and left to incubate for at least 
30 min at 4OC. The tubes were then spun in a microcentrifuge at 12,000g for 
10 min. The aqueous phase was transferred to a clean tube and precipitated 
with 100 ~1 isopropanol at -20°C for 60 min or overnight. The samples were 
spun at 12,000g for 10 min, and the pellets washed in cold 70% ethanol, allowed 
to briefly air dry, and resuspended in 25 ~1 sterile distilled water. This sample 
was then ready for PCR analysis, as described. 

PCR Analysis of LTC-IC. Long term bone marrow cultures were maintained 
as previously described (Eaves et al., 1991). Transduced CD34’ cells were 
placed on preformed irradiated allogeneic bone marrow stroma at a minimum 
concentration of 5 X lo5 cells per T25 flask. Half the media was replaced 
weekly. The cultures were maintained at a temperature of 33°C. Cells were 
removed after 4 and 5 weeks and plated in methylcellulose for clonogenic 
assays. At week 6, nonadherent cells and adherent cells which were removed 
using trypsin were plated individually in methylcellulose. Individual GM- 
CFU were plucked at 14 days and analyzed by PCR for the GC gene as 
described above. 

GC Enzyme Assay in Expanded Cells. The cells were expanded for 1 week 
in cytokines and assayed for enzyme activity as previously described (Bahnson 
et al., 1994). 

Transduction Eficiency. The transduction efficiency was measured in clono- 
genie cells and LTC-IC. Using the clinically approved viral supernatant 
LM30.2.7, a mean transduction efficiency of 32% was demonstrated in clono- 
genie cells. A transduction efficiency of 25% for patient 1 and 50% for patient 
3 in LTC-IC was noted at week 6. 

Measurement of GC Enzyme Levels. Cells were maintained in long-term bone 
marrow culture media and assayed for their GC enzyme levels at 6 days. Up 
to a 50-fold increase in enzyme levels above deficient levels was noted on day 6. 

CLINICAL TRIAL OF GENE THERAPY FOR GD 

Description 

Allogeneic BMT has been used successfully to treat several patients with GD. 
ERT has been available since 1991. More than 1,500 patients with type 1 GD 
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have been treated, and, with few exceptions, the patients demonstrate a rever- 
sal of disease symptoms and arrest of the progressive disease. 

The risk of mortality associated with allogeneic BMT (-30%) the need 
for an HLA-matched donor, and the availability of ERT render this approach 
to treatment of GD obsolete. ERT is efficacious; however, it involves lifelong 
infusions and is expensive. EX vivo gene transfer and autologous BMT could 
result in a permanent treatment for GD without the requirement for a matched 
donor, risk of mortality, and expense of ERT. 

Gene therapy involves the insertion of a normal copy of a gene into the 
cells of a patient with an inherited defect in the corresponding gene. Hemato- 
poietic stem cells are a pathobiologically important target cell for gene transfer 
in GD because macrophages are derived from the bone marrow. In this 
approach, hematopoietic stem cells are collected, genetically corrected by 
inserting the gene, and then re-colonized in the patient. Gene transfer/autolo- 
gous BMT avoids the immunological problems of graft rejection and graft- 
versus-host disease, which occur with high frequency in allogeneic transplan- 
tations. To be successful, gene therapy requires high-efficiency gene transfer 
into cells, followed by persistent expression of the transferred gene at an 
appropriate level. 

In this study, we transduced CD34’ cells obtained from the blood of GD 
patients using a replication-defective retroviral vector called R-GC. The vector 
carries the human GC cDNA. Genetically corrected CD34’ cells are returned 
intravenously to the patient who donated the cells. This process is referred 
to as ex vivo gene transfer and autologous BMT. The primary aim of the study 
is to evaluate the safety of this approach. Other aims include estimating 
the extent of competitive engraftment of genetically corrected CD34’ cells, 
measuring the endurance of bone marrow engraftment with CD34’ cells, 
measuring the ability of these genetically corrected cells to sustain expression 
of GC, and examining the patients for any clinical response. 

The hypothesis of this study is that genetically corrected peripheral blood 
stem cells (PBSC) will engraft and result in the supply of enzymatically compe- 
tent progeny sufficient to reverse the phenotype in patients with GD. The 
specific aims to be achieved are 

1. Evaluation of the safety and feasibility of correcting the basic genetic 
defect of GD by infusing patients with transduced CD34+ cells 

2. Transfer of the human GC gene into PBSC obtained from patients 
with GD 

3. Autologous transplantation of transduced PBSC to patients 

4. Measurement of the carriage and expression of the transferred gene and 
its duration in PBL 

5. Assessment of the clinical effects of transplanting genetically corrected 
PBSC in patients with GD 
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The outcome of the study will influence future plans by providing informa- 
tion about the safety and capability of gene transfer using our proposed 
method. Further developments could influence our decisions about different 
vectors, different preparations of hematopoietic stem cells, and different meth- 
ods of preparation of the patients. 

Methodology 

This clinical trial is a phase I study to evaluate the safety and limited efficacy 
of the gene therapy approach as a treatment for type1 GD. A total of five 
patients with moderate to moderately severe disease will be enrolled. 

Patients with type I GD were recruited from clinics at the University of 
Pittsburgh and from referrals. They were counseled and informed of the risks 
and inconveniences of the study during three separate interviews. They were 
required to sign a consent form. Both patients who are undergoing ERT and 
untreated patients may be selected for the study. 

G-CSF mobilization (10 ,uglkg) was used in patients admitted to the study. 
Leukapheresis procedures began on day 6 of the G-CSF mobilization and 
continued until a total of 7 X 108/kg mononuclear cells were obtained. The 
cells were transduced with the R-GC vector to deliver the GC gene. Patients 
were transplanted with autologous genetically corrected cells at a dose of 
2 x 106/kg CD34’ cells. The patient’s blood was assessed for the carriage and 
expression of the transduced gene in PBL by PCR. Measurement of GC 
activity was used to quantify the extent of restoration of enzyme in these cells. 
After the restoration of enzymatic activity and carriage of the transferred 
gene has been established, patients are studied for the clinical responses to 
the therapy. 

We will determine the extent to which CD34+ cells can engraft without a 
myeloablative preparative step. Engraftment of CD34’ cells is rapid and occurs 
within 1 month. Therefore, assay of PBL for carriage of the GC gene and 
GC activity was performed after that interval of time. The results in these 
patients will determine the approach to be used in subsequent studies during 
the first year. If the amount of GC leukocytes is not increased twofold above 
the deficient level, it will be concluded that an inadequate number of corrected 
CD34’ cells have engrafted, and the procedure will be repeated up to a 
maximum of four times in the first year. After having established the restora- 
tion of enzymatic activity and carriage of the transferred gene, patients will 
be studied for the clinical response to the therapy. This evaluation includes 
repeated measurements of clinical and laboratory parameters. 

If studies of PBL do not indicate sufficient engraftment (i.e., greater than 
two times the deficient level of GC), we will repeat the transplantation of 

genetically corrected CD34+ cells up to a maximum of four times during the 
course of the year. Each time an infusion is performed, the leukapheresis 
procedure, enrichment of CD34+ cells, and transduction of CD34+ cells will 



348 BARRANGER ET AL. 

be repeated. The same certifications of the transduced cells will be performed 
prior to their use. A flow sheet summarizing the study is shown in Figure 1. 

The outcome of the study will influence the development plans by providing 
additional information about the safety and capability of gene transfer using 
our proposed method. Further developments could influence our decisions 
about other vectors, different preparations of hematopoietic stem cells, and 
different methods of preparation for transplantation. The potential risks asso- 
ciated with the study include those associated with the collection and reinfusion 
of the patient’s CD34’ cells and the minor risks associated with the patient 
evaluation procedures. However, we believe these risks are minimal given the 
care we have taken in constructing the vector and designing the protocol. We 
believe that potential risks are outweighed by the critical data we will obtain 
regarding safety and clinical efficacy. The results of this study will guide the 
design of future studies in gene therapy for GD. 

G-CSF Priming and Collection of a Mononuclear Cell Fraction 

G-CSF mobilization was used in patients with GD who are participants in this 
study to increase the number of CD34’ cells in their blood. Study candidates 
received G-CSF at a dosage of 10 &kg/day by subcutaneous injection on 
consecutive afternoons up to 10 days. Injections were scheduled to begin 5 
days prior to the scheduled first leukapheresis procedure. Daily monitoring 
of white blood cell count and differential count was performed. Daily monitor- 
ing is essential, since white blood cell count can rise rapidly in response to 
G-CSF. If the count is >75,00O/ml, the G-CSF dose is to be reduced. 

Leukapheresis procedures started on day 6 of G-CSF administration and 
continued on a daily morning schedule until a total mononuclear cell yield of 
7 X 108/kg is obtained. It is anticipated that two to three collections will be 
required of the majority of patients to achieve this yield. If a sufficient number 
of mononuclear cells is not collected, daily G-CSF may be continued at the 
discretion of the attending physician until an adequate mononuclear cell dose 
is obtained. If cytopenia (white blood cell count ~3,000 ,ul or platelets <50,000) 
develops during or as a result of leukapheresis, the procedure will be postponed 
until recovery. 

Approximately 15 L of the patient’s blood was processed during each 
leukapheresis procedure. Samples from each leukapheresis product were ob- 
tained for hemoglobin, hematocrit, total white blood cell count, and differen- 
tial, platelet count, colony assays, flow cytometry, and microbiological assays. 
Each leukapheresis product was enriched for CD34+ cells on the day of collec- 
tion and pooled. 

Each patient received 2-4 X lo6 transduced CD34+ cells/kg body weight. This 
is the dose used to reconstitute the bone marrow in patients who have been 
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FIGURE 1. Flow diagram for the clinical trial of gene therapy for GD. 
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myeloablated. The dose needed to result in engraftment in an unprepared 
(nonmyeloablated) recipient is unknown. Studies of bone marrow transplants 
in mice and dogs suggest that competitive engraftment in the host animal 
without preparative myeloablation can be very efficient. We have selected a 

dose of CD34’ cells for this study that has been used to reconstitute the bone 
marrow in myeloablated cancer patients. 

Infusion of the Transduced Cells 

After infection with R-GC, the CD34’ cells were administered to the patient. 
Aliquots were sampled for biological activity and tested for adventitious 
agents. 

Postinfusion Laboratory Parameters 

In this protocol, the assessment of engraftment of the transduced cells into 
bone marrow depends on the estimation of carriage of the transgene PCR 
and enzymatic activity in PBL and bone marrow. At 1 month postinfusion, 
PBL from all patients were assayed for GC activity and carriage of the GC 
gene. These molecular and enzymatic parameters continue to be monitored 
according to the schedule. Indicators of clinical response (excluding magnetic 
resonance imaging, bone marrow biopsy, and x-rays) are conducted monthly 
for 24 months. 

Preliminary Findings 

Three study candidates have been entered into the study. One patient experi- 
enced a decline in platelet count below 100,000 during G-CSF stimulation. 
No other side effects of the procedure have been noted in the 9 months 
duration of the study. All of the candidates have been transplanted at least 
twice with genetically corrected CD34 cells at a dose of 2-4 X 106/kg. The 
GC activity of the corrected cells was 2-26-fold higher than the deficient level. 
Positive signals for the transgene have been noted in the PBL of each subject, 
and enzymatic activity in circulating white cells has risen to as high as car- 
rier levels. 

HEMATOPOIETIC CELLS-NEW STRATEGIES 

Efficient retroviral-mediated transfer of human GC gene into murine hemato- 
poietic stem cells has been accomplished (Ohashi et al., 1992). Despite these 
successes in mice, it is still unclear how efficiently human hematopoietic stem 
cells can be transduced, although efficient gene transfer has been demonstrated 
in human hematopoietic progenitor cells, GM-CFU, and in more primitive 
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cells, LTC-IC (Xu et al., 1994). A number of approaches have been tested to 
solve this problem. 

The titer of retroviral vectors is one of the keys to increase efficiency of 
gene transfer, and another is the cell cycling of target cells. Generally, retroviral 
vectors do not integrate into noncycling cells because reverse transcription is 
blocked. Hematopoietic stem cells, which are mostly quiescent, that is, in the 
GO phase of the cell cycle, are difficult targets for gene transfer by retroviral 
vectors. To stimulate quiescent hematopoietic cells to enter active cell cy- 
cle, various cytokines have been used. Among them, a combination of SCF, 
IL-3, and IL-6 has been shown to increase retroviral-mediated gene transfer 
into hematopoietic cells effectively (Luskey et al., 1992; Van Beusechem et 
al., 1995). 

Bone marrow stroma, which constitutes the hematopoietic microenviron- 
ment, and fibronectin, an extracellular matrix protein, have also been shown 
to increase retroviral-mediated gene transfer into hematopoietic cells, al- 
though the mechanism underlying this effect is not known well (Moore et al., 
1992; Nolta et al., 1995; Moritz et al., 1994). However, obtaining bone marrow 
for stroma cultures, sufficient to support transduction of the large number of 
cells required for clinical trials, is difficult even from normal individuals; for 
GD patients, whose cells often grow poorly, this may be a major impediment. 

Centrifugation is a simple and safe technique to enhance retroviral- 
mediated gene transfer. We have already demonstrated that centrifugation 
increases transduction efficiency for human CD34+-enriched CB (Bahnson et 
al., 1995). There is a direct correlation between length of centrifugation and 
transduction efficiency and an inverse relationship between cell number in 
the infection and efficiency. This technique has advantages and can be applied 
to clinical trials using blood collection bags as we have described (Nimgaonkar 
et al., 1995). 

The use of adeno-associated virus (AAV) is another approach. AAV is 
not pathogenic and integrates with some preference into a site on chromosome 
19 and is not dependent on active cell cycling. It is a promising vector for 
gene transfer into hematopoietic cells (Wei et al., 1994). However, production 
and purification of high titer recombinant AAV vector is complicated, and 
this problem should be solved. 

Enrichment of hematopoietic stem cells increases virus-to-target cell ratio 
and thereby increases the transduction efficiency. CD34’ enrichment by mono- 
clonal antibody-based methods are commonly used. We have demonstrated 
that CD34’-enriched cells can be collected from peripheral blood in patients 
with GD by leukapheresis following G-CSF mobilization and can be efficiently 
transduced using a centrifugation-enhanced technique (Nimgaonkar et al., 
1995). Recently, several groups have reported that hematopoietic stem cells 
from bone marrow or peripheral blood could be expanded in vitro with various 
combinations of cytokines (Spour et al., 1993). Although the reconstitution 
ability of these expanded cells needs to be clarified, in vitro expansion of 
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hematopoietic cells is an attractive method that may be used in gene ther- 
apy approaches. 

Results 

Cytokines. First, we examined the effect of pre-stimulation with cytokines 
(IL-3, IL-6, SCF) on transduction of CD34’ cells. CB CD34+-enriched cells 
were precultured with or without 10 nglml each of IL-3, IL-6, and SCF for 0, 
16, and 48 hs. After pre-stimulation, the cells were transduced with the GC- 
containing retroviral vector by centrifugation for 2 hrs. GC activity was mea- 
sured 6 days post-transduction, and transduction efficiency was analyzed by 
PCR for the GC transgene in individual GM-CFU. The results showed that 
CD34’ cells prestimulated with cytokines had high transduction efficiency: 
88% and 92% for 16 and 48 h pre-stimulation, respectively. On the other hand, 
transduction efficiency of nonpre-stimulated CD34+ cells increased with time 
of preculture: 44%, 63%, and 75% for 0, 16, and 48 h preculture, respectively. 

Next, we examined the effect of cytokines during transduction. Transduc- 
tion of CD34’ cells in the presence of cytokines (IL-3, IL-6, SCF) showed 
higher GC activity and higher transduction efficiency than that in the absence 
of cytokines (345 vs. 497 U/mg and 44% vs. 88%, respectively). The use of 
cytokines before and during transduction is useful in retroviral-mediated gene 
transfer into hematopoietic cells. 

Stroma and Fibronectin. The effect of stroma and fibronectin on transduction 
of CD34’ cells was assessed. CB CD34’ cells were put in culture plates in 
which some wells were pre-coated with stroma cell layer or fibronectin. The 
cells were transduced with the GC-containing retroviral vector for 24 h with 
or without 2 h centrifugation. GC activity and transduction efficiency were 
measured by the method described above. Both stroma and fibronectin in- 
creased transduction efficiency: 50% with stroma and 63% with fibronectin. 
Centrifugation alone could increase transduction efficiency up to 69%. A 
combination of centrifugation and stromal support showed high transduction 
efficiency (75%). Although stroma and fibronectin enhance retroviral- 
mediated gene transfer into hematopoietic cells, the safety and logistics of 
these approaches have not yet been defined. 

Expansion. It has already been shown that hematopoietic cells can be ex- 
panded in vitro in long-term bone marrow culture media containing cytokines. 
To assess the requirement for addition of cytokines and catalase (antioxida- 
tive), CB mononuclear cells were incubated for 21 days in long-term bone 
marrow culture media, long-term bone marrow culture media containing 
10 rig/ml each of the cytokines (IL-3, IL-6, SCF), or long-term bone marrow 
culture media containing cytokines plus 0.2 mg/ml catalase. The number of 
total cells increased in the presence of cytokines, and the number of GM- 
CFU increased in the presence of cytokines and catalase. 
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CD34’ cells were obtained from peripheral blood of GD patients using 
G-CSF mobilization and were expanded in long-term bone marrow culture 
media containing cytokines (IL-3, IL-6, SCF) and catalase. CD34’ cells were 
expanded 222-fold in cell number on day 23, and 5,310 GM-CFU colonies 
were noted from 1 X lo5 cells on day 14. In vitro expansion of CD34’ cells 
from the patient’s peripheral blood was demonstrated, but it remains unclear 
whether repopulating hematopoietic stem cells can be expanded. Studies in 
NOD-SCID mice and the SCID-hu bone model should be helpful in assessing 
this question. 

PRENATAL GENE THERAPY 

An ever-increasing number of genetic disorders can now be identified in utero 
at an early stage in pregnancy. In current clinical practice, a prenatal diagnosis 
of a serious genetic disease leaves the parents with very few options. The vast 
majority of these diseases are not amenable to simple surgical or pharmacologi- 
cal treatments. A variety of experimental approaches aimed at replacement 
of the deficient gene function or modification of function are being pursued. 
In general, these involve either cell or organ transplantation or somatic cell 
gene therapy. 

The most common organ or cell type to be targeted for transplantation or 
gene delivery is the bone marrow or, more specifically, the hematopoietic 
stem cell. One major hurdle has been the inability to unequivocally identify 
the pluripotent stem cell. Consequently, it has been difficult to prove that genes 
can be delivered to the pluripotent stem cell itself with persistent expression of 
the gene product at therapeutic levels in its differentiated progeny. However, 
a subpopulation of hematopoietic cells containing the bulk of stem cells and 
progenitors can be readily identified with the use of specific antibodies, i.e., 
CD34. In animal studies and in clinical trials, genes responsible for a variety of 
hematological, immunological, and metabolic disorders have been successfully 
introduced into this subpopulation using a number of gene delivery vehicles 
(Ohashi et al., 1992; Adams et al., 1992; Wolfe et al., 1992; Miller, 1992). The 
success of somatic cell gene therapy in animals led a number of investigators 
to explore the feasibility of gene transfer in utero into fetal hematopoietic 
cells (Anderson et al., 1986; Soriano et al., 1993; Touraine et al., 1987). These 
studies suggest that not only is it possible to introduce genes into fetal tissues 
in utero but it may in fact have certain advantages over postnatal gene therapy. 
Fetal hematopoietic cells are more readily transduced than adult hematopoi- 
etic progenitors (al-Lebban et al., 1990). Transplantation in utero may obviate 
the need for bone marrow ablation to create space for engraftment. Early 
treatment may avert the occurrence of significant functional compromise be- 

fore clinical diagnosis and treatment. Finally, the neurological manifestations 
of disease may be more amenable to correction by prenatal hematopoietic 
stem cell transplantation or somatic gene therapy for several reasons. The 



354 BARRANGER ET AL. 

blood-brain barrier presents a formidable impediment to the transfer of cells 
into the brain. In many disorders, the disease process begins in the fetus, 
leading to potentially irreversible neurological damage before birth (Poduslo 
et al., 1976; Baier and Harzer, 1983; Adachi et al., 1974; Schneider et al., 

1972). The marrow-derived elements in the central nervous system, if present, 
account for less than 1% of brain tissue, and their turnover is slow. The fetal 
central nervous system, on the other hand, is in an active state of growth 
and development, lacks a blood-brain barrier, and may therefore be more 
accessible to genetically modified cells of hematopoietic origin. 

During fetal life, hematopoiesis begins in the yolk sac, transfers to the liver, 
and initiates in the bone marrow at mid to late gestation (Metcalf and Moore, 
1971). Liver is the primary site of hematopoiesis between 7 and 19 weeks of 
gestation (O’Reilly et al., 1983) and an attractive source of fetal hematopoietic 
progenitors and stem cells. Fetal liver cells are comparable to adult bone 
marrow cells in their capacity to self-renew and differentiate into a complete 
repertoire of erythroid, myeloid, and lymphoid cell lineages (Wu et al., 1968). 
Fetal tolerance resulting in permanent chimerism has been documented to 
occur naturally in animal and human twins with shared placental circulation 
(Turner et al., 1973; Szymanski et al., 1977) and has been experimentally 
documented in several animal models (Billingham et al., 1953; Binns, 1967; 
Roncaro and Vandekerckhove, 1992). Touraine et al. (1993) reported on five 
fetuses transplanted prenatally at 12 to 28 weeks of gestation with fetal liver 
cells. Three had immunodeficiency disorders, and two had thalessemia major. 
Three survived to term with evidence of engraftment and clinical improve- 
ment. More recently, a fetus with Krabbe’s disease was transplanted in utero 
with paternal CD34’ cells. The fetus died in utero but demonstrated complete 
repopulation of hematopoietic tissues with donor cells. Another fetus with 
SCID has been transplanted with paternal CD34’ cells. This child was born 
in good condition with significant chimerism in peripheral blood (Flake et 
al., 1995) and is well at 4 months of age. Use of paternal CD34’ cells for 
transplantation in utero induces tolerance to paternal histocompatibility anti- 
gens and thereby provides a ready source of hematopoietic cells for subsequent 
transplantations. 

Genes may be delivered to fetal hematopoietic stem cells and progenitors 
by two approaches: (1) ex vivo transduction of allogeneic or autologous fetal 
hematopoietic stem ceils followed by transplantation in utero (2) in vivo gene 
delivery by direct injection of the recombinant vector such as a retrovirus into 
fetal liver during the period of hepatic hematopoiesis. Direct in vivo gene 
delivery is technically easier and does not require fetal liver harvest or depend 
on the success of cell culture and subsequent survival of transplanted cells. 
In the initial studies, a replication-competent moloney murine leukemia virus 
(MoMuLV) was injected into mice embryos (Jaenisch, 1980). Compere et al. 
(1989) injected an H-ras-carrying replication-incompetent retrovirus into the 
amniotic sac of D-8 mouse fetuses. H-ras-expressing cells underwent neoplas- 
tic transformation. Fetal rats injected in utero with a replication-incompetent 



GENE THERAPY FOR GAUCHER DISEASE 355 

retroviral vector carrying the chimeric phosphoenolpyruvate carboxykinase- 
BGH gene demonstrated the presence of the provirus in the liver for up to 
1 year. In two of the rats killed at 3 months of age, BGH gene was identified 
in the bone marrow (Hatzoglou et al., 1990). Clapp et al. (1991) injected cell- 
free supernatants containing a replication-defective retroviral vector into rat 
fetal livers at 11, 14, 16, and 18 days of gestation. In 10 of 12 fetuses injected 
at days 14-16 of gestation, the provirus was detected in the bone marrow by 
PCR or Southern analysis. In two animals the provirus persisted for 26 weeks. 

As expected, fetal demise following these in utero injections was propor- 
tional to the volume of supernatant injected. The greater the injection volume, 
the higher the mortality. Attempts to concentrate the virus by filtration or 
ultracentrifugation have generally resulted in loss of infectious virus presum- 
ably due to the instability of the envelope proteins. Furthermore, MoMuLV- 
based retroviral vectors activate complement via the alternate pathway. To 
overcome these difficulties, pseudotyped retroviral vectors were developed. 
These have the same retroviral core but a different envelope protein. As 
gibbon ape leukemia virus (GALV) receptor (Glvr-1) expression in human 
hematopoietic cells is higher than the expression of the amphotropic receptor 
(Ram-l) (Kavanaugh et al., 1994), MoMuLV was pseudotyped with the GALV 
envelope (Miller et al., 1991). In other studies, moloney-based retroviruses 
were pseudotyped with G protein of the vesicular stomatitis virus (VSV). 
VSV-G pseudotyped virus can be concentrated by ultracentrifugation to titers 
up to lo9 pfu/ml (Friedman et al., 1994; Yee et al., 1994). Despite the early 
promise, studies comparing their transduction efficiency in human hematopoi- 
etic cells with that of amphotropic MoMuLV-based vectors have been disap- 
pointing. Amphotropic retroviral vectors would appear to be more efficient 
than VSV-G pseudotyped virus. Tsukamoto et al. (1995) injected SV40- 
chloramphenicol acetyltransferase (CAT) : cationic lipopolyamine complexes 
intravenously into pregnant mice. The CAT plasmid thus introduced at day 
9 of gestation was detected by slot blot analysis in the organs of the progeny 
at least 1 month after birth or 40 days after injection. Heart, lung, liver, and 
skeletal muscle contained larger amounts of the transferred genome. Bone 
marrow and blood were not examined, but levels in spleen were low. Uninte- 
grated plasmid was detected at low levels in the brain tissue, and none was 
present in the germ cells (Tsukamoto et al., 1995). 

Most studies of in utero gene transfer have used an ex vivo approach of 
preincubation with cytokines followed by gene transfer using a replication- 
incompetent retroviral vector. Although a greater fraction of hematopoietic 
progenitors in fetal liver as opposed to adult bone marrow is actively proliferat- 
ing, preincubation with cytokines remains crucial for retrovirus-mediated gene 
transfer (Gardner et al., 1990; Bodine et al., 1989). Fetal liver cells are thought 
to resemble adult bone marrow cells in their response to cytokines; the issue, 

however, is not yet fully resolved (Yu et al., 1983; Zanjani et al., 1992, 1991; 
Flake and Zanjani, 1993). It is also unclear if the retroviral receptor expression 
in fetal liver cells is similar to adult hematopoietic cells. It is possible that 
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amphotropic receptor expression in midgestational murine fetal liver cells 
may be less than adult levels (Richardson et al., 1994). It is, however, present, 
and murine fetal liver cells are susceptible to ecotropic and amphotropic 
retroviral vectors (Bansal et al., 1995a). Several ex vivo studies of gene transfer 

into fetal liver cells using retroviral vectors suggest that fetal liver cells may 
in fact be transduced more readily than adult hematopoietic cells. Even so, 
the transduction efficiency in humans is variable and low. Efforts are underway 
to develop a variety of different strategies aimed at increasing the efficiency 
of gene transfer using retroviral vectors. Centrifugation has been successfully 
employed to enhance viral infection of cell cultures mainly in detection at 
low titers of a variety of viruses such as CMV (Espy and Smith, 1987) herpes 
(Gleaves et al., 1985) and adenovirus (Espy et al., 1987). It has only recently 
been demonstrated to be effective for retroviruses such as HIV (Ho et al., 
1993) and MoMuLV (Kotani et al., 1994; Bahnson et al., 1997). We have 
examined the effect of centrifugation during viral inoculation on the ef- 
ficiency of human GC gene transfer with a MoMuLV-based retroviral vector 
(MFG-GC) into midgestational fetal liver cells. After incubation with cyto- 
kines for 24-48 h, cell-free viral supernatants were added to fetal liver cells 
and centrifuged at 2,200 g for 2 h at 22°C followed by incubation at 37°C. 
GM-CFUs in methylcellulose were analyzed individually by PCR for the 
presence of vector-specific sequences. Transduction efficiency in GM-CFUs 
by the conventional protocol of incubation with the retrovirus containing 
supernatant was on the order fo 16.7% with ecotropic MFG-GC and 8.3% 
with the amphotropic form of MFG-GC. Centrifugation led to a 5-lo-fold 
increase in transduction efficiency, being 75% and 87.5%, respectively, with 
the ecotropic and amphotropic forms of MFG-GC. After transduction by 
conventional incubation, about lo%-15% of the fetal liver mononuclear cells 
expressed the immunoreactive GC protein. In contrast, when centrifugation 
was used for viral inoculation, three to four times as many cells stained positive 
for the human GC protein. This was reflected in the GC enzyme activity, 
which was 1,572 U/mg, 8.5 times above controls (166 U/mg) and three times 
higher than cells transduced by conventional incubation (509 U/mg). There 
was no significant change in cell number, cell viability, or colony count in 
methylcellulose when fetal liver cells were transduced by centrifugation com- 
pared with cells tranduced by conventional incubation. We then transplanted 
nine C57B1/6J fetal mice at day 13 of gestation by intraplacental injections of 
fetal liver cells transduced with MFG-GC by centrifugation; 5-10 X lo5 cells 
suspended in 5 ~1 volume were injected into each fetus. Six out of the nine 
(66%) fetuses were born at term. The neonates survived to adulthood (8 
weeks) with no obvious adverse effects from fetal intervention. The animals 
were sacrificed at 8 weeks of age, and proviral sequences were detected in 
the bone marrow by PCR in six of six animals. Our preliminary studies suggest 
that centrifugation during viral inoculation may be one way of increasing the 
efficiency of gene transfer into fetal liver cells using retroviral vectors. Whether 
this increase in gene transfer into hematopoietic progenitors is accompanied 
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by a significant improvement in transduction of pluripotent hematopoietic 
stem cells will be examined by studies of long-term repopulation of fetal mice 
with transduced fetal liver cells. 
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INTRODUCTION 

Treatment of single-gene defects by corrective gene transfer or gene augmen- 
tation has not been the immediate medical panacea that some had hoped for. 
There have been a number of limitations to the success of the approach. Most 
of the problems have been directly attributable to deficiencies in the gene 
delivery technology, while other difficulties have arisen that are due to the 
limited accessibility or limited numbers of important target cells that can 
be obtained and modified genetically. Nonetheless, there have been some 
definitive successes in preclinical studies, and many protocols have been initi- 
ated by a number of investigators throughout the world. Corrective gene 
transfer provides a method of directly addressing the defects that lead to 
various inherited diseases and not just a treatment of the resulting symptoms. 
It is this promise or idea of a permanent cure originating at the point of the 
defect that drives this science. 
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In this chapter are examined clinical and preclinical data from the genetic 
correction of a selection of single-gene disorders that affect the hematopoietic 
system. Because more than 4,000 diseases are thought to be caused by single- 
gene defects (Beaudet et al., 1995), this sample represents a minute fraction 

of available treatment targets. As previously discussed (Karlsson, 1991) and 
also presented in other chapters of this text, hematopoietic cells have been 
prime targets for initial studies in gene therapy research. This is because of 
the high accessibility of these cells and because bone marrow transplantation 
(BMT), as a cure for some cases of some disorders and as a key component 
of the gene transfer regimen, is an established clinical procedure. In addition, 
retroviral vectors have been shown to transduce primary hematopoietic cells at 
an appreciable level and effect permanent genomic alteration. Hematopoietic 
stem cells are also long lived and have the capability to differentiate into 
every cell lineage of the blood system. The main challenge in the field is 
therefore to develop strategies to transduce these pluripotent cells. As is 
shown, there are other long-lived cells that are also interesting targets for 
therapy, for example, T cells. Lastly, hematopoietic stem and progenitor cells 
and their progeny also interact with a number of other organ systems through 
circulation and migration, providing access to the majority of the body. 

GENE THERAPY RESEARCH AIMED AT GENETIC DISORDERS 
OF THE HEMATOPOIETIC SYSTEM 

Immunodeficiencies 

Adenosine Deaminase Deficiency. The lack of functional adenosine deami- 
nase (ADA) results in a rare autosomal recessive disorder that is responsible 
for about 20% of all cases of severe combined immunodeficiency (SCID) 
(Kredich and Hershfield, 1989). The enzyme catalyzes the conversion of ribo- 
and deoxyriboadenine nucleosides into the corresponding inosine moieties. 
In the absence of this catalytic activity, toxic metabolites, primarily deoxyaden- 
osine triphosphate, accumulate in cells. This results in a systemic deficiency of 
T and B cells and severely diminished or nonexistent immunological functions. 
Patients die at an early age from opportunistic infections. Both BMT (Kantoff 
et al., 1988) and enzyme replacement therapy (Hershfield et al., 1987) have 
been successful in some cases but are not always completely effective or 
without risks, in the case of the former treatment, or expense and inconve- 
nience, in the case of the latter. 

ADA deficiency has the landmark distinction of being the first characterized 
single-gene disorder for which a therapeutic gene transfer protocol was initi- 
ated. This occurred in 1990 at the National Institutes of Health, and choice 
of this disease was based on a number of observations (Blaese, 1993). The 
ADA gene had been cloned and well characterized, and also a wide range in 
enzyme expression levels had been found to be tolerated (Valentine et al., 
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1977). A substantial amount of background experimental work had been 
performed prior to approval of this trial. Safe and stable retroviral vectors 
had been constructed for the transfer of the wild-type human ADA cDNA 
sequence, and effective levels of enzyme had been observed in culture and 
in mice (Williams et al., 1986; Kaleko et al., 1990). Especially important, 
however, was the finding from allogeneic BMT and experiments using trans- 
duced patient cells injected into immunodeficient mouse models (Ferrari et al., 
1991) that ADA’ cells have a growth advantage over cells lacking the enzyme. 

Peripheral blood T lymphocytes were chosen as target cells for the initial 
trial (Blaese et al., 1995), and two patients were identified who had demon- 
strated less than optimal outcomes with the enzyme replacement therapy 
(pegylated ADA) [PEG-ADA]). T cells were collected from these patients 
after multiple rounds of leukapheresis, stimulated to proliferate with interleu- 
kin (IL)-2 and OKT3 T-cell receptor antibody, and then transduced three to 
five times with a recombinant retroviral vector containing the human ADA 
cDNA and the neomycin phosphotransferase gene as a marker. After the 
cells were expanded in culture, numerous infusions of the transduced cells 
were given to each patient in multiple procedures for a period of up to 2 years 
after the start of the study. In these breakthrough studies, beneficial clinical 
outcomes for each patient have been documented that have lasted over time. 
In patient 1, peripheral blood T cell levels rose to normal early in the treatment 
course, and the levels have been maintained. Lymphocyte ADA enzyme 
activity also increased from very low levels initially to half of the observed 
enzymatic activity in heterozygote carriers of the disease. In patient 2, the 
peripheral blood T-cell count was increased following transfusions, and this 
level was sustained over the course of the study although the peripheral 
blood lymphocytes did not show any increases in ADA enzymatic activity in 
comparison to levels observed prior to gene transfer. Despite these differences 
and the fact that the overall level of gene transfer was fairly low (especially 
in patient 2), both patients have reconstituted cellular and humoral immune 
responses as measured by several criteria. Also contributing to the reduced 
effect in patient 2 is that there appears actually to be an immune response 
generated against the cells containing the neomycin phosphotransferase gene 
(M. Blaese, unpublished observation). 

The dose of PEG-ADA, which was maintained as part of the therapy 
throughout the gene transfer protocol for ethical reasons, has been decreased 
in both patients. Most importantly, however, is the fact that the patients are 
both able to lead normal lives, and no detrimental effects of the gene transfer 
methodology have been documented. Furthermore, in these studies, it has 
also has been demonstrated that the retroviral long terminal repeat (LTR) is 
capable of directing expression over time without transcriptional silencing 
occurring and also that certain T cells are extremely long lived in the body. 

Another gene therapy protocol initiated for ADA deficiency used differ- 
ent retroviral vectors carrying the corrective ADA gene to transduce both 
peripheral blood lymphocytes and bone marrow stem cells from two patients 
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(Bordignon et al., 1995). Use of the two vectors, which had different restriction 
enzyme sites in nonfunctional regions of the retroviral LTRs, allowed analyses 
to be performed on the longevity and repopulation of the patient by corrected 
cells from both transduced source compartments. As in the aforementioned 
study, both patients had failed PEG-ADA enzyme replacement treatment, 
and, likewise, multiple infusions of ex viva-transduced cells were again the 
therapeutic regimen. In this study “double-copy” retroviral vectors were used 
that expressed the human cDNA driven by its native promoter. Cells were 
collected from the patients and exposed to retroviral-containing supernatants 
or incubated with irradiated viral producing cells directly. Gene transfer effi- 
ciency was gauged by polymerase chain reaction (PCR) analyses for the pres- 
ence of the proviral DNA in progenitor colonies grown in semisolid media. 
One patient received five infusions of transduced cells, and the other patient 
received a total of nine infusions. 

Marked immune system reconstitution, as measured by function and by 
cell count, was demonstrated for both patients. No serious infections have 
been seen in either patient in this study. The PCR analyses determined that 
after about 1 year long-lived, transduced peripheral blood cells were replaced 
by cells originating from the transduced bone marrow population. Physical 
growth parameters in the patients were normalized following treatment, and 
no adverse effects of the therapy or recombinant helper virus were seen. 

Besides the two studies described above, gene augmentation therapy with 
the corrective ADA cDNA has been initiated for three children diagnosed 
in utero with ADA deficiency (Kohn et al., 1995). Cord blood stem cells 
were harvested for each neonate and used as a source to obtain an enriched 
population of CD34’ cells by immunoaffinity separation technology. These 
cells were then transduced three times in the presence of recombinant IL-3, 
IL-6, and stem cell factor (SCF) (to enhance the efficiency of gene transfer) 
with the same retroviral vector utilized in the first gene therapy clinical protocol 
(see above). Gene transfer efficiency, as measured by the ability of progenitor 
colonies to survive selection due to the added neomycin phosphotransferase 
gene, was estimated to be in the range of 12%-22%. The transduced cells 
were then reinfused into the recipients on the fourth day of life. Semiquantita- 
tive PCR analyses were used to detect and enumerate the presence of the 
retroviral vector sequence in circulating and bone marrow leukocytes for time 
periods of longer than 1 year. In the bone marrow-derived cells, approximately 
l/10,000 cells were shown to contain the proviral sequence, and similar fre- 
quencies were seen for the circulating cells. ADA enzymatic activity was found 
in cells expanded from selected progenitor cells to be much increased over 
that seen in control cells. 

Another important result was also shown in that study. Again after 1 
year, clonal analysis determined that, for each patient, numerous different 
transduced progenitor cells were present, and not just those derived from the 
transduction of a single cell. This indicates that multiple infection/integration 
events occurred for the cells from each patient. As in the above studies, 
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the patients were maintained on PEG-ADA enzyme replacement therapy 
throughout the course of treatment. This has enabled the patients to develop 
normal immune function. Encouragingly, though, based on the low but signifi- 
cant levels of positive cells that has persisted for longer than 1 year, the doses 
of the PEG-ADA have been able to be reduced for each patient, which may 
actually give the transduced cells a selective advantage in vivo. As in the first 
study, a reduction due to the expression of the neomycin phosphotransferase 
gene as cells matured may be evident in this study also. 

As of December 1996, a number of protocols originating from various 
medical centers in the United States, Europe, and Japan have been initiated 
for the genetic correction of ADA deficiency (Marcel and Grausz, 1996). At 
least 13 patients have been recruited, and studies are underway to determine 
the long-term effects on immune function of genetic correction in these individ- 
uals. In all the studies published thus far, PEG-ADA has been used concur- 
rently with the gene therapy. Therefore, a direct proof of efficacy remains to 
be conclusively demonstrated. 

X-Linked SCID. X-linked SCID is the most common form of the severe 
primary immunodeficiencies accounting for roughly half of all the cases. It is 
due to mutations in the gene that encodes for the common y-chain present 
in the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15. This results in defective T- 
lymphocyte and natural killer cell differentiation; T cells in blood and lymphoid 
organs are extremely infrequent or absent. B cells are usually present but 
functionally impaired. The afflicted individuals usually succumb early in life 
to overwhelming opportunistic infections. BMT may be curative, but a lack 
of suitable donors and the risks associated with this treatment are its major 
drawbacks. 

In 1996, three groups simultaneously reported the generation of recombi- 
nant retroviral vectors encoding the human cDNA for the common y-chain 
and the successful transduction of Epstein-Barr virus-transformed cell lines 
derived from X-linked SCID patients (Candotti et al., 1996; Taylor et al., 
1996; Hacein-Bey et al., 1996). Intracellular signaling via the IL-2 and IL-4 
receptors was restored in the transduced cells as shown by phosphorylation 
of the JAKl and JAK3 members of the Janus family of tyrosine kinases upon 
exposure of the cells to IL-2 or 11-4. 

Recently a clinical protocol for treatment of X-linked SCID patients with 
retroviral-mediated gene transfer of the cDNA for the common y-chain into 
CD34+ selected peripheral stem cells or umbilical cord stem cells was approved 
(Weinberg, 1996). As of December 1996, no patients had yet been entered 
in this trial. 

Purr’ne Nucleoside Phosphorylase Deficiency. Clinical trials for corrective 
gene transfer using retroviral vectors have also been initiated for a third 
immune function disorder (Marcel and Grausz, 1996) the purine nucleoside 
phosphorylase (PNP) deficiency. This malady, with some symptoms similar 



TABLE 1 Clinical Gene Therapy Trials Targeting Hematopoietic Cells 

Gene Product Disease Cells Targeted No. of Trials’ No. of Patients’ 

Adenosine deaminase 

Common y-chain of IL-2, -4, 
-7, -9, and -15 receptors 

Glucocerebrosidase 

Fanconi anemia 
complementation group C 

Idunorate-2-sulfatase 

cu-Iduronidase 

p47-phox 

Purine nucleoside phosphorylase 

Severe combined 
immunodeficiency due to 
adenosine deaminase 
deficiency 

X-linked severe combined 
immunodeficiency 

Gaucher’s disease 

Fanconi anemia group C 

Hunter (mucopolysaccharidosis 

type 11) 
Hurler (mucopolysaccharidosis 

type I> 
Chronic granulomatous disease 

Purine nucleoside phosphorylase 
deficiency 

T-lymphocytes, bone marrow 
stem cells, CD34+ umbilical 
cord blood cells 

CD34+ cells from cord blood or 
bone marrow 

CD34-selected peripheral or bone 
marrow cells 

CD34-selected peripheral stem 
cells 

Peripheral blood lymphocytes 

Bone marrow stem cells? 

CD34-selected peripheral stem 
cells 

Peripheral blood lymphocytes 

6 13 

1 0 

3 9 

1 3 

1 1 

1 0 

1 5 

1 0 

‘Number of patients enrolled according to December 1996 Worldwide Gene Therapy Enrollment Report (Marcel and Grausz, 1996). 
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to ADA deficiency except for presentations of neurological involvement, is 
due to a reduction in the enzymatic activity that catalyzes the conversion of 
inosine and deoxyinosine to hypoxanthine. In this disorder patients have 
defective T cell-mediated immunity and intact or even hyperactive B-cell 
function. About 30 patients have been described to date (Hershfield and 
Mitchell, 1995). 

It was recognized early that this disorder was also a prime target for gene 
therapy. Retroviral vectors were created (McIvor et al., 1987; Osborne and 
Miller, 1988), and cultured skin fibroblasts were corrected for the enzyme 
deficiency. Actual metabolic enhancement, as measured by decreased sensitiv- 
ity to deoxyguanosine, was demonstrated in a mouse cell model of PNP 
deficiency by transfer of both the human and the mouse cDNA sequences 
(Foresman et al., 1992). Later studies were directed to T cells and primitive 
progenitors, as these are the most salient target cell populations (Nelson et 
al, 1995). In that study, increased immune function, above background levels, 
was seen in transduced patient T lymphocytes. Newer generation retroviral 
vectors were also recently created that incorporated intronic sequences into 
the expression cassette (Jonsson et al., 1995). As of the December 1996 
enrollment report, no patients had yet been recruited for the clinical trial 
(Marcel and Grausz, 1996). 

Lysosomal Storage Disorders 

Introduction. An important collective target for therapeutic strategies based 
on gene augmentation or correction are the lysosomal storage disorders. At 
least 30 have been identified (for review, see Neufeld, 1991) and the disease 
frequency is fairly high (l/1,500 for all types; Beaudet et al., 1995). These 
disorders are good candidates for a number of reasons. Unlike many metabolic 
defects that arise from mutations that are lethal early to developing organisms, 
many of these single-gene alterations result in viable although severely com- 
promised offspring. The disease conditions from this class of disorders are a 
result of the accumulation of incompletely processed metabolites. In many 
cases it takes time to accumulate the offending catabolite to detrimental or 
toxic levels. For many of these metabolic disorders the gene defect has been 
well characterized years ago, and also for many there is, at present, no curative 
therapy that directly addresses the disorder. A number of the relevant genes 
have been isolated, sequenced, and cloned, and overexpression has been shown 
to correct the metabolic defect in patient-derived cells in vitro. In addition to 
the previously mentioned reasons, many of these disorders also have compo- 
nents or manifestations that are directly attributable or accessible to hemato- 
poietic cells- thus meeting the target accessibility criterion for gene transfer 
therapy to be a reality. Enzyme replacement therapy has been shown to 

improve disease outcomes, and for some of these disorders BMT has proven 
to be successful. Besides correction in patient cells in vitro, many studies on 
gene transfer into murine models have been performed for this class of defects, 
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demonstrating that long-term expression can be generated and maintained. 
A few studies have been done in other animal model systems, including dogs, 
primates, and sheep. 

After a short description of the biology of some of these lysosomal storage 

disorders, results from preclinical experiments in animal models and in human 
cells in culture are presented. If available, data from clinical trials for this 
important class of metabolic disorders is also discussed. 

Gaucher’s Disease. A deficiency in the enzyme glucocerebrosidase (GC) re- 
sults in Gaucher’s disease (GD), the most prevalent lysosomal storage disor- 
der, which can be classified into 3 types based on the degree of neuronal 
involvement (Beutler, 1993). Types 1 and 3 are the most likely immediate 
candidates for gene therapy, as type 2 patients have severe neuronal impair- 
ment and die before the age of 2. GD patients have enlarged spleens and 
livers, anemia, and bone frailty. The accumulation of the P-glucoside substrates 
occurs in various tissues, but the clinical effects are most pronounced due to 
accumulation in macrophages. BMT has been shown to be successful in the 
treatment of GD if an HLA-matched donor can be found (Ringden et al., 
1988; Erikson et al., 1990). Enzymatic replacement therapy has been shown 
to be effective once the delivered GC was altered to allow uptake through 
the mannose receptor-mediated endocytosis system (Barton et al., 1990). 

The cDNA sequence encoding GC was isolated in 1985 (Sorge et al., 1985) 
and shortly thereafter numerous retroviral constructs were made by different 
groups interested in therapeutic transfer of the gene (Choudary et al., 1986; 
Sorge et al., 1987; Correll et al., 1989). Transfer of the gene and expression 
of the protein to corrective levels were seen in experiments employing those 
recombinant viruses. Gene transfer of the GC cDNA into murine hematopoi- 
etic stem/progenitor cells has also been fully documented. Transfer has been 
shown into murine long-term culture-initiating cells (LTC-IC) and spleen 
colony-forming units (S-CFU) (Nolta et al, 1990) and into long-term repopu- 
lated mice (Correll et al., 1990; Ohashi et al., 1992). 

Studies on the transfer of the human GC gene into human hematopoietic 
cells have been extensive. The first report to document this transfer was 
published in 1990, (Fink et al., 1990) and that account described fairly efficient 
transduction of progenitor cells (assayed by PCR detection) obtained from 
patients with GD. However, selection was needed to see increased levels of 
GC enzyme activity due to the relative inefficiency of expression driven by 
the viral promoter used. In another study, long-term cell cultures were estab- 
lished from total marrow samples of a type 3 GD patient or from CD34+ cells 
derived from immunomagnetic purification of cells from the same source 
(Nolta et al., 1992). These cells were infected by co-culture with recombinant 
virus that contained the GC cDNA or a virus that contained the neomycin 
phosphotransferase gene as a marker. As the LTC-ICs matured over time, it 
was shown that the nonadherent cells had GC intracellular enzyme activities 
that were at least half of normal activity after 1 month of culture and that 



GENETIC DISEASES AFFECTING HEMATOPOIETIC CELLS 371 

GC mRNA levels (derived from the added provirus) were maintained for at 
least 5 months. In another study, LTC-ICs were transduced using a clinically 
acceptable supernatant transduction protocol (Xu et al., 1994). 

Some other studies involving mouse models are especially noteworthy, not 
only for the genetic treatment of GD, but also for the treatment of other 
disorders of this group. In the first study (Krall et al., 1994) it was shown that 
transduced murine bone marrow cells, containing the GC cDNA, infiltrated 
lung, liver, and especially brain tissues of recipients by 3-4 months. Indeed, 
a high percentage of brain microglia were found to be vector positive. This 
result points to a potential therapy for type 2 GD and other disorders affecting 
the central nervous system. It should be noted, however, that other investiga- 
tors have not seen similar renewal effects that were as extensive. In the next 
important study, transfer of the human GC cDNA by multiple infusions of 
infected cells was demonstrated in mice not given any myeloablative treatment 
prior to the transplantation (Schiffmann et al., 1995). This showed, at a low 
level, that transduced cells containing the corrective gene could engraft and 
repopulate nonablated hosts. This validated the clinical approach proposed 
for GD patients, since total marrow ablation will not be part of the therapy 
regimen. 

Clinical trials utilizing gene transfer for the correction of GD have now 
been initiated. Three separate protocols that target peripheral blood or bone 
marrow stem/progenitor cells have been started, and, as of December 1996 
(Marcel and Grausz, 1996) nine patients have been enrolled. To date, two 
patients have been enrolled in the study that is being conducted at the NIH 
(Dunbar et al., 1996). Two different protocols that both involve transduction 
in the presence of autologous stromal cells were used for the therapeutic 
intervention strategy. For one patient, cells were transduced without cytokines, 
while the second transduction was performed with recombinant IL-3, IL-6, 
and SCF present. The gene transfer efficiency, as measured by PCR analyses 
of progenitor colonies grown in semisolid media, was found to be 2% and 
lo%, respectively. In both cases the transduced cells were returned to the 
patients in a single infusion that was performed without administration of 
myeloablative therapy. The initial results of these two interventions have been 
disappointing, as in neither patient has it been possible to detect the vector 
containing the corrective cDNA in either the peripheral blood or in the bone 
marrow by PCR analysis (S. Karlsson, personal communication). Clinical 
benefit, if any, of the intervention has not been fully assessed. 

The absence of detectable vector in the patients of this trial is due to at 
least two factors: (1) low transduction efficiency and (2) reduced engraftment 
efficiency of the transduced cells due to transplantation into nonablated recipi- 
ents. Most importantly, however, is that transduced GD patient cells are not 
expected to have the same growth advantage in viva that deficient cells receiv- 

ing the ADA gene have. Future studies will determine if the transduction 
efficiency can be increased significantly or if multiple infusions of transduced 
and corrected cells will lead to an increase in the systemic population of cells 
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that carry the vector. It 
GD patient cells prior to 
tain the GC cDNA and 
1996a). 

Mucopolysaccharidoses. Ten different enzymes are needed in humans for 

may also be possible to select and sort transduced 
re-infusion using recombinant retroviruses that con- 
cell surface selectable marker genes (Medin et al., 

the catabolism of glycosaminoglycans such as heparin sulfate, keratan sulfate, 
and others that are derived from the break down of proteoglycans. Decreases 
in these enzymatic functions cause accumulation of problematic substrates 
in the lysosomes (for review, see Neufeld 1995). The disorders have been 
collectively called the mucopolysacchararidoses (MPS). A wide variety of 
clinical effects are manifested that differ greatly even among identical enzy- 
matic deficiencies. Some of these disorders can be cured by BMT, or the 
symptoms can be reduced because the normal cells can reduce the substrate 
load or they can provide a metabolic cooperativity function through low levels 
of secretion of the protein that affects bystander cells. Thus, since BMT has 
been shown to be effective, interest is high to apply the techniques of corrective 
gene transfer to metabolic disorders of this class. Indeed, enrollment for 
approved clinical trials for gene therapy for some of these disorders has begun. 

A deficiency in the enzyme cw-iduronidase results in MPS I, commonly 
called Hurler’s or Scheie’s syndrome (or a hyphenated amalgam of the two) 
depending on the severity of the defect. Symptoms include enlarged liver and 
spleen, skeletal abnormalities, and cardiovascular involvement. Patients with 
the more severe Hurler syndrome have a deterioration in central nervous 
system function and a short life span. Some studies have been initiated to 
develop gene therapy for these conditions. In 1992, recombinant retroviral 
vectors were created for the expression of the cr-iduronidase cDNA (Anson 
et al., 1992). These vectors also contained the gene for neomycin phospho- 
transferase as a marker. Skin fibroblasts from MPS I patients were corrected 
for the disorder in these transfer experiments. 

In a later study neo-organs were created using retroviral vectors to trans- 
duce fibroblast cells with the a-iduronidase cDNA, which were then implanted 
into recipient mice (Salvetti et al., 1995). After some months, enzyme derived 
from the human cDNA and secreted from the neo-organs was found in both 
the liver and spleen of recipients. It is unlikely, though, that this approach 
will address the severe neurological manifestations of this deficiency. Since 
BMT has been shown to be beneficial in this regard if administered early in 
life, correction has been directed to cells of the hematopoietic system. Long- 
term expression of the cw-iduronidase cDNA in patient hematopoietic cells was 
demonstrated in a recently published report. Fairbairn et al. (1996) transduced 
bone marrow cells and maintained them in culture for greater than 15 weeks. 
High levels of enzyme expression were seen in nonadherent, differentiated 
progeny cells as was increased levels of secreted cu-iduronidase that were 
maintained over the course of the study. Correction also lessened the lysosomal 
distentions in morphological analyses of macrophage cells removed from the 
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long-term culture. In England, a clinical trial has been initiated for this disorder 
(Marcel and Grausz, 1996). 

MPS II results from a deficiency in the enzyme iduronate sulfatase. It is 
the only MPS defect that is X-linked. Clinical symptoms range from mild to 
severe and often mirror those seen in MPS I. A retroviral vector for the 
correction of this disorder was made in 1993 (Braun et al., 1993) and correction 
of lymphoblastoid cell lines from Hunter syndrome was demonstrated. In that 
study a cross-corrective effect was also shown in that co-culturing the corrected 
lymphoid cells with uncorrected fibroblasts could affect substrate accumulation 
in the naive cells. That this cross-correction result was most likely due to 
intercellular enzyme transfer was shown by the same group in follow-up 
preclinical studies that described the construction of another vector containing 
the iduronate sulfatase cDNA under control of a different promoter (Braun 
et al., 1996). A clinical trial based on the transduction of lymphocytes has 
been initiated (Whitley et al., 1996) and at the time of the worldwide gene 
therapy enrollment report in December 1996 (Marcel and Grausz, 1996) one 
patient had entered this trial. 

A few studies toward gene therapy have been done for MPS VI (Maroteaux- 
Lamy syndrome). This extremely rare disorder is due to deficiencies in the 
enzyme arylsulfatase B. Affected humans have similar symptoms as those 
with Hurler syndrome except for the extensive neurological involvement. In 
1991, a recombinant retroviral vector was created for the transfer of the 
arylsulfatase B gene (Peters et al., 1991). Patient fibroblasts showed expression 
in culture up to a level of 36 times the enzyme activity that is seen even in 
normal fibroblasts. Recent studies have shown transfer of the human cDNA 
not only into patient fibroblasts, chondrocytes, and bone marrow cells but 
also into rat and cat MPS VI cells since these animal models of the disorder 
have been characterized ( Fillat et al., 1996). Interestingly, in that study meta- 
bolic correction of anima 1 model fibroblasts occurred, but correction of the 
human patient cells did not. Uptake into important cell types as a result of 
overexpression and secretion was also seen. 

Even though only about 20 cases of MPS VII (Sly’s syndrome) have been 
described in the literature (Neufeld and Muenzer, 1995) some of the most 
intense study toward gene therapy in the MPSs has occurred in this context. 
MPS VII is due to a deficiency in the enzyme P-glucuronidase, and the disor- 
der has manifestations that directly imply hematopoietic cell involvement, 
much like GD. In this case, granulocytes and not macrophages show coarse 
granule accumulations. Neurological involvement is also seen, and some physi- 
cal symptoms of the disorder resemble those seen in MPS I. Deficiencies in 
P-glucuronidase have been described in mice and dogs, providing excellent 
models for study. Early retroviral vectors were constructed that contained the 
rat cDNA sequence, and full enzymatic correction of human patient and dog 

fibroblasts was seen (Wolfe et al., 1990). Expression was also seen in trans- 
duced dog bone marrow cells. These studies were succeeded by a demonstra- 
tion, in the mouse model of the disease, that gene transfer into deficient 
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hematopoietic stem cells could correct the defect in some organs by reducing 
metabolite storage in the lysosomes of transplanted hosts (Wolfe et al., 1992). 
Studies with the human form of the P-glucuronidase gene were done by 
retroviral-mediated transfer into deficient hematopoietic cells followed by 
reimplantation into sublethally irradiated mice (Marechal et al., 1993). Even 
with low levels of engraftment of corrected cells, expression of the enzyme 
could be detected and reductions in storage could be seen in the liver and 
spleen. Neo-organs were created from transduced fibroblasts in another study 
and transplanted into hosts with the disorder (Moullier et al., 1993). Cross- 
corrective effects were followed using transduced fibroblasts as enzyme secre- 
tion apparatuses in studies involving rat and human cDNA sequences and 
human, dog, and mouse cells (Taylor and Wolfe, 1994). Lastly, a “double 
copy” retroviral vector was made that expressed human P-glucuronidase at 
high levels driven by both the natural P-glucuronidase promoter and by a 
thymidine kinase transcriptional unit (Wolfe et al., 1995). No mention of 
clinical trials for therapy of this disorder was made in the December 1996 
enrollment report (Marcel and Grausz, 1996). 

Fabry’s Disease 

Fabry’s disease results from a deficiency of the lysosomal enzyme cu-galactosi- 
dase A. Patients have low or nonexistent levels of this protein, which leads 
to progressive accumulation throughout the body of sphingolipids with cy- 
terminal galactose residues. The most abundant lipid, ceremide trihexoside, 
is derived from the break down of senescent blood cells and from secretion 
by cells lining the vasculature. The build up of lipid leads to a number of 
clinical effects, including severe pain crises, hypohidrosis, cornea1 opacity, and 
anemia (Desnick et al., 1995). These, however, are not the most damaging 
consequences. Patients build up high levels of the detrimental lipids in cells 
that line the vasculature. This leads to occlusion of tubules and vessels. Patients 
with this X-linked disorder succumb in mid-life to cerebrovascular, cardiovas- 
cular, or renal disease. In this disorder, enzyme replacement therapy has not 
become part of the treatment regimen, although phase I trials toward this 
goal have begun (Brady, R.O., personal communication). Also, curative BMT 
has not been described for this disease. Thus treatments of this disorder have 
been directed to management of symptoms, and the overall clinical prognosis 
of these patients has been quite poor. 

Studies have been initiated to bring about gene transfer therapy for Fabry’s 
disease. Retroviral vectors have been constructed to direct expression of the 
human cu-galactosidase A cDNA. In 1995, the first recombinant vector for the 
correction of this defect was described (Sugimoto et al., 1995). This was a 
bicistronic vector that also contained the multidrug resistance gene to allow 
selection of transduced cells by the addition of a cytotoxic drug. Increased 
levels of enzyme activity were seen in test NIH-3T3 cells that had been 
transduced and selected with vincristine. In 1996 a vector designed toward 
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therapeutic utility in patients was reported (Medin et al., 1996b). This high 
titer vector generated increased levels of human cu-galactosidase A in Fabry’s 
disease patient skin fibroblasts and in B-cell hematological models derived 
from patients. Furthermore, cross-correction effects were evident as secreted 
enzyme activity from overexpressing cells could be demonstrated to be taken 
up into uncorrected bystander cells by a mannose receptor-mediated mecha- 
nism. Recently, in preclinical studies, Fabry’s disease patient hematopoietic 
stem/progenitor cells were transduced at a fairly high frequency, and enzymatic 
correction was demonstrated that was maintained for extended periods of 
time in tissue culture (Medin et al., submitted). Clinical trials using gene 
transfer to ameliorate this disorder have been planned, but no actual protocols 
have been reported yet. 

OtherLysosomal Defects. Other lysosomal disorders besides those mentioned 
above are considered to be targets for gene augmentation therapy. Recently, 
recombinant retroviral vectors have been made to enable these preliminary 
studies. Vectors have been made toward the treatment of metachromatic 
leukodystrophy by transfer of the arylsulfatase A gene (Rommerskirch et al., 
1991; Ohashi et al., 1993) Tay-Sachs disease by transfer of the human p- 
hexosaminidase a-subunit (Lacorazza et al., 1996), Krabbe’s disease by trans- 
fer of the GC gene (Gama Sosa et al., 1996; Rafi et al., 1996) aspartylglucosam- 
inuria by the transfer of the aspartylglucosaminidase gene (Enomaa et al., 
1995) and fucosidosis by the transfer of the cw-L-fucosidase gene (Occhiodoro 
et al., 1992) among others. The metabolic cooperativity or cross-correction 
that is seen for some of these enzymes on overexpression, combined with the 
fact that many of these disorders have hematopoietic or hematopoietic-derived 
components, makes this class of metabolic disorders a suitable goal for studies 
of gene transfer into hematopoietic stem cells. 

Chronic Granulomatous Disease 

NADPH oxidase is a multisubunit enzyme complex that catalyzes the conver- 
sion, in activated phagocytic cells, of oxygen into a highly microbicidal form 
(for review, see Curnutte, 1993). Four components of the oxidase that generate 
the respiratory burst have been identified, and defects in each component 
have been characterized. Collectively, these disorders are called the chronic 
granulomatous diseases (CGD; total frequency, l/750,000). CGD patients have 
plentiful and recurring infections that can be fatal that are caused by opportu- 
nistic catalase-positive bacteria or fungi. The infections result in a number of 
clinical manifestations, including granuloma formation, pneumonia, lymph- 
adenopathy, dermatitis, and abscesses in various organs. Patients also have 
other severe systemic effects due to being in a continual inflammatory state. 
The most common form of CGD is X-linked and due to a deficiency in the 
gp91 -phox cytochrome b 558 component of the oxidase. It is responsible for 
about 65% of the cases worldwide. The next most prevalent defect is a defi- 
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the p47-phox cytosolic component representing about 25% of the 
cases. Mutations in the other two identified genes comprising the 
oxidase, the p22-phox subunit of cytochrome b5s8 and the p67-phox 
component, are extremely rare. 

I 

CGD is a prime candidate for the clinical application of gene therapy for 
a number of reasons. These include the fact that effects are directly manifested 
due to a deficiency in cells of the hematopoietic system. Indeed, BMT has 
been successfully performed (Hobbs, 1990). Low levels of factor correction 
may also be sufficient for curative effects, as healthy female CGD carriers 
have been identified who have <lo% of the normal levels of neutrophils 
(Woodman et al., 1995). Also, extreme overexpression of a single component 
of the oxidase is not likely to be detrimental to the cell, since all components 
are necessary for enzyme activity. Concerns of overexpression of a deficient 
activity is a consideration for gene therapy that has not been fully explored 
except in the case of ADA SCID. Most importantly, however, is that corrected 
cells of CGD patients may have a selective growth advantage in vivo as 
phagocytes will be able to break down and not harbor engulfed pathogens. 
Problematic in considerations of therapy for this disorder, though, is that the 
primary target cells are fairly short lived and thus transduction of stem cells 
or repeated transductions will probably be required. Toward genetic therapy 
recombinant retroviral vectors have been engineered that include the DNA- 
coding sequences for all four of the NADPH oxidase components. Studies 
utilizing these constructs are discussed separately in the following paragraphs. 

Three independent groups initially reported construction of retroviral vec- 
tors containing the gp91-phox cDNA sequence (Porter et al., 1993; Li et al., 
1994; Kume and Dinauer, 1994). To reiterate, deficiencies in this sequence 
comprise the most common inherited forms of CGD, and the clinical presenta- 
tion has been thought to be the most severe. In the first study (Porter et al., 
1993), a vector that also contained the cDNA for the puromycin acetyltransfer- 
ase gene as a selectable marker was tested in different model B-cell lines 
made by Epstein-Barr virus transformation of patient lymphocytes. The B- 
cell model is convenient and directly applicable, since normal B cells have 
been found to demonstrate NADPH oxidase activity. The recombinant virus 
governed reconstitution of the oxidase activity at some level that was stable 
over time. In the second study (Li et al., 1994) a retroviral vector that did 
not contain a selectable marker gene was made. Both a CGD patient B-cell 
oxidase-deficient model and also patient neutrophils derived from peripheral 
blood CD34’ cells were corrected for the defect, without selection of trans- 
duced cells, to oxidase activity levels that may be clinically relevant. Another 
study described the construction of a retroviral vector containing a phospho- 
glycerokinase (PGK) internal promoter that directed expression of gp91- 
phox in a human myeloid cell line that was made deficient for the oxidase 
activity by the targeted disruption of the gp91-phox gene (Kume and Dinauer, 
1994). Superoxide generation prompted by the oxidase activity was in- 
creased to levels of 50% of normal in corrected cells even though gp91- 
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phox protein expression was estimated to be only 2%-12% of normal levels. 
A later study on the X-linked form of CGD involved transfer of the gp91- 
phox gene into purified human CD34+ cells and into LTCIC (Porter et al., 
1996). The gene transfer efficiency was found to be quite high (50% and above) 
as measured by PCR analyses of progenitor colonies, but very low levels of 
oxidase reconstitution were seen that did not seem to correlate well with the 
observed transduction efficiencies. Recently, experiments examining transfer 
into hematopoietic cells of X-linked CGD mice (Pollock et al., 1995) have 
been performed, and it was established that corrected cells generate resistance 
in the host to fungal challenge, whereas all control mice are susceptible to 
the pathogen (Bjorgvinsdottir et al., 1997). The December 1996 enrollment 
report (Marcel and Grausz, 1996) made no mention of clinical trials for this dis- 
order. 

The other membrane-bound component of the oxidase, p22-phox, has been 
expressed in cells as a result of recombinant retroviral transduction as demon- 
strated by two groups (Li et al., 1994; Porter et al., 1994). Both studies involved 
the use of Epstein-Barr virus-transformed B-cell lines derived from patients 
with a deficiency of that subunit, and one of the studies demonstrated oxidase 
correction in patient CD34’ cells (Li et al., 1994). To date, no further studies 
or clinical protocols have been described for this rare defect. 

The remaining autosomal CGD disorder, due to a defect in the p47-phox 
cytosolic component, has also received some study and is a target disease for 
an ongoing gene transfer clinical trial. Retroviral vectors were engineered in 
1992 for the transfer of the p47-phox gene (Cobbs et al., 1992; Thrasher et 
al., 1992). B-cell lines were established from patients, and protein expression 
of the added factor was demonstrated by Western blot analyses; superoxide 
production was also facilitated by the gene transfer. A clinical trial was initiated 
at NIH for the correction of this disorder using CD34’ cells infected with a 
retrovirus. Five patients have been recruited (Marcel and Grausz, 1996) as of 
December 1996. In the trial, peripheral blood cells were selected for CD34’ 
expression, transduced, and then reinfused into nonablated hosts. Circulating 
blood cells that were found to be positive by PCR analyses for the vector 
sequence and also exhibited oxidase activity could be found within a short 
period after infusion, but these cells were undetectable within 6 months 
(Malech et al., 1996). 

Very recently, preliminary work toward genetic correction of the last of 
the four described CGD deficiencies, that of a defective p67-phox subunit, by 
use of a recombinant retroviral vector was described (Weil et al., 1997). CD34+ 
peripheral blood progenitor cells from a p67-phox-deficient CGD patient 
were transduced with a highly efficiency MFG-based vector encoding the 
corrective cDNA sequence. After differentiation of the cells in culture, it was 

shown that they produced 25% of the total superoxide that is produced by 
normal CD34’ cells. However, in the fraction of cells that were corrected (up 
to 32%) oxidase function was found to be 85% of normal. 
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FUTURE PERSPECTIVES 

It is clear that considerable advances have been made in the development of 
gene therapy for hematopoietic stem cells during the last 10 years. However, 

fundamental problems remain. The greatest advance has been made in the 
transduction of human hematopoietic progenitor cells, with retroviral- 
mediated transduction efficiencies now approaching 50% on average, even for 
multipotential progenitors as assayed in in vitro cultures. In contrast, clinical 
protocols that have been designed to ask whether human hematopoietic stem 
cells can be transduced have invariably led to poor gene marking efficiency 
by the vector. These clinical experiments have involved autologous transplan- 
tation, and it has been impossible to determine whether the lack of efficient 
marking is due to very low transduction of repopulating stem cells or whether 
poor engraftment of transduced cells can explain these findings. It is almost 
certain that poor gene marking of stem cells is an important problem here 
because hematopoietic stem cells are quiescent and standard retroviral vectors 
will not transduce them efficiently. To support this hypothesis, it has recently 
been shown that the average time for primitive hematopoietic cells to reach 
S-phase in vitro is 9 days (Petzger et al., 1996). Therefore, it is likely that 
the culture time during transduction in standard transduction protocols is 
too short. 

To overcome these difficulties, three main approaches are now possible or 
already under investigation. First, selectable vectors that allow selection and 
sorting of retrovirally transduced cells have been generated and have been 
used to sort human hematopoietic progenitors (Migita et al., 1995; Medin et 
al., 1996a). Second, it is possible that methods can be developed to stimulate 
proliferation (“self-renewal” or true stem cell expansion) of primitive hemato- 
poietic cells in vitro, prior to transduction with retroviral vectors. Third, hybrid 
viral vectors that can transduce quiescent cells have already been developed, 
for example pseudotyped human immunodeficiency virus-l particles (Naldini 
et al., 1996; Reiser et al., 1996) although it remains to be seen whether these 
hybrid vectors can transduce quiescent hematopoietic stem cells and integrate 
into their chromosomal DNA. All these approaches are currently being ex- 
plored. If successful, these efforts will lead to marking of hematopoietic stem 
cells, which will be much higher than presently possible, and this in turn may 
lead to therapeutic effects from stem cell-directed gene transfer. 
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INTRODUCTION 

Hemophilia is the X-linked bleeding diathesis that results from a deficiency 
of functional Factor VIII (hemophilia A) or Factor IX (hemophilia B). The 
disease has been known since antiquity, and passages in the Talmud warn 
that if a woman has two sons who die from bleeding following circumcision, 
subsequent sons should not be circumcised. The disease occurs worldwide and 
affects approximately 1 in 10,000 male births. Hemophilia A and hemophilia B 
are indistinguishable clinically; the diseases were first established as separate 
clinical entities in 1952, when Aggeler and coworkers and Biggs and colleagues 
demonstrated that the plasma of one patient with hemophilia was able to 
correct the functional clotting defect of a second patient’s plasma. Hemophilia 
A is approximately five times as common as hemophilia B; it has been shown 
for X-linked diseases that the frequency of disease bears a direct relationship 
to the size of the affected gene. This would appear to hold true for the 
hemophilias, where the Factor VIII (F.VIII) gene is 186 kb in length and the 
Factor IX (F.IX) gene is 35 kb. 

F.IX and F.VIII are both critical components of the enzyme complex that 
catalyzes the conversion of F.X to activated F.X (F.Xa). (The other compo- 
nents of the complex are calcium and phospholipids.) F.IX is a vitamin 
K-dependent protein that circulates in zymogen form. When cleaved by F.XIa, 
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the zymogen is converted to an active enzyme. Like the other enzymes in 
the clotting cascade, F.IXa is a trypsin-like serine protease, with remarkable 
specificity for its substrate F.X (Fig. 1). F.VIIIa is a cofactor in this reaction; 
it probably plays a critical role in aligning the enzyme IXa with the substrate 
F.X (Brandstetter et al., 1995). Although the activation of F.X can proceed 
without F.VIIIa, the presence of the cofactor accelerates the reaction by 
lOO,OOO-fold (Van Dieijen et al., 1981). Thus, under physiological conditions, 
the reaction does not proceed in the absence of functional F.VIIIa. The cDNAs 
encoding F.IX and F.VIII were cloned in 1982 (Kurachi, 1982) and 1984 
(Gitschier et al., 1984; Toole et al., 1984) respectively, with sequences of 
genomic clones available a short time later (Gitschier et al., 1984; Yoshitake 
et al., 1985). The availability of these data has allowed rapid advances in 
this field, including the elucidation of molecular defects responsible for the 
hemophilias (Giannelli et al., 1996; Tuddenham et al., 1994) the preparation 
of recombinant clotting factors for therapeutic use (White et al., 1989, 1997) 
the generation of “knockout” animals as disease models for hemophilia (Bi 
et al., 1995; Lin et al., 1996), and the production of wild-type and mutant 
recombinant proteins for structure-function analysis (Hamaguchi et al., 1993; 
Pittman et al., 1992; Toole et al., 1986). In addition, the F.IX and F.VIII 
cDNAs are critical reagents in the development of gene therapy strategies 
for the hemophilias. The structures of the F.IX and F.VIII genes and the 
proteins they encode are outlined in Figures 2 and 3. 

Clinically, hemophilia is characterized by frequent spontaneous hemor- 
rhages; the most common sites of bleeding are the joint spaces and soft tissues, 
but other sites, such as intracranial, retroperitoneal, and retropharangeal 

Phosphol$&&brane 

FIGURE 1. Cleavage of Factor X by the IXa-VIIIa complex. Factor IXa is the enzyme, 
and Factor VIIIa the cofactor, that catalyzes the conversion of Factor X to Factor Xa. 
The reaction also requires phospholipid (it occurs on a phospholipid surface) and 
calcium. Activation of Factor X involves the cleavage of an Arg194-Ile195 bond within 
the heavy chain. The cofactor probably serves to orient the enzyme and substrate 
(Brandstetter et al., 1995); its presence increases kcat by a factor of >104 (van Dieijen 
et al., 1981). VIIa Hc = heavy chain of factor VIIIa; VIIIaLc = light chain; IXa,,, = 
catalytic domain of F.IXa. 
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spaces, can be affected as well and can lead to life-threatening or fatal out- 
comes. Current treatment for hemophilia consists of intravenous infusion of 
clotting factor concentrates in response to a bleeding episode. The develop- 
ment of plasma-derived clotting factor concentrates in the early 1970s resulted 
in a dramatic improvement in life expectancy and quality of life for patients 
with hemophilia (Rosendaal et al., 1991) but the subsequent contamination 
of the blood supply with human immunodeficiency virus (HIV) pointed up 
one of the major disadvantages of the plasma-derived concentrates, the risk 
of transmitting blood-borne diseases. Current methods of viral inactivation 
have eliminated the risk of HIV transmission by clotting factor concentrates, 
but have not been 100% effective at eradicating all blood-borne viruses, espe- 
cially nonenveloped viruses (Mannucci, 1993). Recombinant clotting factor 
concentrates, developed within the past decade, eliminate the risks associated 
with plasma, but are even more expensive than the plasma-derived concen- 
trates. A typical patient with severe disease may spend $50,000-$100,000 
on concentrate in a single year. The expense of both plasma-derived and 
recombinant concentrates has made it difficult to justify using them prophylac- 
tically, and most patients are treated only in response to bleeding. During the 
inevitable delay between the onset of a bleed and the infusion of concentrate, 
tissue damage may occur and over a period of years can result in considerable 
morbidity. The most frequent cause of morbidity in patients with hemophilia 
is hemophilic arthropathy, which can eventually result in severe limitation of 
range of motion (knees, ankles, and elbows are the most commonly affected 
joints) that may require surgical joint replacement. The necessity for intrave- 
nous infusion of concentrates, and for refrigeration of concentrates, imposes 
additional constraints on the lives of patients with hemophilia. 

These disadvantages of protein-based therapy have fueled interest in a 
gene therapy approach to hemophilia. The most important advantage of this 
type of approach in hemophilia is that a constant level of clotting factor is 
maintained so that bleeds are prevented rather than merely treated post facto. 
In addition, the risks and inconvenience of factor infusion are avoided. 

Gene therapy has been proposed as a treatment modality for a number 
of inherited and acquired disorders, but several factors make hemophilia a 
particularly attractive model in which to undertake gene therapy. First, tissue- 
specific expression of the transgene is not required. Clotting factors are nor- 
mally synthesized in the liver, but work by a number of investigators has shown 
that biologically active F.IX can be produced in other cell types, including 
fibroblasts (Palmer et al., 1989) myoblasts (Yao and Kurachi, 1992) and 
endothelial cells (Yao et al., 1991). Thus the choice of target cell is not 
restricted, and the transgene can be inserted into any one of a number of 
tissues as long as the gene product can gain access to the circulation. This is 

in sharp contrast to many other inherited diseases, e.g., sickle cell disease or 
the thalassemias, where expression of the transgene must occur in a single 
cell type, the red cell precursor, to have therapeutic efficacy. 
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A second advantage of hemophilia as a model for gene therapy is that 
precise regulation of expression of the transgene is not required. Most patients 
with hemophilia have severe disease, with 4% normal factor levels. Patients 
with levels of 5% have much milder disease, and only rarely experience sponta- 

neous bleeding episodes (although they exhibit abnormal bleeding in response 
to hemostatic challenges such as surgery or trauma). Thus, raising a patient’s 
level from 4% to 5% results in a dramatic improvement in phenotype. Simi- 
larly, it is clear based on data from infusion of concentrates into patients with 
hemophilia that levels as high as 150% are not associated with ill effects, since 
the proteins circulate as zymogens. Thus a remarkably wide range of levels 
of expression (from 3% to 150% of normal) fall within a therapeutic range. 
Again this is in contrast to the requirements of certain other enzyme deficien- 
cies (e.g., diabetes) where the level of the enzyme is very tightly regulated 
and an excess is as harmful as a deficiency. 

A third advantage of hemophilia compared with other diseases is the avail- 
ability of large and small animal models that faithfully mirror the human 
disease. Clearly animal models are a major asset in efforts to establish an 
experimental basis for gene therapy. In the case of hemophilia, there are well- 
characterized, naturally occurring canine models of the disease and genetically 
engineered hemophilic mice. Dogs with hemophilia were identified in the 
1950s and colonies have been maintained at several centers in North America 
since that time. Both hemophilia A and hemophilia B occur in dogs; the 
animals maintained in colonies have severe disease with 4% activity. The 
canine disease is X linked and is characterized by frequent spontaneous bleeds, 
including hemarthroses. The canine F.IX cDNA has been isolated and charac- 
terized (Evans et al., 1989b) so that species-specific vectors can be prepared 
for these animals. This is an important consideration, since work by a number 
of investigators has demonstrated that hemophilic dogs develop antibodies to 
human clotting factors within a few weeks of initial exposure (Connelly et al., 
1996b). This factor has hampered use of the hemophilia A dogs for gene 
transfer experiments, but a full-length canine F.VIII cDNA clone has recently 
become available (Cameron et al., 1998). The point mutation responsible for 
hemophilia B in the Chapel Hill colony has been determined (Evans et al., 
1989a) and is a missense mutation in a highly conserved residue in the catalytic 
domain of the molecule. A G + A transition at the middle nucleotide of the 
codon for amino acid 379 changes a glycine to a glutamic acid. Molecular 
modeling studies based on the known high-resolution structure of bovine 
pancreatic trypsin suggest that the folding of the mutant protein is likely to 
be severely disrupted. No F.IX antigen is detectable in the plasma of the 
hemophilic dogs; this has rendered them useful for studies of gene transfer, 
since expression of the transgene can be followed either by activity assays or 
by immunological assays (or both). 

A mouse model of hemophilia A has been produced by targeted disruption 
of the murine F.VIII gene. Bi and colleagues (1995) created two lines with 
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two distinct muta tions by inserting a neo cassette into exon 16 or exon 17 of 
the murine gene. Both lines exhibited a severe phenotype with F.VIII activity 
levels of ~1% by a chromogenic assay in which normal littermates exhibited 
100% activity. A similar strategy has been used by at least two groups to 
create mice with hemophilia B (Lin et al., 1997; Wang et al., 1997). The 
availability of these small animal models is also an important asset, since they 
are considerably cheaper to maintain than the hemophilic dogs. 

Although hemophilia A and hemophilia B are indistinguishable clinically, 
there are several differences between these two entities that bear on their 
suitability as models for gene therapy, and it is worth pointing these out before 
proceeding to a more detailed summary of experimental results. First, the 
F.IX cDNA at 3 kb is considerably smaller than the F.VIII cDNA (~7 kb). 
Since most viral vectors have limitations on the size of the foreign insert that 
can be accommodated, this factor favors hemophilia B as a model. For F.VIII, 
this problem has been circumvented by constructing vectors in which the B 
domain has been deleted (see Fig. 3) yielding a F.VIII cDNA of -4.4 kb, 
but this size still places limits on the construction of the minigene cassette, 
e.g., in choice of promoter to include in the cassette. On the other hand, 
the F.IX cDNA, though it has a total length of 3 kb, actually contains only 
1.5 kb of coding sequence. The remainder of the cDNA consists of a long 
3’-untranslated region. The function of this region is unknown, but a number 
of viral vectors have been produced that do not include this region as part of the 
transgene, so it appears to be dispensable. This has allowed for considerable 
flexibility in the design of F.IX cassettes to insert into viral vectors, and the 
testing of a wide range of promoters within the cassette has yielded important 
insights (vide infra). A second difference between these two disease entities 
that has relevance to gene therapy is the frequency with which antibodies to 
the clotting factor arise on exposure to what may be a “foreign” protein in 
the hemophilic patient. In large series of patients with hemophilia A, inhibitors 
(antibodies) occur in -20% of individuals, whereas in hemophilia B the fre- 
quency is much lower, in the range of l%--5% (High, 1995). The reasons for 
this discrepancy are not clear, although it has been noted that individuals with 
molecular defects in which no protein is produced (e.g., large gene deletions, 
stop codons in the 5’ portion of the transcript, gene inversions) 
likely to develop inhibitors than are those with mut ations (e.g., 

are more 
missense 

mutations) in which small amounts of protein are produced (Green et al., 
1991). Thus, the fact that -40% of individuals with severe hemophilia A have 
a gene inversion defect associated with a complete absence of protein (Lakich 
et al., 1993) may account in part for the higher frequency of inhibitor formation 
in this group. Whatever the cause, it is clear that the formation of inhibitors 
is a major drawback in a clinical trial, since levels of expression of the transgene 
product cannot be reliably determined in this setting. This feature thus favors 

hemophilia B over hemophilia A as a model for studying gene therapy. Finally, 
it should be noted that the plasma levels of the circulating protein are much 
higher in the case of F.IX than in the case of F.VIII. Normal plasma levels 
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of F.IX are -5 pg/ml and of F.VIII are -100 rig/ml. Thus levels of protein 
expression required for therapeutic efficacy in the case of F.IX are -50-fold 
higher than those required for F.VIII deficiency. This feature would appear 
to constitute an advantage for hemophilia A as a model for gene therapy, 
although this potential advantage is largely offset by sequences within the 
F.VIII cDNA that inhibit RNA accumulation (vide infra). 

EXPRESSION OF TRANSFERRED GENES IN VITRO AND IN 
ANIMAL MODELS 

From the foregoing discussion it should be apparent that investigators have 
had wide latitude in the selection of target cells and of vectors in attempts to 
establish an experimental basis for gene therapy of hemophilia. It should be 
noted at the outset that most of the strategies attempted to date and reviewed 
herein have not resulted in a level of success that would warrant human trials. 
Nonetheless, there has been steady progress in the effort to produce sustained 
expression of clotting factor protein at a level that would be therapeutic, and 
recent data using adeno-associated viral vectors in muscle and liver have 
resulted in sustained expression of F.IX at therapeutic levels. 

For purposes of summarizing the data in an organized fashion, the work 
in the field will be arbitrarily divided based on the vector used. In general, 
emphasis is on in vivo data rather than in vitro data, since a wealth of experi- 
ence documents that, in the case of gene transfer experiments, the latter is a 
poor predictor of the former. Since F.IX has been used much more extensively 
than F.VIII as a transgene, most of the data presented here involves F.IX 
and hemophilia B. F.VIII expression is subject to a unique set of problems, 
and these data are reviewed in a separate section. 

DATA WITH RETROVIRUSES 

As is the case for most transgenes, the preponderance of the data has 
been generated with retroviruses. Early attempts (Palmer et al., 1989, 1991; 
Scharfmann et al., 1991; Yao et al., 1991) to produce F.IX in animal models 
by retrovirally mediated gene transfer techniques were plagued by low levels 
and short duration of expression. More recently, several groups have achieved 
long-term expression of F.IX in experimental animals using retroviral vectors, 
but in general the levels have been too low to achieve therapeutic efficacy 
(Dai et al., 1992; Kay et al., 1993). One group using F.X as the transgene 
has very recently produced levels in the therapeutic range through in vivo 
transduction of liver with a retroviral vector (Le et al., 1997). In addition to 
liver, retroviruses have been used to transduce myoblasts, hematopoietic cells, 
and fibroblasts. 
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Retroviral Transduction of Myoblasts 

Myoblasts are an appealing target cell type for a number of reasons. The 
tissue is well vascularized and thus has the potential for efficient transfer of 
gene products to the circulation. Muscle tissue is abundant and can be readily 
accessed (to serve as a source for autologous transplant) and cultured. Re- 
injection of myoblasts results in an efficient fusion process with existing muscle 
fibers. Unfortunately, in experiments where species boundaries are crossed, 
introduction of F.IX into muscle cells appears to generate antibodies in a 
highly efficient fashion (in contrast to, e.g., intravenous injection of adenoviral 
vectors expressing human F.IX; vide infra), and this has hampered experimen- 
tal work with myoblasts in hemophilia. 

Yao and Kurachi (1992) were the first to demonstrate the utility of this 
approach by using a retroviral vector to transduce a mouse muscle cell line 
(C2C12 cells) and then re-implanting the transduced cells into the hindlimb 
muscles of cyclosporine-treated adult C3H mice. Mice injected with -3 X lo7 
transduced cells expressed F.IX levels as high as 1,000 rig/ml, but by 30 days 
postinjection levels of human F.IX were undetectable and antibodies to human 
F.IX were present in mouse serum. However, marking experiments with a 
P-galactosidase gene established that the transplanted transduced C2C12 cells 
fused with existing muscle fibers and persisted without diminution in numbers 
for periods of up to 4 months. This suggests that the strategy is sound if cross- 
species transgenes are avoided. 

In a study published a few months later, Dai et al. (1992) achieved long- 
term expression of canine F.IX by transplanting myoblasts (primary culture 
cells from Swiss-Webster mice) transduced with a F.IX-expressing retroviral 
vector into nude mice. In this case, however, levels of expression were low, 
on the order of lo-20 nglml. An additional finding of interest reported by 
these investigators was that, of three different retroviral vectors tested, only 
one, containing the cytomegalovirus (CMV) promoter and the muscle creatine 
kinase (MCK) enhancer, yielded long-term expression (180 days). With the 
two other vectors, one containing the CMV promoter alone and the other 
containing the MCK enhancer coupled with the human cx-globin promoter 
and the Xenopus P-globin S-untranslated region, expression in vivo was lost 
after -5 days. This result is intriguing but defies simple interpretation, since 
subsequent data from Yao et al. (1994) showed long-term expression (180 
days) of human F.IX using a similar strategy (re-implantation of transduced 
primary myoblasts into syngeneic severe combined immunodeficiency [SCID] 
mice) employing a vector in which the viral long terminal repeat (LTR) 
drives F.IX expression. Kurachi and colleagues have isolated and characterized 
human F.IX produced in mouse myoblasts and have shown, using ELISA and 
one-stage clotting assays, that the material has a specific activity of 95%-125%, 
despite differences in glycosylation compared to plasma-derived human F.IX 
(Yao and Kurachi, 1992). 

The data suggest, then, that a strategy based 
primary culture (autologous) myoblasts followed 

on ex vivo transduction of 
by re-implantation of these 
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cells could result in efficient transfer of FIX into the circulation (Yao et al., 
1994) and persistence of the transduced myoblasts if cross-species boundaries 
are not transgressed. Note that none of these data bear directly on in vivo 
transduction of existing muscle fibers. 

Retroviral Transduction of Liver 

Not surprisingly, liver is the favored target organ for production of clotting 
factors, since it is the normal site of synthesis. Proper execution of the complex 
series of steps involved in post-translational processing and access of the gene 
product to the circulation are ensured in this setting. Retroviral transduction 
of hepatocytes can take place either as an ex vivo or an in vivo procedure. 
In the ex vivo procedure, a portion of liver is excised, plated out in culture, 
and transduced with the vector of interest. Cells are subsequently re-infused 
(Grossman et al., 1995). Kay and colleagues (1993) demonstrated several years 
ago that retroviral vectors can be used to transduce hepatocytes in vivo. This 
experiment is instructive, as it demonstrates both the promises and the pitfalls 
of this approach. Dogs with hemophilia B were subjected to partial hepatec- 
tomy, and retroviral vector expressing canine F.IX was infused into the portal 
circulation 24,48, and 72 h after partial hepatectomy. F.IX levels in the plasma 
rose to -6 nglml and remained in that range for a period of -2 years, the 
duration of the experiment (personal communication, Mark Kay). Parallel 
experiments with a vector expressing P-galactosidase demonstrated that only 
0.3%~1.0% of hepatocytes were transduced in this procedure, despite a 60% 
hepatectomy to induce hepatocyte cell division in the remaining liver. 

The F.IX levels achieved in this experiment are considerably less than 1% 
(normal levels are 5,000 rig/ml) and thus are not within a therapeutic range. 
Nevertheless, long-term expression was achieved. The two major obstacles 
that must be overcome to make this strategy a therapeutic reality are the low 
level of gene expression per integrated provirus and the low efficiency of 
transduction. Recent studies have demonstrated progress in both areas. 
Okuyama et al. (1996) have generated a number of retroviral vectors with 
liver-specific promoters and enhancers and have tested these in a model system 
in which rats undergo partial hepatectomy and subsequent infusion of vector. 
These experiments have shown that the human al-antitrypsin (hAAT) pro- 
moter coupled with the apolipoprotein E enhancer yields levels of transgene 
expression at least one log higher than other viral or eukaryotic promoters 
tested. Thus it is possible to increase levels of expression per integrated provi- 
rus through judicious choice of promoter. (It should be noted that this vector 
also contained a retroviral backbone with an intact 3’ LTR that yielded higher 
titer vector than constructions with deletions in the viral LTR. This factor may 
have contributed to the higher levels of expression seen here.) In subsequent 
experiments (Le et al., 1997) the hAAT promoter was coupled with a human 
F.X cDNA and tested in the rat model. Sustained expression of F.X levels of 
>l,OOO rig/ml was achieved. Since plasma levels of F.X are comparable with 
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those for F.IX, this would seem to be a promising approach for hemophilia 
B, although it will be important to determine whether similar results can be 
achieved in species other than the rat. (The transduction efficiency for infusion 
of retroviral vector through the portal circulation preceded by partial hepatec- 
tomy is typically 1% in mice and dogs, but 5%-U% in rats [Ferry et al., 1991; 
Kolodka et al., 1993; Moscioni et al., 19931.) 

A number of approaches have been explored in an effort to increase trans- 
duction efficiency and to obviate the need for partial hepatectomy, a require- 
ment that makes this strategy unappealing for human trials. Lieber et al. 
(1995) have used an adenoviral vector expressing urokinase-type plasminogen 
activator (uPA) to induce hepatocyte necrosis and regeneration and have 
shown that retroviral transduction efficiency is increased 5-lo-fold in mice 
following prior infusion of the uPA-expressing adenoviral construct. This 
effect is seen without any prior hepatectomy. In another approach, Bowling et 
al. (1996) have used portal branch occlusion to achieve retroviral transduction 
efficiencies comparable with those seen following partial hepatectomy. In this 
procedure, branches of the portal vein are occluded, resulting in apoptosis of 
hepatocytes in the occluded lobes and compensatory replication in the remain- 
ing lobes. Another strategy has been the use of keratinocyte growth factor to 
induce hepatocyte proliferation; this results in transduction efficiencies on the 
order of 2% (Bosch et al., 1996). Finally, the generation of higher titer vector 
preparations (Bowles et al., 1996) allows increased transduction efficiency by 
increasing the effective multiplicity of infection. 

Retroviral Transduction of Hematopoietic Cells 

The use of hematopoietic cells as targets has considerable appeal as a treatment 
strategy for gene therapy of hemophilia B. Experience with autologous bone 
marrow transplantation is extensive, and one can readily envision a strategy 
where a patient’s bone marrow is removed, transduced with a retroviral vector 
expressing F. IX, and then re-implanted. It has been shown that biologically 
active F.IX can be synthesized in these cells (Hao et al., 1995) and the gene 
product has ready access to the circulation. Expression of F.IX in platelet 
precursors is particularly attractive, since platelets accumulate at the site of 
a bleed. Thus, even if circulating levels of F.IX are below the therapeutic 
range, local concentrations at the bleeding site may be adequate to ensure 
hemostasis. Little is known about certain critical aspects of the biosynthesis 
of F.IX in megakaryocytes and other hematopoietic cells, e.g., whether F.IX 
is packaged into platelet granules or constitutively secreted; these areas are 
being actively investigated. A theoretical objection to this strategy (expression 
in hematopoietic cells) centers on the potential for thrombosis that may be 
generated by secretion of F.IX from monocytes. Activated monocytes express 

tissue factor on the surface; when combined with VII/VIIa in the circulation, 
the VIIa/tissue factor complex catalyzes the conversion of F.IX to the active 
species IXa. The thrombogenicity of the older plasma-derived F.IX prepara- 



396 HIGH 

tions has been well-documented and was attributed to contamination of the 
products with activated factors (Lusher, 1991). Whether an approach targeting 
hematopoietic cells would be thrombogenic is unclear and needs to be ad- 
dressed. The use of platelet-specific promoters in the viral vectors may allow 

one to circumvent this problem (Ravid et al., 1991). 
The potential for treatment of hemophilia by transduction of hematopoietic 

cells has been thwarted by the same obstacles that have plagued other attempts 
to treat disease by genetic modification of these cells, including that transduc- 
tion efficiency is quite low, on the order of 1%. To achieve long-term expres- 
sion, a critical requirement for genetic diseases like hemophilia, it is necessary 
to transduce stem cells, but since most of these are quiescent, they are not 
efficiently transduced by retroviral vectors, which require dividing target cells. 
In the murine system it has been possible to achieve very high efficiency 
transduction (lo%---80%) of hematopoietic stem cells (HSCs) through the 
use of recombinant hematopoietic growth factors to stimulate proliferation 
(Williams, 1990) but similar approaches in canine and simian recipients have 
failed to achieve HSC transduction efficiencies of X%-2% (Kohn, 1995) and 
results from gene marking studies in humans have yielded similarly disappoint- 
ing results (Brenner et al., 1993; Deisseroth et al., 1994; Dunbar et al., 1995). 
The factors that account for the differences between the murine system and 
larger mammals have not been clearly established, but may relate to differ- 
ences in the density of receptors for retroviral receptors on the cell surface 
or to differences in the cell cycle kinetics of HSCs among species. Analysis 
of the potential utility of this strategy in humans will require progress in the 
ability to manipulate stem cells or improvements in vector technology. 

ADENOVIRAL VECTORS IN F.IX GENE TRANSFER 

Adenoviral vectors have been the subject of considerable interest to investiga- 
tors working in the area of hemophilia. Advantages of these vectors include 
the ease with which they can be prepared in high titer, their wide host range, 
and the ability to transduce nondividing target cells such as liver. However, 
additional experience with these vectors has shown that expression levels, 
though initially high, undergo an inexorable decline and that repeat adminis- 
tration of the vector does not, under most circumstances, result in expression 
of the transgene. The decline in expression following the first administration 
of vector appears to be due to elimination of vector-transduced cells by the 
host immune response (Dai et al., 1995; Yang et al., 1994a,b; Yang and Wilson, 
1995); the immune response also mediates the failure of expression following 
repeat administration of vector. A number of strategies, including immuno- 
modulation of the host and engineering of less immunogenic adenoviral vec- 
tors, have been developed to circumvent this obstacle, but none have yet met 
with unqualified success. 
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The first report of successful F.IX gene transfer using adenoviral vectors was 
Smi th and coworkers (1993). Using a so-called first-generation adenoviral 

vector expressing human F.IX, these investigators injected (immunocompe- 
tent) C57B1/6 mice via the tail vein and demonstrated therapeutic plasma 
levels of F.IX (350 rig/ml) within 1 week following injection. Plasma levels of 
F.IX declined slowly and were 
readministration of vector did 

und 
not 

etectable by 7-9 weeks after injection, and 
result in any rise in levels. Q uantitatio n of 

vector DNA by Southern blots on liver DNA demonstrated a marked loss of 
vector DNA between wee k 4 and week 7 (from 55 to 3 copies/cell), consistent 
wi th destructi .on of adenovi ral-transduced cells, and neutralizing anti .bodies 
to adenoviral protei ns were also present, with a boos t in titers by at le ast 32- 
fold following re-administration of vector. These results were confirmed and 
extended in the hemophilia B dog model by Kay et al. (1994). Using portal 
vein infusion of a first-generation adenoviral vector expressing canine F.IX, 
these workers achieved F.IX levels in the hemophilic dogs of 250%-300% 
normal, but expression was transient, falling to 1% of normal 3 weeks following 
injection and undetectable levels at 100 days after injection. (Of note is the 
fact th at the number of tran .sduced cells is very high, on the order of 20%-50% 
[using an ad-1acZ vector]. This is in marked contrast to the situation with 
retroviral vectors, vide supra, where the number of transduced cells is consis- 
tently around l%.) 

The role of immunomodulation in extending expression of F.IX from ade- 
noviral vectors has been explored by several groups. Dai et al. (1995) showed 
that an adenoviral vector could direct long-term expression (>1 year) of F.IX 
in nude mice (mice that lack both T- and B-cell function), whereas expression 
was virtually undetectable in (immunocompetent) Swiss Webster mice 12 days 
after injection. To further dissect the contribution of cellular and humoral 
immunity 
out mice ( 

these workers inj ected the same vector in to IgM heavy chain knock- 
these mice have no antibody response) and into &microglobulin 

knockout mi 
sion fell to a 

.ce (no cytotoxic T-lymphocyte response). In both groups, expres- 
subtherapeutic range (40 nglml) by 3 weeks following injection, 

indicating that both cellular and humoral responses play a role in extinguishing 
expression from this adenoviral vector expressing canine F.IX in mice. At- 
tempts to prolong expression by administration of immunosuppressive agents 
resulted in only modest success in this study. Administration of cyclosporin 
A, which should suppress cell-mediated immunity, at a dose of 10 mg/kg, had 
no effect, but administration of both cyclosporin A and cyclophosphamide 
(50 mg/kg), which kills rapidly dividing cells, resulted in a more gradual decline 
in plasma F.IX levels so that F.IX was still detectable (albeit at subtherapeutic 
levels) 150 days after injection. 

The results obtained by Fang et al. (1995a,b) in the hemophilic dog model 
were somewhat different. These experiments are in a sense more straightfor- 

ward to interpret, because, in contrast to those of Dai et al. (1995), species 
boundaries are not transgressed, i.e., the investigators used a vector expressing 
canine F.IX in a hemophilia B dog. Continuous administration of cyclosporin 
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A at a daily dose of 19.5 mg/kg resulted in expression of canine F.IX at 
therapeutic levels (>lOO @ml) for approximately 180 days following a single 
administration of vector, but subsequently levels fell to a nontherapeutic range 
(-10 n&ml). In contrast, untreated animals showed a rapid decline in F.IX 

levels, dropping to 10 rig/ml within -40 days following injection of vector. 
These results are encouraging, but the prospect of prolonged treatment with 
cyclosporin A has dampened enthusiasm for this approach. 

More appealing is a strategy reported by Kay et al. (1995) that relies on 
co-administration of a single dose of an antibody that blocks a necessary 
co-stimulatory signal. T cell-mediated immune response requires that cells 
present peptide fragments of the foreign protein in association with major 
histocompatibility molecules to the T-cell receptor. Additional co-stimulatory 
signals, in which the B7-1 and B7-2 ligands on antigen-presenting cells bind 
to CTLA4 receptors on T cells, are required for T-cell activation (Fig. 4). 
Administration of CTLA4Ig, a chimeric molecule that blocks the murine 
CTLA4 receptor, to mice injected with an adenoviral vector expressing hAAT, 
results in prolongation of expression to -5 months vs. 1-2 months in controls. 
Since only a single dose of CTLA4Ig was required, there was no long-term 
immunosuppression, and treated mice demonstrated the ability to mount an 
effective T cell-mediated response to a bacteriophage infused intravenously 10 
weeks after receiving CTLA4Ig. It will be of considerable interest to determine 
whether this result can be replicated in hemophilic dogs, but this will require 
the availability of canine CTLA4Ig. 

Another approach based on manipulation of the host immune response is 
the induction of tolerance to adenoviral proteins. The engineering of trans- 
genie animals demonstrates that animals can acquire tolerance to “foreign” 
proteins provided they are exposed to them early in development, but attempts 

FIGURE 4. T-cell activation. T-cell activation requires two signals. Signal 1 is the 
presentation of a peptide fragment from the foreign protein, displayed in the context 
of an MHC molecule, to the T-cell receptor (TCR). Signal 2 is a co-stimulatory signal 
from an antigen-presenting cell (APC). See text for further details. 
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to induce tolerance by injecting adenoviral vector in utero have been mostly 
disappointing, probably because exposure to vector did not occur early enough 
in development (McCray et al., 1995). Of interest is the fact that injection of 
adenoviral vector in the neonatal period results in a pattern different from 
that seen in adult animals, a result confirmed by two groups. Stratford- 
Perricaudet and colleagues (1992) demonstrated long-term expression (up to 
12 months) of an adenoviral vector expressing P-galactosidase in a small 
percentage of mice that were injected on day 2 of life. Walter et al. (1996) 
on the other hand, detected no difference in duration of expression of an 
adenoviral vector expressing human F.IX between adult CD-l mice and new- 
born CD-l mice injected on day 1 of life, but the mice injected as newborns 
could be successfully re-injected at least once, whereas mice initially injected 
as adults could not. 

The effort to engineer less immunogenic adenoviral vectors began with 
the use of a temperature-sensitive adenoviral mutant that had initially been 
described in the 1970s (Ginsberg et al., 1974). The H5ts125 mutant contains 
a missense mutation in the E2a gene encoding the DNA-binding protein that 
renders the function of the protein temperature dependent. The E2a gene 
product is required for expression of fiber protein, an immunogenic structural 
protein of the vector. Recombinant vector can be prepared at the permissive 
temperature, 32°C a temperature at which E2a function is normal in the 
mutant, but at the restrictive temperature of 39°C E2a is nonfunctional, and 
fiber protein is not produced (Engelhardt et al., 1994). Unfortunately, at 37°C 
E2a function is reduced but not absent, and efforts to achieve longer duration 
of expression of F.IX in experimental animals with this vector have been 
unsuccessful (Fang et al., 1995b). 

The logical culmination of this strategy has been realized in the attempts 
to produce so-called gutless adenoviral vectors, i.e., adenoviral vectors that 
contain only the minimal cis elements required for replication and packaging 
but are devoid of any elements encoding viral proteins (Fisher et al., 1996; 
Hardy et al., 1997; Kochanek et al., 1996). The bacterial cre-lox recombination 
system has been successfully used to eliminate replication and packaging of 
the helper virus necessary in the production of these gutless vectors (Hardy 
et al., 1997). An advantage of these vectors is that they allow incorporation 
of large expression cassettes. In fact, the vector genome is destabilized if it is 
engineered to be much smaller than wild-type adenovirus (Fisher et al., 1996; 
Hardy et al., 1997). Extensive in vivo testing of gutless vectors has not been 
documented yet, but studies involving large deletions of the adenoviral genome 
showed that such vectors might be very unstable in transduced cells (Lieber 
et al., 1996). 

ADENO-ASSOCIATED VIRAL VECTORS 

AAV vectors are engineered from huma n AAV, a nonpathogenic, replication- 
defective parvovi rus. Wild-type AAV h as a single-stranded DNA genome of 
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4,680 nucleotides; the virus has both lytic and latent phases in the life cycle. 
The lytic phase requires a helper virus, e.g., adenovirus or herpes virus; in 
the absence of helper virus, wild-type AAV integrates into the host cell 
genome. AAV integration in humans manifests site-specificity, with a high 

proportion of integration events occurring at a specific site on chromosome 
19. To generate recombinant vector from the virus, the viral coding sequences 
are replaced by the gene of interest in a plasmid containing only the viral 
inverted terminal repeats (ITRs), and the necessary viral genes are supplied 
in tram on a second plasmid. Following introduction of these plasmids into 
293 cells, the cells are infected with helper adenovirus and lysed 48 h later, 
and recombinant AAV is purified from cell lysate (Samulski, 1993; Samulski 
et al., 1989). 

The difficulties involved in generating high titer preparations of purified 
recombinant AAV have limited the accumulation of in vivo data with this 
vector. Nonetheless, the vector has a number of advantages that have moti- 
vated continued interest despite this obstacle. First, it has the ability to trans- 
duce nondividing target cells, including brain, muscle, and liver (Blau and 
Khavari, 1997; Fisher et al., 1997; Kaplitt et al., 1994; Kessler et al., 1996; 
Snyder et al., 1997; Xiao et al., 1996). Second, the structure of the recombinant 
vector is such that no viral coding sequences are transferred to the recipient. 
In addition, the parent virus is nonpathogenic in humans, and the vector does 
not appear to be highly immunogenic, as is the case for adenoviral vectors. 
The major disadvantages are that there is a size constraint of -4.7 kb on the 
cassette that can be packaged into the vector, and the vector is, as noted 
above, difficult to prepare. 

Published in vivo data about using an AAV vector to express F.IX in 
experimental animals are limited, but appear to be very promising. Koeberl 
et al. (1997) have shown in mice that intravenous injection of AAV F.IX 
results in transduction of hepatocytes and that transduction efficiency can be 
improved by prior y-irradiation. A subsequent report demonstrates therapeu- 
tic plasma levels of F.IX in C57BL/6 mice using a similar approach (portal 
vein injection into mice without y-irradiation). Differences in the design of 
the F.IX expression cassette, and possibly differences in the route of administra- 
tion, may have accounted for the much higher plasma levels obtained (Snyder et 
al., 1997). Herzog et al. (1997) using muscle as the target cell, have demonstrated 
stable expression of therapeutic levels of F.IX in the plasma of mice injected 
intramuscularly with an AAV F.IX vector (Fig. 5). The data in these latter two 
reports are perhaps the most promising yet generated; if the results can be repli- 
cated in larger animal models (i.e., hemophilic dogs), then this treatment strat- 
egy would seem to be feasible for human trials. 

FACTOR VIII GENE TRANS dR 

F.VIII deficiency affects about five to six times as many individuals as F.IX 
deficiency. Despite its higher prevalence, progress in gene transfer has been 
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FIGURE 5. Plasma levels of human F.IX in Rag-l mice injected intramuscularly with 
2 X 10” vector genomes of an AAV vector expressing human F.IX. Each line represents 
an individual animal. 

slower because of problems peculiar to F.VIII expression and secretion. The 
F.VIII cDNA is too large to be accommodated by most viral vectors, but this 
problem has been circumvented by using a truncated form (B-domain deleted) 
that has full biological activity. Other problems have been more difficult to 
overcome. First, the stability of F.VIII in plasma is dependent on interaction 
with von Willebrand factor (vWF); in addition, the F.VIII protein is large 
(MW -250,000) and does not easily traverse the extracellular spaces to reach 
the circulation. These factors limit the choice of sites of synthesis. Moreover, 
sequences present in the coding region of F.VIII appear to act as dominant 
inhibitors of RNA accumulation; this results not only in lower levels of expres- 
sion but in lower titers of retroviral vector as well. Lynch et al. (1993) compared 
titers of retrovirus generated using a series of different inserts and demon- 
strated that the titer of F.VIII retroviral vector was consistently two logs lower 
than titers generated using other inserts. This did not appear to result solely 
from the size of the F.VIII insert, since a vector expressing a transgene of 
similar size (the insulin-like growth factor I receptor) could be prepared in 
high titer (2 X lo6 G418’ cfu/ml vs. 1 X lo4 G418’ cfu/ml for F.VIII). These 
investigators identified a 1.2 kb fragment of the F.VITI cDNA that encodes 

portions of both the A2 and A3 domains (Fig. 3) that appears to be responsible 
for the reduction in RNA accumulation. Deletion of the fragment results in 
a lo-fold rise in titer (and of course in a functionally inactive F.VIII species), 
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and inclusion of the fragment in other unrelated inserts results in a drop in 
titer. Atte mpts to define the inhibitory sequence more precisely 
and intern al deletions were unsuccessful (the inhibitory effect was I 

using 
.ost wi 

s, 3’, 
th any 

truncation of the fragment). On the assumption that this effect was sequence- 

specific, Chuah et al. (1995) attempted to overcome this inhibitory effect by 
changing third codon bases (silent at the amino acid level) within the 1.2 kb 
fragment, but this appeared to have no effect on retroviral titers or levels 
of expression. 

Hoeben et al. (1995) also reported the presence of sequences within the 
F.VIII gene that inhibit RNA accumulation; these sequences overlap but do 
not precisely coincide with the sequences identified by Lynch et al. (1993). 
There is no clear consensus on the mechanism of inhibition; based on nuclear 
run-on data and steady-state levels of RNA in transfected CHO cells, Kaufman 
et al. (1989) have suggested that the effect is post-transcriptional, whereas 
Hoeben et al. (1995) using similar approaches in retroviral-transduced RAT2 
cells, showed repression at the level of transcription. 

There have been a few reports in the literature of successful in vitro and 
in vivo expression of human F.VIII using a retroviral vector. Dwarki and 
colleagues (1995) at Somatix Corporation used the MFG vector, originally 
described by Mulligan and coworkers (see Dranoff et al., 1993; Ohashi et al., 
1992; Sekhsaria et al., 1993) to achieve levels of 500-2,000 rig/ml in virally 
transduced cells in culture. (Titers of this vector were not reported; the absence 
of a selectable marker in the vector makes determination of titers difficult.) 
The authors analyzed expression in vivo by transducing cell lines (C2C12 and 
NIH 3T3) with the vector and implanting transduced cells into SCID mice 
either intramuscularly or via intraperitoneal injection. These experiments 
showed that F.VIII could reach the circulation from cells implanted in the 
intraperitoneal site but not from cells in the intramuscular site. (Parallel experi- 
ments with a vector expressing F.IX showed that F.IX can reach the circulation 
from either site.) The failure of F.VIII to reach the circulation from intramus- 
cular sites may reflect susceptibility of the protein to proteases in the extracellu- 
lar space or the requirement for rapid association with vWF. Intraperitoneal 
implantation of transduced primary fibroblasts into SCID mice resulted in 
expression of human F.VIII at therapeutic levels for -7 days, after which 
expression declined to undetectable levels. Explants of the transplanted cells 
showed an overall loss of cell number, the presence of vector DNA in the 
remaining cells, and the absence (by reverse transcriptase PCR) of F.VIII 
mRNA. These results may reflect either extinction of viral LTR-driven tran- 
scription, as has been previously reported (Palmer et al., 1991; Scharfmann 
et al., 1991) or limited survival of the transduced cells, or both. 

Problems with the development of high titer F.VIII-expressing retroviral 
vectors have fueled efforts to explore other gene delivery vehicles. Connelly 
et al. (1995) have produced adenoviral vectors that direct high level expression 
of human F.VIII. Intravenous administration of adenovirus F.VIII vector in 
C57/B16 mice resulted initially in expression in the therapeutic range (50 ng/ 
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ml), but F.VIII levels declined steadily and were no longer detectable after 
7 weeks. Consistent with results reported by other groups using adenoviral 
vectors, the gradual loss of expression was accompanied by loss of vector 
DNA from the liver, presumably due to host immune response to adenoviral 
antigens (vide sup@. In the case of F.VIII, several groups have pursued a 
variety of strategies to generate a more potent F.VTII expression cassette, 
which would allow administration of lower doses of viral vector (which would 
presumably result in a less vigorous immune response). Connelly et al. (1996a) 
compared an adenoviral vector containing a mouse albumin promoter to one 
that included both the albumin promoter and the S-untranslated region from 
the human apolipoprotein Al gene (first untranslated exon, first intron, and 
second exon up to translation initiation site) and showed that inclusion of the 
genomic elements enhanced expression in a mouse model. At a dose of 4 X 
lo9 pfu, the second vector resulted in two- to fivefold enhanced expression 
(levels of 600-1,000 rig/ml vs. 200-300 nglml); at a lower dose of 5 X 10” pfu, 
the effect was even more marked, with the second vector achieving levels of 
expression of 200-400 rig/ml? while F.VIII expression was undetectable with 
the vector containing the albumin promoter alone. In subsequent experiments 
these investigators compared duration of expression of the second vector as 
a function of dose and showed that expression could be achieved for a longer 
period (F.VIII levels of 40 rig/ml still detectable 22 weeks following injection) 
at the lower dose of -lo8 pfu than at a higher dose of -lo9 pfu (F.VIII no 
longer detectable 15 weeks after injection). Pipe and Kaufman (1996) have 
engineered a F.VIII variant with six- to eightfold higher specific activity than 
wild-type F.VIII; this was achieved by altering sites at which F.VIIIa is nor- 
mally cleaved by activated protein C and by altering a thrombin cleavage site 
so that the A2 domain is no longer dissociable from A3 (a mechanism by 
which F.VIIIa is inactivated). The availability of a higher specific activity 
variant should allow administration of even lower doses of adenoviral vector; 
such a maneuver may prolong the duration of expression but is unlikely to 
i-esult in stable long-term expression unless other strategies (e.g., the use of 
a re-engineered vector with more viral sequences removed, transient immuno- 
suppression when vector is administered) are employed as well. 

NONVIRAL APPROACHES 

A variety of nonviral approaches are currently under investigation to develop 
a gene therapy for hemophilia. Therapeutic levels of human F.IX have been 
achieved in mouse plasma after implantation of stably transfected myoblasts 
in skeletal mouse muscle. The myoblasts were expanded clones of cells stably 
transfected in ex viva experiments with a human F.IX-expressing plasmid 

(Wang et al., 1997). In another study, naked plasmid DNA incorporated into 
liposomes was intravenously injected into mice, but expression levels were 
very low (~1 rig/ml plasma), and it is unclear whether persistent expression can 



be achieved with this approach (Baru et al., 1995). Liposomes are considered 
attractive gene delivery vehicles because they are neither immunogenic nor 
toxic. Synthetic DNA-ligand complexes for receptor-mediated gene transfer 
have been described as a promising basis for gene therapy. Complexes of 
galactosidated poly(L-lysine) and plasmid DNA including a human F.IX ex- 
pression cassette were manufactured by titration with NaCl and subsequently 
injected into the caudal vena cava of adult rats (Perales et al., 1994). Receptor- 
mediated uptake of these complexes by the asialoglycoprotein receptor in 
hepatocytes ensured liver-specific targeting of gene delivery. Expression of 
human F.IX was stable for at least 140 days, although with significant variation 
of the expression levels among different animals (15 ng to 1 pg/ml plasma). 
The stability of the introduced plasmid DNA (which is present in episomal 
form after cellular uptake) remains an issue for further investigation. In addi- 
tion, this vehicle is very difficult to prepare, a factor that has limited attempts 
to extend and replicate these results (Hanson, personal communication). 
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GENE THERAPY OF GLOBIN DISORDERS 

Disorders of the P-globin gene have long been considered excellent models 
for human gene therapy. The cloning of all human globin genes almost two 
decades ago and the intensive studies of their regulation that followed provided 
the foundations on which genetic approaches to therapy could be based. Thus, 
not surprisingly, the P-globin gene was one of the first human genes to be 
used in pioneering gene transfer experiments (Cone et al., 1987). However, 
it soon became apparent that the application of this evolving gene transfer 
technology to globin genes posed some unique and formidable challenges. 
In this chapter, we discuss those challenges, the approaches that are being 
developed to overcome them, and the remaining hurdles to the successful 
application of corrective genetic therapy in the treatment of patients afflicted 
by these disorders. 

Conceptually, current approaches to globin gene therapy consist of the 
introduction of a functional globin gene into hematopoietic stem cells of a 
homozygous affected individual as a substitute for the defective globin gene(s). 
One such approach, as illustrated in Figure 1, would involve the transfer of 
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a normal PA-globin gene into hematopoietic stem cells of an affected patient’s 
bone marrow ex viva, using a recombinant retrovirus as the vehicle, followed 
by the reinfusion of the transduced marrow into the patient in the same 
manner that one performs bone marrow transplantation. However, a number 
of obstacles must be overcome before gene therapy becomes an option in the 
treatment of hemoglobinopathies. First, one needs to have regulated expres- 
sion of the transferred gene. When one transfers a globin gene into hematopoi- 
etic stem cells, one wants it to be expressed only in the erythroid cells and 
not in the nonerythroid progeny of the stem cells. Although this potential 
problem was an early concern, it has not turned out to be a serious issue in 
practice. However, one also needs to have consistently high levels of expression 
of the transferred gene. The amount of hemoglobin made in the red cell is 
considerable, and one has to have very high levels of expression of the trans- 
ferred PA-globin gene to compensate for the deficit in gene expression in the 
case of P-thalassemia or to dilute the endogenous Ps-globin chains in the case 
of sickle cell anemia. This problem also raises the issue of whether one should 
attempt, in gene therapy of the sickle syndromes, to concomitantly inactivate 
one (or both) of the endogenous Ps-globin genes by targeted integration of 
the transferred PA-globin gene at the site of a ps gene, thereby disrupting it. 
Another important consideration is that the gene must be transferred into 
the self-renewing or reconstituting hematopoietic stem cell to obtain long- 
lasting therapeutic results, avoiding the need to periodically repeat the proce- 
dure. Finally, a number of issues need to be addressed regarding the safety 
of the procedure. Nevertheless, considerable progress has been made in recent 
years in the technical ability to transfer globin (and nonglobin) genes into 
primary hematopoietic cells, including the reconstituting stem cells of a num- 
ber of animals, including nonhuman primates and more recently humans 
(reviewed by Friedmann, 1989; Verma, 1990; Apperley and Williams, 1990; 
Nienhuis et al., 1991; Karlsson, 1991; Hesdorffer et al., 1991; Anderson, 1992; 
Miller, 1990, 1992). 

Retroviral Gene Transfer Vectors 

Retroviral vectors remain the most popular vehicles for the transfer of globin 
genes into hematopoietic stem cells (reviewed by Cornetta, 1992; Berenson 
et al., 1991; Forrester et al., 1986). The properties of these retroviral gene 
transfer vectors are discussed in detail in another chapter. Briefly, the gene 
of interest (a globin gene in this case) is inserted into a DNA copy of the 
virus from which most of the viral genes have been removed to render it 
incapable of replication (i.e., replication defective). The DNA is then transfec- 
ted into a viral packaging cell line that produces all of the necessary compo- 
nents to package RNA copies of the modified retroviral genome into infectious 

viral particles. After entry of these particles into a target cell, a DNA copy 
of the viral RNA genome is produced by the reverse transcriptase enzyme of 
the virus. The DNA copy is then integrated into a random site of the chromo- 
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somal DNA of the host cell. Because the modified retroviral genome lacks 
essential structural genes such as those for viral envelope proteins, no further 
cycles of viral production can occur, but the integrated viral genome can be 
transcribed to produce mRNA copies of the gene inserted into it for the 

purpose of gene therapy. In the case of globin gene transfer, the retrovirus 
is constructed in such a way that the globin gene is transcribed from its own 
promoter in a direction that is opposite from that of viral gene transcription, 
which occurs from the promoter of the 5’ viral long terminal repeat (LTR) se- 
quence. 

The general approach to gene therapy, as illustrated in Figure 1, would 
consist of the aspiration of bone marrow from the affected patient followed 
by the in vitro exposure of the total marrow, or a subpopulation of marrow 
cells enriched for stem cells by antibody selection (the CD34+ cell population 
[Berenson et al., 19911) to defective or disabled retroviral particles containing 
a copy of a normal PA-globin gene. After an appropriate period of time that 
allows entry and integration of this virus into the cells, the transduced cells 
would then be reinfused intravenously into the patient where they could 
hone to the bone marrow space and continue to proliferate normally. The 
transferred PA-globin gene should be expressed exclusively, and hopefully at 
a high level, in the erythroid cell progeny of the transduced stem cells. 

Gene Transfer Into Erythroid Cells in Culture 

In the first retroviral globin gene transfer experiments performed by Cone et 
al. (1987) a genomic P-globin gene and a neomycin resistance gene were 
inserted into the genome of a retroviral vector. A recombinant retrovirus 
carrying the human P-globin gene in the reversed transcriptional orientation 
relative to the LTR produced retroviral stocks of a reasonable titer, while the 
recombinant retrovirus that carried a P-globin gene in the same orientation 
did not produce any retroviruses. When the globin retroviral vectors were 
used to transduce mouse erythroleukemia (MEL) cells in culture, retroviral 
DNA integrated in the genome at one copy per cell and generated human p- 
globin mRNA in an inducible manner. The level of expression of the human 
fi-globin mRNA, however, was only 0.01% of the endogenous mouse pmaj- 
globin mRNA. The pattern of expression appeared to be erythroid specific, 
as no P-globin mRNA was detectable when these retroviruses were used to 
transduce NIH 3T3 fibroblasts. The highest titers of retroviral stocks produced 
from the ecotropic packaging cell line, !P2, was 2 X 10” cfu/ml. The highest 
titers from the amphotropic packaging cell line, TAM, however, was one to 
two orders of magnitude lower. It is also important to note that both ?P2 and 
!PAM were shown in later studies to produce retroviral stocks that contained 
replication-competent helper virus. This precludes the use of such retroviral 
stocks in human gene therapy applications (Cone et al., 1987). 

A similar strategy was used by Karlsson et al. (1987) to transfer the human 
P-globin gene to MEL cells. The level of expression of human P-globin mRNA 
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and protein in the transduced cells was significantly higher than that reported 
by Cone et al. (1987) (10% of the endogenous mouse globin expression). 
However, only 3 of 12 clones of amphotropic producer cell lines contained 
an unrearranged copy of the P-globin gene, and the range of titers of their 
viral stocks was between 2 X lo3 and 2 X lo4 cfu/ml. These retroviral titers 
are probably too low to achieve efficient gene transfer into hematopoietic 
stem cells. Bender et al. (1988) prepared similar amphotropic retroviral stocks 
that included a human P-globin gene that was marked by a 6 bp insertion in 
its S-untranslated sequences. Only 3 of 20 clones of producer cell lines inte- 
grated an unrearranged copy of the P-globin gene, and the highest retroviral 
titer generated by these producers was 5 X lo4 cfu/ml. When one of these 
producer cell lines was used to infect human erythroid blast-forming units (E- 
BFU) colonies in culture by co-cultivation, the level of expression of the 
marked P-globin mRNA was about 5% of the endogenous P-globin mRNA. 
The infection frequency, however, was only 0.04%, which is at least in part a 
reflection of the low retroviral titers. 

Globin Gene Transfer Into Murine Hematopoietic Stem Cells 

The first successful globin gene transfer experiments in a long-term animal 
model system were performed by Dzierzak et al. (1988). These experiments 
illustrate many of the practical difficulties of this approach that must be 
overcome before it can be applied in human gene therapy. The human p- 
globin gene was successfully transferred by means of a retrovirus into self- 
renewing hematopoietic stem cells of mice, as evidenced by the fact that DNA 
of the transferred globin retrovirus was still detectable in blood cells of the 
mice 4-9 months after transplantation of the virally transduced bone marrow 
cells. The extent of donor marrow cell engraftment varied between 40% and 
98%, whereas the efficiency of infection of the engrafted donor marrow cells 
ranged between 2% and 100%. The transferred human globin gene was ex- 
pressed in virtually a tissue-specific manner, globin mRNA being detected in 
significant amounts essentially only in erythroid cells, although trace amounts 
were observed in lymphoid cells and macrophages of some of the animals. 
However, a disappointing result was the very low level of human P-globin 
mRNA expression that was estimated to correspond to only 0.4%-4.0% of 
the level of the endogenous murine P-globin mRNA, when considered on a 
single copy per genome basis. Another disappointing observation was that 
the human P-globin genes were expressed in only 17% of the transplanted 
animals. This low efficiency of transduction was attributed to low viral titers 
and suboptimal marrow infection conditions. Nonetheless, these experiments 
demonstrated the feasibility of long-term expression of a transduced P-globin 
gene in erythroid cells irt vivo, albeit at a level that is not sufficient to ameliorate 

the clinical manifestations of human hemoglobin disorders (Dzierzak et al., 
1988). These findings were also confirmed independently by other groups 
(Karlsson et al., 1988; Bender et al., 1989). The transduction of the pluripotent 
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hematopoietic stem cell in those studies was demonstrated by serial marrow 
reconstitution in secondary recipients (Bender et al., 1989; Bodine et al., 1989). 

Approaches To Increase Globin Gene Expression in Transduced Cells 

One important feature of the normal chromosomal environment that confers 
a high level of expression to globin genes is the locus control region (LCR) 
(reviewed by Townes and Behringer, 1990). The LCR consists of an interesting 
region of DNA, located far upstream from the P-globin gene, that was initially 
identified because of the presence of sites hypersensitive to digestion by DNase 
I (Tuan et al., 1985; Forrester et al., 1986). The importance of these DNA 
sequences was first suggested by the finding of a number of mutations in which 
the fl-globin gene itself was structurally normal but not expressed when located 
on a chromosome that carried a deletion of these sequences. When DNA 
sequences containing these DNase I hypersensitive sites were linked to a p- 
globin gene in transgenic mice, the level of expression of the transferred p- 
globin gene was virtually equal to that of the endogenous gene (Grosveld et 
al., 1987). These sequences have therefore been called the locus control region. 

The LCR confers high levels of erythroid-specific expression to transferred 
P-globin genes in a relatively copy-dependent and position-independent man- 
ner, i.e., the level of expression is proportional to the number of copies 
of the gene that are transferred and is uniformly high irrespective of the 
chromosomal site of integration of the transferred gene(s). The DNA se- 
quences that are critical for the functional activity of the LCR have been 
localized to a small region of DNA surrounding the DNase I hypersensitive 
sites. Therefore, it was initially thought that incorporation of these LCR core 
sequences into the retroviral vectors would overcome the problem of low 
expression levels. However, initial attempts to include LCR sequences in gene 
transfer vectors have had unexpected deleterious effects on the ability to 
obtain retroviral stocks of sufficiently high titer to be efficient vehicles for 
gene transfer into bone marrow hematopoietic stem cells. 

Novak et al. (1990) constructed several retroviral vectors that consisted of 
a human P-globin gene linked to one of the four hypersensitive sites of the 
P-LCR. These retroviral vectors were used to infect MEL cells in culture. 
One retrovirus that contained HS2 resulted in high level expression of P-globin 
mRNA comparable with the level of the endogenous mouse pmaj mRNA, but 
only in a small number of MEL cell clones. The level of human P-globin 
mRNA in the different clonal isolates of MEL cells transduced with this 
retrovirus was quite variable (lo%-310% of the mouse levels). In addition, 
rearrangements of the viral sequences were noted in most of the packaging 
cell lines and the majority of these producer cell lines, including those that 
initially integrated unrearranged copies of the viral genome, transmitted re- 
arranged retroviral sequences. The titers of the viral stocks from these pro- 
ducer cell lines ranged from 2 X lo4 to 1 X lo5 cfu/ml (Novak et al., 1990). 
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Chang et al. (1992) tried to overcome the problems resulting from the 
genetic instability of recombinant retroviruses that contain HS2 by using 
progressively smaller segments of this hypersensitive site to enhance P-globin 
expression. Unfortunately, the resulting retroviruses remained unstable, and 
the human P-globin gene was rearranged or deleted in all the packaging cell 
lines that were examined. When HS2 sequences were reduced to a 36 bp 
fragment containing the NF-E2/AP-1 core enhancer sequence, 6 of 12 producer 
cell lines integrated unrearranged vector sequences. The stability of these 
retroviral producing cell lines appeared to be similar to that of retroviral 
producing cell lines that contained the P-globin gene without HS2. The titers 
of retroviruses generated from unrearranged producer cell lines were in the 
lo4 cfu/ml range. The expression of the human P-globin gene in transduced 
MEL cells increased from an average of 6% to an average of 12% of the 
mouse p”“j -globin expression as a result of the addition of the 36 bp fragment. 

Plavec et al. (1993) constructed retroviral vectors that carried a cassette 
consisting of the four major HS sites of the P-LCR fused to the human p- 
globin gene. The highest titer achieved in a helper-free amphotropic retroviral 
stock was approximately 1 X lo4 cfu/ml. When these retroviral vectors were 
used to transduce MEL cells, the level of human P-globin mRNA ranged 
from 61% to 79% of the mRNA of a single endogenous mouse @globin gene. 
To produce a viral stock of a higher titer that would be capable of infecting 
mouse hematopoietic stem cells, the supernatant from the highest titer ampho- 
tropic retroviral stock was used to infect the !!! ecotropic packaging cell line. 
Using this strategy, it was possible to obtain a stock with a viral titer of 
lo5 cfu/ml. However, these retroviral stocks consisted of ecotropic retroviruses 
that cannot transduce human cells. In addition, the stocks were contaminated 
with helper virus. These retroviral stocks were used to infect mouse bone 
marrow cells in culture, and the infected cells were injected into lethally 
irradiated mice. Essentially all of the transplanted mice showed expression 
of the transferred human gene in their red cells. However, only 0.4%~12% of 
the circulating red blood cells of these mice stained positive for human globin 
chains, and the overall level of human P-globin mRNA in their red blood 
cells ranged from 0.01% to 2% of the level of the mouse globin mRNA (Plavec 
et al., 1993). These low efficiencies of transduction of hematopoietic stem cells 
may be a consequence of the low titers of the viral stocks. 

Newer Generation of Globin Retroviral Vectors 

Over the last 2 years, three different groups described the production of 
genetically stable retroviral vectors that can give rise to high level expressi on 
of transferred globin genes in transduced erythroid cells. Previous studies by 
Miller et al. (1988) had suggested that sequences within IVS-2 may be responsi- 

ble for the genetic instability of retroviruses that carry the P-globin gene. 
When Leboulch et al. (1994) deleted a 372 bp fragment from IVS-2 of the p- 
globin gene, the titer of the corresponding retroviruses increased about lo- 
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fold with some improvement in genetic stability in the presence of simple p- 
LCR cassettes. Leboulch et al. (1994) also performed extensive site-directed 
mutagenesis of the human P-globin gene to remove all potential splice sites 
and polyadenylation sites that could interfere with the stable propagation of 
these retroviruses. Although these additional modifications did not increase 
the titers further, they appeared to improve stability in the presence of complex 
P-LCR cassettes. The viral titers ranged from lo4 to lo5 cfu/ml, and the 
expression of the P-globin gene in the transduced cells ranged from 54% to 
108% of the mouse prnaj -globin gene (Leboulch et al., 1994). 

Sadelain et al. (1995) used a similar strategy in which a portion of IVS-2 
was deleted from the @-globin gene in retroviral vectors that carried multiple 
core hypersensitive sites from the P-LCR in different configurations. They 
examined a large number of such recombinant retroviruses and were able to 
identify only one genetically stable retrovirus that contained the modified p- 
globin gene linked to the core elements of HS2, HS3, and HS4. Although 
stocks of this retroviral vector had titers greater than 10” cfu/ml, the expression 
of the integrated P-globin gene in transduced erythroid cells was clearly not 
position independent. The level of expression of the transduced human p- 
globin gene in MEL cells ranged from 4% to 146% of the murine P-globin 
gene. They concluded that even though their P-LCR cassette demonstrated 
significant enhancer activity, it clearly did not satisfy the criteria of position 
independence that defines LCR function (Sadelain et al., 1995). 

Ren et al. (1996) used a totally different approach to solve the problems 
of genetic instability and low level expression of globin genes in transduced 
erythroid cells. They incorporated the human y-globin gene instead of the p- 
globin gene in their retroviral vectors. They also replaced the P-LCR element 
with the much simpler cr-LCR (i.e., HS - 40) to stimulate the expression of 
the target globin gene in an erythroid-specific manner. These two modifications 
allowed the generation of retroviral vectors whose titers exceeded 7 X 106. 
These retroviruses were capable of expressing the transferred y-globin gene 
at a high level in a position-independent manner in MEL cells. Since these 
retroviruses include the human y-globin gene instead of the P-globin gene, 
they may be better suited for the gene therapy of sickle cell anemia due to 
the better antisickling activity of fetal hemoglobin (Ren et al., 1996). Although 
the performance of all three retroviral vectors described above (Leboulch et 
al., 1994; Sadelain et al., 1995; Ren et al., 1996) is clearly superior to that of 
the earlier generation of vectors in MEL cells, their transduction efficiency 
and the level of expression of their globin genes have not been evaluated in 
an in vivo system. 

Adeno-Associated Viral Globin Vectors 

Another newly developed viral gene transfer system that may be well suited 
for gene transfer into hematopoietic stem cells is the adeno-associated virus 
(AAV), a defective nonpathogenic member of the parvovirus family (Berns 
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and Hauswirth, 1979). One and Hauswirth, 1979). One attractive feature of this virus is the site-specific attractive feature of this virus is the site-specific 
integration of the wild-type integration of the wild-type virus on chromosome 19 in infected cells (Kotin virus on chromosome 19 in infected cells (Kotin 
et al., 1990). Unfortunately, this feature is lost in recombinant viruses that et al., 1990). Unfortunately, this feature is lost in recombinant viruses that 
appear to integrate at random in the genome (Walsh et al., 1992). AAV has appear to integrate at random in the genome (Walsh et al., 1992). AAV has 
been successfully used to transfer a marked *y-globin gene linked to HS2 been successfully used to transfer a marked *y-globin gene linked to HS2 
into K562 cells (Walsh et al., 1992). This resulted in regulated high level into K562 cells (Walsh et al., 1992). This resulted in regulated high level 
expression of the *y-globin gene with very little evidence of sequence re- expression of the *y-globin gene with very little evidence of sequence re- 
arrangements. More recently, an AAV vector that carries a human *y-globin arrangements. More recently, an AAV vector that carries a human *y-globin 
gene with P-LCR elements in the absence of any selectable marker was used gene with P-LCR elements in the absence of any selectable marker was used 
to infect CD34’ human hematopoietic cells (Miller et al., 1994). From 20% to infect CD34’ human hematopoietic cells (Miller et al., 1994). From 20% 
to 40% of the BFU-e derived colonies expressed the y-globin gene at levels to 40% of the BFU-e derived colonies expressed the y-globin gene at levels 
of 4%-71% of the endogenous P-globin gene. This AAV gene transfer system, of 4%-71% of the endogenous P-globin gene. This AAV gene transfer system, 
however, still suffers from low titers of viral stocks and contamination with however, still suffers from low titers of viral stocks and contamination with 
helper virus. It is also still not clear whether recombinant AAV can integrate helper virus. It is also still not clear whether recombinant AAV can integrate 
efficiently in the genome of transduced cells. The development of suitable efficiently in the genome of transduced cells. The development of suitable 
packaging cell lines may be necessary to simplify the use of AAV vectors and packaging cell lines may be necessary to simplify the use of AAV vectors and 
solve some of the problems associated with their use. It also remains to be solve some of the problems associated with their use. It also remains to be 
seen whether this gene transfer system will work efficiently in vivo in an seen whether this gene transfer system will work efficiently in vivo in an 
animal model. animal model. 

Gene Targeting Approaches 

An alternative approach to the problem of low expression levels of transferred 
globin genes is to attempt targeted insertion by homologous recombination 
of the transferred gene into the locus of the endogenous defective globin 
gene, with the anticipation that the transferred PA-globin gene, once located 
in the proper chromosomal environment, would be expressed at the same 
level as a normal endogenous P-globin gene. In the case of gene therapy 
strategies for sickle cell anemia, in particular, gene targeting also provides the 
advantage that the recombination event would inactivate the mutant @-globin 
gene. Thus, one could theoretically effectively replace the deleterious gene 
product @-chains) with the beneficial gene product @*-chains) instead of 
simply diluting the endogenous Ps-chains with added PA-chains derived from 
a randomly integrated transferred PA-globin gene. In fact, one might speculate 
that expression of additional hemoglobin into a sickle red cell without a 
concomitant reduction in the amount of the HbS could be deleterious because 
of the effect of hemoglobin concentration on HbS polymerization. Thus, there 
is an added theoretical advantage to gene targeting approaches in gene therapy 
for sickle cell anemia. 

Although targeted transfer of P-globin (Smithies et al., 1985; Nandi et al., 
1988; Popovich et al., 1991) and other genes has been successfully accomplished 
in tissue culture cells as well as in mouse embryonic stem cells, such homolo- 

gous recombination events occur at a very low frequency. To be useful in 
practical terms for gene therapy, this approach requires the ability to carry 
out selection and subsequent in vitro expansion of the rare cell in which the 
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event has taken place. Unfortunately, in vitro techniques for selection and 
expansion of reconstituting and self-renewing hematopoietic stem cells are 
not yet readily available, although progress along these lines can be anticipated 
in the near future. 

Issues Related to Stem Cell Biology 

For gene therapy to be effective, the gene must be transferred into the self- 
renewing hematopoietic stem cell. If the gene is transferred only into the 
more differentiated, nonself-renewing progenitors or precursor cells, then 
the cell lineage containing the transferred gene will persist only transiently. 
Unfortunately, the efficiency of gene transfer into hematopoietic stem cells 
is generally much lower than the efficiency of transfer into committed progeni- 
tors. This may be in part a result of the presence of very low levels of ampho- 
tropic retrovirus receptors in the murine and human hematopoietic stem cells 
(Orlic et al., 1996). In addition, gene transfer with chromosomal integration 
using retroviral vectors requires cell division. The majority of the reconstituting 
stem cells in the bone marrow are usually in the nondividing (GO) phase of 
the cell cycle and therefore relatively refractory to successful gene transfer. 
Although transfer of globin (and other) genes into the reconstituting hemato- 
poietic stem cell of the mouse has been successfully accomplished, experiments 
in larger animal species have been generally disappointing and suggest that 
gene transfer into reconstituting hematopoietic stem cells of these species 
occurs at too low a level to achieve any therapeutic impact. One approach to 
this problem is the exposure of the bone marrow to various combinations of 
hematopoietic growth factors, prior to infection with the retroviral vector, to 
stimulate the resting reconstituting stem cells to enter into the cell cycle and 
divide. Experiments in the murine model system indicate that a higher pro- 
portion of reconstituting stem cells can be infected following pre-stimulation 
of the marrow in vitro with hematopoietic growth factors such as interleu- 
kin (IL)-3 and IL-6 (Bodine et al., 1989, 1991a). The addition of stem cell 
factor (kit ligand) to IL-3 and IL-6 may also prove to be beneficial (Luskey 
et al., 1992). Such pre-stimulation approaches, combined with the development 
of very high titer producer cell lines (Bodine et al., 1990) have resulted in the 
successful transfer of a retroviral vector into reconstituting stem cells of the 
rhesus monkey, but at a very low frequency of approximately 1% of the stem 
cells (Bodine et al., 1991b; vanBeusechem et al., 1992). More recently, the 
efficiency of transfer into rhesus monkey hematopoietic stem cells was shown 
to be significantly enhanced by priming with stem cell factor and granulocyte 
colony-stimulating factor in vivo. More than 5% of the circulating cells in these 
monkeys contained the retroviral genome up to 1 year after transplantation 
(Dunbar et al., 1996). A most exciting breakthrough in this field is the develop- 
ment of a new lentiviral gene transfer system that offers considerable promise 
as a tool for gene transfer into hematopoietic stem cells (Naldini et al., 1996). 
In contrast to other types of retroviruses, this human immunodeficiency virus- 
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like retrovirus does not require cell division for stable integration in the 
genome of an infected cell. However, before such a system could be used in 
human gene therapy, appropriate packaging cell lines that address all potential 
safety concerns will have to be developed. Such an important advance has 
the potential of overcoming the last major hurdle to the successful application 
of gene therapy to hemoglobin disorders. 

Safety Issues 

Potential safety problems associated with the use of retroviral vectors as gene 
transfer vehicles include the following (reviewed by Cornetta, 1992): 
(1) insertional mutagenesis due to the random nature of the DNA integration 
event, resulting in either inactivation of an essential gene or inappropriate 
activation of a nearby latent potentially harmful gene such as a protooncogene; 
and (2) inadvertent infection of the marrow, and therefore the patient, with 
oncogenic wild-type retrovirus that may contaminate the gene transfer virus 
stock due to recombination with the viral genome in the packaging cell line. 
In fact, such a contamination resulted in the development of lymphomas in 
a number of nonhuman primates in one series of gene transfer experiments 
(Donahue et al., 1992). Although these are definite risks, they occur at a 
very low frequency. In particular, the development of a newer generation of 
packaging cell lines has greatly reduced the risk of contamination of gene 
therapy vectors by wild-type retroviruses (reviewed by Hesdorffer et al., 1991; 
Cornetta, 1992). 

GENE THERAPY OF OTHER ANEMIAS 

Although disorders of the globin genes have received a great deal of attention 
as models for human gene therapy, a number of other inherited anemias may 
be equally amenable to such therapeutic strategies. Although anemia may be 
one of the important clinical manifestations of a large number of genetic 
disorders, we limit the discussion in this chapter to disorders where the primary 
genetic defect is manifested in the erythroid lineage of the hematopoietic stem 
cells. This excludes several important disorders such as Fanconi’s anemia 
where the genetic defect affects multiple organ systems, including the bone 
marrow. Although efforts to develop gene therapy for such disorders are 
already underway in humans (Walsh et al., 1994a,b), somatic gene therapy 
directed at the hematopoietic stem cells will clearly not have an effect on the 
other developmental abnormalities that complicate these disorders. Another 
important stem cell disorder where anemia is a salient feature is paroxysmal 
nocturnal hemoglobinemia. In this case, transfer of the PIG-A gene into 

hematopoietic stem cells may be effective in ameliorating the anemia. How- 
ever, the effect of such therapy on the propensity to develop aplastic anemia 
and/or leukemia is not clear at this stage. The disorders that are discussed in 
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the remainder of this chapter can be classified as disorders of the red cell 
membrane skeleton, disorders of heme biosynthesis and red cell disorders 
resulting from enzyme deficiencies. 

Disorders of the Erythrocyte Membrane Skeleton 

Disorders affecting proteins of the erythrocyte membrane skeleton have been 
found to be associated with hereditary hemolytic anemias such as hereditary 
elliptocytosis and hereditary spherocytosis (reviewed by Gallagher et al., 1997; 
Becker and Lux, 1995; Lux and Palek, 1995; Benz, 1994). These autosomal 
dominant disorders are relatively common but are only rarely associated with 
severe anemia. Nevertheless, in cases of homozygosity or double heterozygos- 
ity for certain mutations, severe fatal or near-fatal hemolytic anemia can result, 
leading to hydrops fetalis or transfusion dependence at an early age (Arcasoy 
and Gallagher, 1997). In families at risk for such severe disease, gene therapy 
may be indicated in the future if effective vectors can be developed. The genes 
most frequently mutated in this family of disorders include those encoding 
the following membrane proteins: a-spectrin, fi-spectrin, ankyrin, band 3 (the 
anion transporter), and protein 4.1 (Gallagher et al., 1997; Becker and Lux, 
1995; Lux and Palek, 1995; Benz, 1994). 

The difficulties facing gene therapy for these disorders include some of the 
same challenges involved in globin gene therapy, such as the level of expression 
that is required, as well as new challenges, including the size of the cDNA that 
must be incorporated into the gene therapy vector. Proteins of the membrane 
skeleton, in particular a- and P-spectrin and band 3, are expressed at a rela- 
tively high level in erythroid cells, and therefore successful future gene therapy 
will require high levels of expression of the transduced or transferred gene. 
The lessons learned from the globin gene therapy experiments and the use 
of LCR-containing vectors will be particularly useful in this regard. The pro- 
moters of many of the membrane protein genes have been characterized and 
could be linked to the cDNAs to provide minigenes that will hopefully be 
regulated in the erythroid progeny of transduced stem cells in a similar fashion 
to that of a normal endogenous gene. The size of the full-length cDNA 
encoding certain membrane skeleton proteins, in particular cr-spectrin and p- 
spectrin, limits the use of conventional retroviral vectors because these vectors 
cannot accommodate inserts over a certain size. In these cases, one will need 
to await the development of newer retroviral vectors with larger capacity or 
explore the use of alternative vectors such as adenoviruses. 

There exists a number of genetically distinct mouse models for these disor- 
ders that are characterized by defective expression of the spectrin or ankyrin 
genes (Bodine et al., 1984). These mouse model systems provide very useful 
animal systems for studying the feasibility and efficiency of gene transfer as 
an approach to future attempts to correct or ameliorate human disorders of 
the erythrocyte membrane. Preliminary results have already been reported 
on the successful transfer and expression of a hybrid ankyrin minigene into 
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MEL cells and murine bone marrow progenitor cells using a retroviral vector 

(Becker et al., 1995) as an approach for gene therapy of the murine nb/ 
nb mutation that is characterized by marked ankyrin deficiency (White et 
al., 1990). 

Disorders of Heme Biosynthesis 

This is a heterogeneous group of disorders that result from inherited defects 
in each of the eight enzymes involved in heme biosynthesis. Although heme 
is a very important component of the hemoglobin molecule, deficiencies of 
the majority of the enzymes required for its biosynthesis do not result in 
anemia. The clinical presentation in the majority of patients with these condi- 
tions may be dominated by cutaneous photosensitivity, abdominal pains, and/ 
or peripheral neuropathy. These nonanemic disorders are sometimes referred 
to as hepatic porphyrias. Gene therapy directed at the hematopoietic stem 
cells would not be expected to have a large impact on the clinical course of 
patients with these conditions. In contrast, the clinical picture in most patients 
with congenital erythropoietic porphyria (CEP) and in a few patients with 
erythropoietic protoporphyria (EPP) may be dominated by anemia, while the 
only clinical manifestations in patients with X-linked sideroblastic anemia 
resulting from deficiency of S-aminolevulinic acid synthase (&ALAS) is 
anemia. 

CEP is an autosomal recessive disorder resulting from a deficiency of 
uroporphyrinogen III cosynthase. This is a severe but uncommon disorder 
that should be amenable to stem cell-directed gene therapy. Two different 
groups have published preliminary studies that describe the generation of 
retroviral vectors for use in this disorder (Moreau-Gaudry et al., 1995; Glass 
et al., 1996). Photosensitivity, the other major manifestation of this disease, 
may improve as a result of the decrease in the production of porphyrin in the 
bone marrow of these patients. EPP, on the other hand, is the most common 
form of erythropoietic porphyria and the second most common form of human 
porphyria. It results from an autosomal dominant deficiency of ferrocheletase, 
the last enzyme in the heme biosynthetic pathway. This disorder is sometimes 
referred to as erythrohepatic protoporphyria to reflect the involvement of the 
bone marrow and liver in these patients. Although mild anemia is occasionally 
seen in some of these patients, hemolysis is very uncommon. Liver function 
is usually preserved, and the clinical picture is predominantly that of a unique 
type of cutaneous photosensitivity. The source of excess hepatic protoporphy- 
rin in EEP with hepatic complications is not clear yet. At least in one patient, 
the hepatic complication and the hemolysis improved after splenectomy. This 
argues that the bone marrow may be the major source of protoporphyrin 
accumulation, while the liver injury may be secondary to this accumulation. 

In principle, with further advances in gene transfer technology, hematopoietic 
stem cell-directed gene therapy may become a reasonable therapeutic option 
for the rare patient with severe EPP. 
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Deficiency of &ALAS, the first enzyme in the heme biosynthesis pathway, 
results in sideroblastic anemia rather than porphyria. A number of mutations 
in the erythroid-specific ALAS2 gene have been identified in patients with 
X-linked sideroblastic anemia, including the mutation in the original family 

described by Cooley (Cotter et al., 1994). The degree of anemia can be quite 
variable in patients with this disorder, and the response to pyridoxine may 
be partial. Although the anemia is generally not life-threatening, gene therapy 
approaches may be appropriate with the aim of improving the quality of life 
of patients with the more severe anemia. In this case also, this should only 
be considered after major improvements in the efficacy and safety of gene 
transfer into hematopoietic stem cells. 

Anemias of Enzymatic Deficiencies 

Deficiency of the X-chromosome encoded enzyme glucose-6-phosphate dehy- 
drogenase (G-6-PD) is by far the most common red cell enzyme deficiency 
that can result in anemia. Hundreds of G-6-PD variants have been identified, 
the majority of which occur in patients who never manifest any hemolytic 
anemia. The A- variant that is commonly seen in people of African descent 
can result in episodic hemolysis upon exposure to oxidant drugs/compounds 
or during various infectious episodes. In contrast, the Mediterranean G-6-PD 
deficiencies that are associated with a variety of mutations of the G-6-PD 
gene can result in severe life-threatening hemolysis upon exposure to fava 
beans (i.e., favism) and other oxidants. Some of these variants can also be 
associated with chronic congenital nonspherocytic anemia. In the case of the 
episodic hemolysis of drug exposure in the majority of patients with G-6-PD, 
early screening and education may be sufficient to avoid hemolytic complica- 
tions. In the more severe enzymatic deficiencies, particularly those associated 
with chronic hemolytic anemia, hematopoietic stem cell-targeted gene therapy 
may become a viable therapeutic option in the future. 

There is a very long list of other deficiency states affecting red cell enzymes. 
Fortunately, the vast majority of these are not associated with anemia. At 
least 10 different enzyme deficiency states have been associated with mild to 
moderate anemia. The incidences of these deficiencies range from rare to very 
rare. Some of these disorders may at times be associated with neurological, 
neuromuscular, or hepatic complications. The most common of these rare 
disorders is pyruvate kinase deficiency. In some patients with pyruvate kinase 
and severe anemia, splenectomy has been associated with partial amelioration 
of the anemia. In view of the very rare occurrence of these disorders and 
their generally benign course, development of gene therapy is difficult to 
justify at this time given the current state-of-the-art of gene transfer into 
hematopoietic stem cells. This, however, may change in the future once the 
efficiency and safety of gene transfer into hematopoietic stems cells are bet- 
ter established. 
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INTRODUCTION 

Chemotherapy bears the potential of curing certain types of cancer but is 
widely limited in its efficacy by the occurrence of resistance to anticancer drugs. 
Administration of chemotherapeutic agents can result in lasting remissions in 
patients suffering from neoplasms of the hematopoietic system, e.g., malignant 
lymphomas and acute leukemias, certain solid tumors such as some cancers 
of childhood, and cancers originating from germ cells in adults. Conversely, 
even high-dose chemotherapy combined with transplantation of bone marrow 
or reinfusion of stem cells mobilized into peripheral blood fails to cure cancers 
of brain, kidney, prostate, or the gastrointestinal tract. Moreover, even after 
initial response to chemotherapy, many tumors will regrow and metastasize. 
These relapsed cancers are frequently unresponsive to any further chemother- 
apy. As a consequence, the majority of patients with cancers that extend 
beyond local control will eventually die from their underlying disease. 

Several genes have been characterized that attenuate the susceptibility of 
malignant cells to the toxicity of various anticancer drugs. Some of the encoded 
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proteins interact with a single class of substrates, e.g. dihydrofolate reductase, 
a gene that upon mutation causes resistance to methotrexate and trimetrex- 
ate (Haber et al., 1981; Simonsen et al., 1983). Others render cells resistant 
to multiple drugs. For instance, P-glycoprotein, also known as the multi- 
drug transporter, inactivates natural toxins and antibiotics, e.g. anthracyclines, 
Vinca alkaloids, epipodophyllotoxins, and taxanes. The MDRl (multidrug 
resistance) gene is overexpressed in up to 50% of clinical tumor speci- 
mens (Goldstein et al., 1989; Gottesman et al., 1995). Overexpression of P- 
glycoprotein or of MDRl transcripts, respectively, has been associated with 
treatment failure in various cancers such as sarcomas of soft tissue and osteo- 
sarcomas, and neuroblastomas (Chan et al., 1990; Goldstein et al., 1989; Baldini 
et al., 1996). P-glycoprotein expression is not infrequent in acute leukemias 
and has been identified to be an independent risk factor for treatment failure 
(Must0 et al., 1991; Campos et al., 1992; Pirker et al., 1992). Similarly, expres- 
sion of P-glycoprotein in multiple myelomas is predictive for poor outcome 
(Must0 et al., 1991). In multiple myeloma P-glycoprotein expression has been 
shown to occur more frequently after chemotherapy than in untreated patients 
(Salmon et al., 1989b). Expression levels appear to be associated with the 
intensity of prior chemotherapy (Grogan et., 1993), suggesting an induction 
of MDRl gene expression during drug treatment. 

A genetically and functionally related type of chemoresistance is mediated 
by the multidrug-resistance-associated protein (MRP) gene. Like the MDRl 
gene, MRP encodes a transporter that actively extrudes anticancer drugs 
out of cells. However, their substrate specificities for anticancer drugs as well 
as for certain inhibiting compounds are different. Other mechanisms for resis- 
tance to multiple drugs are associated with overexpression of glutathione-s- 
transferases and other enzymes involved in glutathione metabolism. De- 
creased expression of DNA topoisomerases is also a well-documented cause 
of multidrug resistance. Resistance to antifolates like methotrexate is con- 
ferred by different mechanisms. In clinical treatment the folate transporter 
seems to play a major role; in gene therapy mutated dihydrofolate reductase 
(DHFR) molecules have been utilized. These molecules display altered affini- 
ties to the toxic substrate methotrexate, thereby conferring resistance against 
this drug. 

An increasing number of mechanisms that render cells chemoresistant are 
being uncovered. We focus on mechanisms of drug resistance that can poten- 
tially be overcome. Strategies to modify chemoresistance are aimed at either 
interfering with transcription or translation of the respective genes or at modu- 
lating the function of their products. More recently, the potential use of drug 
resistance genes in gene therapy has been analyzed. Transfer of drug resistance 
genes to cells can protect them from the toxicity of anticancer drugs. Thereby 
the adverse effects of chemotherapy are expected to become ameliorated. 
Clinical trials on the transfer of the MDRl gene to hematopoietic progenitor 
cells of cancer patients are currently being performed. 
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By transfer of drug resistance genes, target cells obtain a selective advantage 
while nontransduced cells remain susceptible to drug toxicity. If drug resistance 
genes are coexpressed with other genes, both genes may be overexpressed in 
target cells. Thus, it appears possible to increase expression of transgenes that 
correct genetically determined disorders by administration of anticancer drugs. 
This may improve the efficiency of somatic gene therapy, which is commonly 
hampered by low or unstable expression of proteins encoded by transgenes. 

GENES CONFERRING RESISTANCE TO ANTICANCER DRUGS 

The Multidrug Transporter P-Glycoprotein Encoded by the MDRl Gene 

The chemoresistance gene investigated most extensively is MDRl. Over- 
expression of its product, the multidrug transporter, also referred to as P- 
glycoprotein, confers resista.nce to a broad variety of structurally unrelated 
natural toxins and synthetic drugs derived from them. Most of its substrates 
are hydrophobic, and many of them contain aromatic ring structures (reviewed 
by Endicott and Ling, 1989; Gottesman and Pastan, 1993). Following passive 
diffusion of drugs through the plasma membrane into the cell, P-glycoprotein 
binds them as shown by photoaffinity labeling experiments (Cornwell et al., 
1986; Bruggeman et al., 1992). Consequently, drugs are transported from the 
cytoplasm or the membrane into the extracellular space in an energy- 
dependent manner. Hydrolysis of ATP or, under certain circumstances, GTP 
is stimulated by anticancer drugs that bind to the multidrug transporter (Horio 
et al., 1988; Ambudkar et al., 1992). In addition, P-glycoprotein reduces drug 
influx into cells (Stein et al., 1994). As a result, the intracellular accumulation 
of drugs is diminished below levels sufficient to kill the cell. Due to its very 
wide substrate specificity, P-glycoprotein also interacts with compounds that 
display no cytotoxicity, e.g., calcium channel blockers, immunosuppressants, 
steroid hormones, and neuroleptic drugs. As discussed below, such agents can 
be useful as inhibitors of drug transport. 

The multidrug transporter consists of two highly homologous halves, each 
consisting of six transmembrane domains. It has been suggested that trans- 
membrane loops form a core structure within the molecule through which 
substrates are transported (Germann, 1993). A highly homologous molecule, 
the product of the MDR2 gene (also designated MDR3), which is located in 
close proximity to MDRl on chromosome 7, does not confer drug resistance 
(Lincke et al., 1991; Schinkel et al., 1994) but functions as a transporter for 
phosphatidyl-choline in liver cells (Smit et al., 1993). Both genes are members 
of a gene superfamily known as the ATP-binding cassette (ABC) family. 
ABC proteins function as transporter molecules and channel proteins. The 

multidrug-resistance-associated protein (MRP), the cystic fibrosis transmem- 
brane conductance regulator (CFTR) protein, and the Tap-l and Tap-2 
transporter proteins, which are involved in antigen presentation to immuno- 
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competent cells, belong to this family (Hyde et al., 1990; Ames et al., 1992; 
Higgins, 1993). 

The multidrug transporter appears to be a multifunctional protein. Because 
of conservation of resistance-mediating proteins during evolution (Gros et al., 
1986; Wilson et al., 1986; Henderson et al., 1992) and physiological expression 
in tissues like kidney, gut, liver, and bile duct (Thiebaut et al., 1987; Sugawara 
et al., 1988) it has been suggested that P-glycoprotein may serve as a natural 
detoxifying system for ingested xenobiotics (Gottesman et al., 1995). The 
observations that P-glycoprotein is involved in the blood-brain barrier further 
support this hypothesis (Schinkel et al., 1994). Noteworthy is that tumors 
originating from organs in which P-glycoprotein is physiologically expressed 
are usually insensitive to chemotherapy. Recently published investigations 
revealed that there may be additional functions of P-glycoprotein. The multi- 
drug transporter can translocate lipids across the plasma membrane (van 
Helvoort et al., 1996). 

In the hematopoietic system, the multidrug transporter is expressed on 
hematopoietic stem cells (Chaudhary and Roninson, 1991) on the majority 
of T lymphocytes (Neyfakh et al., 1989) and natural killer cells as well as B 
lymphocytes (Chaudhary et al., 1992). In contrast, there is very little if any 
P-glycoprotein present in granulocytes and their myeloid progenitor cells and 
in erythroid cells (Drach et al., 1992; Klimecki et al., 1994). These low expres- 
sion levels are not capable of rendering myeloid cells resistant to the cytotoxic- 
ity of anticancer drugs. Thus, granulocytopenia caused by myelosuppression 
is a common side effect of anticancer chemotherapy. While expression on 
hematopoietic stem cells may reflect a need for protection of this valuable 
cell population, the physiological role of P-glycoprotein in lymphoid cells is 
still to be elucidated. 

The Multidrug-Resistance-Associated Protein 

A protein genetically and biochemically related to P-glycoprotein was initially 
isolated from chemoresistant lung cancer cells in which MDRl expression 
was undetectable (Cole et al., 1992). This 190 kD transporter protein, desig- 
nated MRP (multidrug-resistance-associated) transporter, is also a drug-efflux 
pump located in the plasma membrane (Zaman et al., 1994). MRP is expressed 
not only in cancer cells but also in a variety of normal tissues (Zaman et al., 
1993; Schneider et al., 1994; Flens et al., 1996). Like P-glycoprotein, the MRP 
transporter inactivates a broad variety of drugs, including natural toxins such as 
Vinca alkaloids, anthracyclines, and epipodophyllotoxins by ATP-dependent 
extrusion out of tumor cells (Cole et al., 1994; Grant et al., 1994; Kruh et al., 
1994; Paul et al., 1996). However, in contrast to P-glycoprotein, the MRP 
transporter fails to extrude taxol (Breuninger et al., 1995). In addition to 
anticancer drugs, leukotrienes are substrates of this transporter (Leier et al., 
1994). Cells expressing MRP are also resistant to some heavy metal anions, 
including arsenite, arsenate, and antimonials (Cole et al., 1994). MRP extrudes 
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compounds conjugated with glutathione, glucuronate, or sulfate out of cells 
(Muller et al., 1994; Zaman et al., 1995; Jedlitschky et al., 1996). Drug transport 
in MRP-expressing cells may be regulated by intracellular glutathione levels 
(Versantvoort et al., 1995). 

MRP is frequently expressed in non-small cell lung cancers (Giaccone et 
al., 1996; Sugawara et al., 1995). The clinical relevance of this mechanism of 
drug resistance in certain tumor entities is underlined by recent investigations 
showing a correlation between MRP expression and treatment failure in child- 
hood neuroblastomas (Norris et al., 1996). Conversely, deletion of this gene in 
acute myelomonocytic leukemia with inversion of chromosome 16 is associated 
with a favorable prognosis (Kuss et al., 1994). 

The Lung-Resistance-Related Protein 

Another gene associated with drug resistance, LRP (lung-resistance-related 
protein) is located in close proximity to MRP on chromosome 16 (Slovak et 
al., 1995). This 110 kD protein is detectable in normal epithelial cells and 
tissues chronically exposed to xenobiotics and toxic agents, e.g., bronchial 
epithelium, kidney tubules, and cells lining the intestines. The molecule was 
found to be closely associated with vesicular or lysosomal structures (Scheper 
et al., 1993). From its deduced amino acid sequence, it is hypothesized to be 
involved in nucleocytoplasmic transport, presumably acting as a vault protein 
(Scheffer et al., 1995). LRP may play a role in multidrug-resistant malignant 
melanoma. Whereas in several investigations P-glycoprotein was not com- 
monly detectable in most melanoma samples (Fuchs et al., 1991; Schadendorf 
et al., 1995) LRP expression was detected in melanoma cell lines and in the 
majority of patient samples investigated (Schadendorf et al., 1995). Expression 
of LRP has been found in cancers of various histological origins. For instance, 
patients with LRP-positive ovarian cancers had poorer response to chemother- 
apy and shorter survival than LRP-negative patients (Izquierdo et al., 1995). 
Expression of LRP has been associated with poor treatment outcome in acute 
myeloid leukemia (List et al., 1996). 

Chemoresistance Related to Altered Cellular Content of Glutathione 

As mentioned, the MRP transporter is involved in excretion of glutathione- 
conjugated anticancer drugs. Other transporter systems may also be involved 
in removal of glutathione-bound drugs (Chuman et al., 1996). Another major 
reason for resistance to anticancer drugs is related to the intracellular content 
of glutathione. High levels of glutathione cause reduced cytotoxicity of alkylat- 
ing agents, cisplatin, and anthracyclines (0~01s et al., 1987) and high resistance 
to cisplatin in human ovarian cancer cell lines is associated with marked 

increase of glutathione synthesis (Godwin et al., 1992). Alkylating agents 
become more water soluble when conjugated to glutathione, resulting in en- 
hanced efflux out of cells. In addition, glutathione can interact with oxydizing 
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agents such as free radicals, a reaction that interferes with the action of 
anthracyclines (Arrick et al., 1984). 

Several groups of enzymes are involved in regulation of intracellular gluta- 
thione levels. Besides glutathione synthetase and glutathione peroxidase, 

glutathione-S-transferase isoenzymes ?T, p, and cy seem to play a major role 
(for reviews, see Waxman, 1990; Black et al., 1991; van Bladeren et al., 1991). 
Direct evidence is provided by investigations on transfer of glutathione- 
S-transferases to cancer cells by which they are rendered drug resistant 
(Puchalski et al., 1990; Schecter et al., 1993). 

Clinically, expression of glutathione-S-transferase isoenzymes appears to 
be correlated with resistance to drugs in cancers of various origins, e.g., ovary, 
stomach, and lung (Hamada et al., 1994; Kodera et al., 1994; Bai et al., 1996). 
However, several mechanism of drug resistance may simultaneously be ex- 
pressed in cancers (Volm et al., 1993). In lymphomas, multiple myelomas, 
and acute leukemias, glutathione-S-transferases were frequently found to be 
coexpressed with the MDRl gene (Cheng et al., 1993; Russo et al., 1994; Zhou 
et al., 1994; Petrini et al., 1995). In conclusion, elevated levels of glutathione 
or of enzymes involved in glutathione metabolism, respectively, are associated 
with increased resistance to anticancer drugs. Because glutathione-s- 
transferases are frequently coexpressed with other mechanisms of drug resis- 
tance, common mechanisms of activation are likely. The MRP transporter 
protein has been found to play a crucial role in elimination of glutathione- 
conjugated anticancer drugs. 

Mutated Dihydrofolate Reductase 

The dihydrofolate reductase (DHFR) gene displays reduced affinity to metho- 
trexate when mutated (Haber et al., 1981; Simonsen et al., 1983; Srimatkandada 
et al., 1989; Dicker et al., 1990). Different from the previously discussed 
mechanisms of drug resistance, mutations of the DHFR gene affect only 
antifolates. Different point mutations result in different degrees of chemoresis- 
tance. With mutated DHFR genes vectors for gene transfer have been engi- 
neered (Miller et al., 1985). 

Multiple Causes of Chemoresistance 

While additional causes for drug resistance are currently being identified, it 
is not alwalys possible to clearly distinguish between their respective roles 
in a given cancer. Simultaneous expression of several mechanisms of drug 
resistance appears to be a common phenomenon. For instance, MDRl, MRP, 
and LRP are frequently coexpressed within chemoresistant cancer cells 
(Izquierdo et al., 1996). In addition, overexpression of genes encoding other 
transporter molecules may result in chemoresistance under certain circum- 
stances. In a recent investigation, the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR), a member of the ABC gene superfamily, was found 
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to alter biophysical membrane properties and intracellular pH. Fibroblasts 
transfected with CFTR appeared to display resistance to doxorubicin, vincris- 
tine, and colchicine (Wei et al., 1995). 

MODULATION OF CHEMORESISTANCE BY INTERACTION WITH 
THE FUNCTION OF PROTEINS ENCODED BY DRUG 
RESISTANCE GENES 

Reversal of P-Glycoprotein-Mediated Multidrug Resistance 

Interest in chemoresistance genes has mainly been focused on strategies to 
overcome the underlying mechanisms of treatment failure. Verapamil, a cal- 
cium channel blocker, was one of the first compounds that were identified to 
circumvent resistance to vincristine (Tsuruo et al., 1981). Soon thereafter 
cyclosporine was found to be a modulator of resistance (Slater et al., 1986). 
Both drugs are inhibitors of P-glycoprotein. Early clinical trials with verapamil 
revealed the feasibility of chemosensitization in certain patients. However, 
cardiac toxicity was unacceptable for routine anticancer treatment (Salmon 
et al., 1991). Cyclosporine A caused side effects such as hypertension, nephro- 
toxicity, and hyperbilirubinemia (Yahanda et al., 1992). Efficient chemosensiti- 
zation of refractory plasmocytoma by cyclosporine A was demonstrated by 
Sonneveld et al. (1992). In that study, cells expressing P-glycoprotein were 
eliminated from bone marrow. Similarly, verapamil suppresses the emergence 
of P-glycoprotein-mediated multidrug resistance in multiple myeloma cells 
(Futscher et al., 1996). 

Because of the toxicity of chemosensitizing agents, new compounds were 
developed. For instance, D-verapamil, a compound that displays lo-fold less 
cardiotoxicity than the racemate verapamil at equal chemosensitizing poten- 
tial, was shown to be effective against refractory lymphomas or sarcomas 
(Wilson et al., 1995). Other structural analogs of verapamil display even more 
potent chemosensitizing potential (Pirker et al., 1990). Similarly, derivatives of 
cyclosporines have been identified that combine improved chemomodulation 
with reduced immunosuppressive adverse effects. SDZ PSC 833, a derivative 
of cyclosporine D, has high reversing potency (Boesch et al., 1991; Gaveriaux 
et al., 1991). This compound is currently being investigated in clinical trials. 

Due to its wide substrate specificity, P-glycoprotein interacts with numerous 
nontoxic compounds. Inhibitors of P-glycoprotein are structurally unrelated 
molecules, among them being steroid hormones and their antagonists (Ramu 
et al., 1984; Fleming et al., 1992) neuroleptic agents such as thioxanthenes 
and phenothiazines (Ford et al., 1989, 1990) antibiotics, and antifungal drugs 
(Gosland et al., 1989; Hofsli et al., 1989; Siegsmund et al., 1994; Kurosawa et 
al., 1996). In addition to single agents, combinations of inhibitors at suboptimal 
doses may display additive effects (Hwang et al., 1996). Thereby concentra- 
tions of inhibitors might be reduced to a nontoxic level. 
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Glutathione Metabolism and Inhibition of the MRP Transporter 

Elevated levels of glutathione reduce the toxicity of alkylating agents, cisplatin, 
and anthracyclines. Conversely, depletion of glutathione can restore the che- 

mosensitivity of cancer cells (0~01s et al., 1987). Compounds like buthionine 
sulfoximine, a synthetic amino acid, have been used to overcome drug resis- 
tance due to glutathione (0~01s et al., 1987; Sielmann et al., 1993; Saikawa et 
al., 1993). In recent phase I trials, buthionine sulfoximine was tolerated well, 
but the decrease of intracellular glutathione levels was only modest (Bailey 
et al., 1994; O’Dwyer et al., 1996). However, some drugs like pentoxifylline 
and ethacrynic acid act synergistically with buthionine sulfoximine (Lai et al., 
1995; Chen et al., 1994). Thus, it appears to be possible to further increase 
the efficiency of chemosensitization by combining several agents for depletion 
of glutathione. On the other hand, it is possible that resistance to treatment 
with buthionine sulfoximine may occur. In a recent investigation, development 
of resistance to buthionine sulfoximine treatment was related to decreased 
expression of GST JT (Yokomizo et al., 1995). 

The recent understanding of the role of the MRP transporter in glutathione- 
related chemoresistance may allow new strategies to circumvent drug resis- 
tance. A dihydropyridine analog, NIK250, was found to reverse both MDRl- 
and MRP-mediated multidrug resistance (Abe et al., 1995; Tasaki et al., 1995). 
Many inhibitors of P-glycoprotein fail to reverse chemoresistance due to over- 
expression of MRP, but recently several drugs were identified that inhibit this 
transport molecule. For instance, genistein is capable of reversing MRP-related 
drug transport (Versantvoort et al., 1994). A quinolone antimicrobial, difloxa- 
tin, reverses drug resistance in resistant HL-60 leukemia cells, which express 
the MRP gene (Gollapudi et al., 1995) and a leukotriene LTD4 receptor 
antagonist, MK571, modulates MRP-associated, but not P-glycoprotein- 
related, multidrug resistance (Gekeler et al., 1995). Preclinical and clinical 
investigations are needed to evaluate the possibility to reverse drug resistance 
due to this transport system in vivo. 

INTERFERENCE WITH EXPRESSION OF CHEMORESISTANCE 
GENES IN CANCER CELLS 

While the latter approaches are aimed at inhibiting or blocking the function of 
drug resistance proteins, molecular strategies have been developed to interfere 
with synthesis of these proteins. This has been attempted with antisense oligo- 
nucleotides, ribozymes, and proteins regulating differentiation of cancer cells. 

Transcription of the human MDRl gene has been blocked with antisense 
oligonucleotides (Corrias et al., 1992; Efferth et al., 1993). Similarly, reduction 
of MRP expression can be accomplished with the use of antisense oligonucleo- 
tides (Stewart et al., 1996). 
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Like antisense oligonucleotides, ribozymes designed to cleave the MDRl 
mRNA have the ability to restore chemosensitivity in multidrug-resistant cells 
(Kobayashi et al., 1993; Scanlon et al., 1994). Interestingly, not only MDRl- 
directed ribozymes but also ribozymes that interact with c-fos decrease expres- 
sion of P-glycoprotein (Scanlon et al., 1994). The observation that ribozymes 
against transcription factors can modulate drug resistance relates to the com- 
plex regulation of MDRl expression. 

The promoters of the MDRl gene contain several binding sites for transcrip- 
tion factors (Ueda et al., 1987; Gottesman et al., 1996). Because transcription 
factors are involved in regulation of the expression of drug resistance genes, 
they appear to be suitable targets for strategies to circumvent drug resistance. 
For instance, recent investigations have provided evidence that SPl modulates 
transcriptional activity of the MRP gene (Zhu et al., 1996). Activity of the 
MDRl promoter is modulated by ras oncogenes and ~53 (Chin et al., 1992). 
Factors regulating differentiation of malignant cells may contribute to the 
complex multidrug-resistant phenotype.. In certain cell lines, e.g., colon cancer 
lines, cytokines such as tumor necrosis factor-a can downregulate the expres- 
sion of P-glycoprotein (Walther et al.? 1994). In addition, exogenous tumor 
necrosis factor-a decreases proliferation of multidrug-resistant but not of 
chemosensitive myeloma cells (Salmon et al., 1989a). 

A different approach is to eliminate selectively multidrug-resistant cells 
from heterogeneous populations by monoclonal antibodies or immunotoxins. 
This has been shown for P-glycoprotein. Multidrug-resistant cells can be re- 
moved immunomagnetically with monoclonal antibodies (Padmanabhan et 
al., 1993) or with antibodies and complement (Kulkarni et al., 1989). This 
may be useful in autologous transplantation if drug-resistant cancer cells con- 
taminate bone marrow or apheresates. Treatment of multidrug-resistant can- 
cers with monoclonal antibodies is also feasible in vivo as shown in xenograft 
models of human tumors (Tsuruo et al., 1989; Pearson et al., 1991). An immu- 
notoxin consisting of a monoclonal P-glycoprotein-antibody attached to Pseu- 
domonas exotoxin was used to target renal carcinoma cells (Mickisch et al., 
1993). This approach was also used in vivo in a transgenic mouse model 
(Mickisch et al., 1993). 

TRANSFER OF DRUG RESISTANCE GENES TO HEMATOPOIETIC 
CELLS FOR GENE THERAPY OF CANCER 

Although drug resistance genes are mainly studied because of their association 
with failure of anticancer treatment, such genes may be useful tools for gene 
therapy. Transfer of drug resistance genes to chemosensitive cells may render 
them resistant and protect them from the adverse effects of chemotherapy. 

This may be particularly helpful for the hematopoietic system because most 
hematopoietic cells are highly susceptible to antineoplastic agents. In addition, 
it has been suggested that drug resistance genes may act as selectable markers 
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in vivo, facilitating increased gene expression in transduced cells after exposure 
to drugs. Both applications have been investigated, and in vivo models have 
been established. 

Transgenic Animal Models 

Overexpression of chemoresistance genes in hematopoietic organs has initially 
been studied in transgenic animal models. To investigate the effects of overex- 
pression of P-glycoprotein in bone marrow, transgenic mice were generated 
that expressed a human MDRl cDNA under the control of a chicken P-actin 
promoter in virtually all bone marrow cells. While the normal function of 
bone marrow was not altered, severalfold higher doses of taxol and daunomy- 
tin could be administered safely as compared with normal animals of the 
respective background strains (Galski et al., 1989; Mickisch et al., 1991a). 
Protection of hematopoietic cells in these animals was specifically due to 
overexpression of the MDRl transgene because it was circumvented by simul- 
taneous administration of chemosensitizing agents like verapamil (Mickisch 
et al., 1991b). Subsequently, bone marrow cells of MDRl-transgenic mice 
were transplanted into lethally irradiated recipient mice. It was demonstrated 
that the recipients were also protected from myelosuppression following che- 
motherapy (Mickisch et al., 1992). Similarly, mice transgenic for DHFR were 
found to be protected from methotrexate administered at doses that were 
lethal for animals of the respective background strain (Isola et al., 1986). 
Transplantation of transgenic bone marrow protected recipient mice from 
lethal doses of methotrexate (May et al., 1995). 

The availability of transgenic mouse models allowed the identification of 
additional potential functions of drug resistance genes. They may be involved 
in carcinogenesis by protecting cells from mutagenic compounds (Gottesman, 
1988; Ferguson et al., 1993). For instance, rapid repair of 06- 
methylguanine-DNA adducts in transgenic mice protects them from N- 
methyl-nitrosourea-induced thymic lymphomas (Liu et al., 1994). This protec- 
tion can be targeted to other organs like liver by suitable promoter systems 
(Nakatsuru et al., 1993). It is important to note that growth and differentiation 
of hematopoietic cells revealed no major disturbances in transgenic animals. 

Transfer of Chemoresistance Genes to Hematopoietic Cells 

Based on investigations of transgenic animals, methods for transfer of chemo- 
resistance genes to hematopoietic progenitor cells of normal recipients were 
developed. It has been shown that transfer of the multidrug resistance gene 
to normal hematopoietic precursor cells protects them from the toxicity of 
anticancer agents. K562 erythroleukemia cells (DelaFlor-Weiss et al., 1992) 
and primary bone marrow cells (McLachlin et al., 1990) were transduced 
with a vector containing a full-length MDRl cDNA under control of Harvey 
sarcoma virus long terminal repeats (Pastan et al., 1988). Transduced cells 
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were found to be resistant to multiple drugs, including taxol, colchicine, and 
daunomycin. Similar studies were performed with the use of a retroviral vector 
that contained the MRP transporter sequence (D’Hondt et al., 1995). Vectors 
containing an MRP cDNA may be useful for protection of hematopoietic 
cells if MDRl-mediated chemoresistance of tumor cells should be reversed 
simultaneously. The MRP transporter is less susceptible to most agents that 
reverse the function of P-glycoprotein. While transfer of these drug transport- 
ers confers resistance primarily to natural toxins, transfer of glutathione-s- 
transferase or @-alkylguanine DNA alkyltransferase genes can render cells 
resistant to alkylating agents such as chlorambucil, nitrosoureas, and mechlor- 
ethamine (Greenbaum et al., 1994; Liu et al., 1994). Moreover, a broad range 
of chemoresistance can be transferred by a retroviral vector in which 
glutathione-S-transferase n and MDRl are coexpressed from separate promot- 
ers (Doroshow et al., 1995). 

Animal Models for the Use of Drug Resistance Genes in Gene Therapy 

Animal models aimed at studying the potential use of drug resistance genes 
in gene therapy were subsequently developed. MDRl-transduced murine bone 
marrow cells were transplanted into anemic W/W” mice (Sorrentino et al., 
1992) or lethally irradiated normal syngeneic mice (Podda et al., 1992). Both 
models detected elevated levels of MDRl expression after treatment of recipi- 
ent mice with taxol. These experiments favored the idea of a selective advan- 
tage in vivo of hematopoietic cells overexpressing the MDRl transgene. 

Further support was provided by experiments in which MDRl-transduced 
bone marrow was first transplanted into recipient mice. After taxol treatment 
of recipient mice their bone marrow was then transplanted into a second 
generation of recipient mice. In several cycles of retransplantation and taxol 
treatment of recipient mice, increasingly high levels of drug resistance were 
generated in vivo. Mice of the fifth and sixth generations survived doses of 
taxol that were lethal for normal, untreated mice (Hanania et al., 1994). 

Likewise, vectors containing mutated DHFR cDNAs have been constructed 
for transduction of hematopoietic progenitor cells (Miller et al., 1985; Li et 
al., 1994; Zhao et al., 1994). Williams et al. (1987) and Cline et al. (1980) 
demonstrated protection of recipient animals from lethal doses of methotrex- 
ate. Retransplantation experiments performed with DHFR (Corey et al., 1990) 
gave results comparable to those obtained with MDRl: Both MDRl and 
DHFR may act as selectable marker genes in vivo. 

More recently, chemoresistance genes were transferred to isolated subpop- 
ulations of progenitor cells, namely, to hematopoietic stem cells from various 
origins. Hematopoietic stem cells are thought to be ideal target cells for gene 
therapy. Their life span is thought to be unlimited because they have the 
capacity of self-renewal, whereas more mature progenitor cells become more 
differentiated with each step of cell duplication and eventually undergo termi- 
nal differentiation followed by apoptosis. Targeting of more differentiated, 
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lineage-committed progenitor cells may therefore result in merely transient 
gene expression (Lemischka, 1991). Incidental transduction of stem cells has 
been confirmed in numerous investigations by gene transfer to unfractionated 
bone marrow. Transduction of true pluripotent stem cells, though feasible, 
has usually been found to be elusive (Nolta et al., 1996). A major impediment 
to efficient transduction is the quiescence of the majority of stem cells (Ogawa, 
1993) while cell proliferation is required for integration of retroviral sequences 
into the genome (Miller et al., 1992). The efficiency of gene transfer has been 
optimized with the use of growth factors and cytokines and by chemotherapeu- 
tic pretreatment of bone marrow donors. 

We have transferred an MDRl cDNA to a small population of mouse bone 
marrow cells that expressed neither lineage-specific antigens nor the MHC 
class II-associated I-a antigen, but had high levels of Sea-1, also referred to 
as LyGA/E (Licht et al., 1995). Stem cell properties of this cell fraction were 
confirmed by transplantation into sublethally irradiated SCID mice, revealing 
the sustained presence of an MDRl marker cDNA in recipient mice, multilin- 
eage engraftment, and the presence of the marker gene after retransplantation 
into a second generation of recipient mice. The isolated cells were expanded 
ex vivo with the use of growth factors while gene transfer was performed by 
coculturing with retrovirus producing GP + ES6 fibroblasts. Functional human 
P-glycoprotein was detected in approximately 60% of expanded cells. Follow- 
ing transplantation of the ex vivo-transduced cell population into SCID mice, 
P-glvcoprotein was expressed in a high proportion of bone marrow cells of w 
recipient animals at levels comparable to those observed in multidrug-resistant 
cancers in the clinic. 

Stem cells mobilized into peripheral blood of splenectomized mice by ad- 
ministration of granulocyte colony-stimulating factor and stem cell factor have 
been found to be useful targets for MDRl gene transfer (Bodine et al., 1994). 
Additional sources for activated stem cells of which many are in cell cycle are 
cord blood and fetal liver. These investigations revealed biological differences 
between different stem cell populations. Transfer of the MDRl gene to fetal 
liver stem cells was feasible only with ecotropic retroviruses since these cells 
lack receptors for amphotropic viruses (Richardson et al., 1994). 

In a recent article, retroviral MDRl transfer to MO-7e cells was reported. 
As compared with nontransduced cells of this factor-dependent human leuke- 
mia cell line, they became 20-fold more resistant to taxol following MDRl- 
gene transfer. After transplantation of MO-7e cells into immunodeficient 
NOD/SCID mice, cells expressing the MDRl gene were able to survive taxol 
treatment, which was not observed with nontransduced cells (Schwarzenberger 
et al., 1996). 

In conclusion, methods have been developed to overexpress P-glycoprotein 
and other drug resistance genes in hematopoietic progenitor cells in vivo. 
These investigations demonstrate protection of hematopoietic cells and the 
function of MDRl as a drug-selectable marker gene in vivo. 
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Clinical Investigations on MDRl Gene Transfer to Hematopoietic 
Progenitor Cells 

Animal experiments demonstrate the feasibility of MDRl gene transfer 
to hematopoietic progenitor cells. These investigations also suggest that P- 
glycoprotein expression can be maintained for several months in vivo. Transfer 
of the MDRl gene to human CD34+ progenitor cells was performed by Ward 
et al. (1994). Based on these results, clinical trials on transfer of the MDRl 
gene to bone marrow cells have been initiated (O’Shaughnessy et al., 1994; 
Hesdorffer et al., 1994; Deisseroth et al., 1994). Bone marrow or peripheral 
blood progenitor cells from patients suffering from advanced breast or ovarian 
cancers or non-Hodgkin’s lymphomas were retrovirally transduced and rein- 
fused after high-dose chemotherapy. These phase I studies were aimed at 
proving efficiency, feasibility, and safety of MDRl gene transfer. In some 
trials patients were treated with taxol following reinfusion of transduced cells. 
However, technical problems remain to be solved. In the first published clinical 
study, MDRl expression levels were found to be disappointingly low (Hanania 
et al., 1996). 

Coexpression of the Multidrug Resistance Gene and Nonselectable Genes 

Low or unstable expression of transferred genes is still a major cause for 
failure of clinical gene therapy. To overcome the limitations of gene therapy 
the use of drug resistance genes for enrichment of cells that express encoded 
proteins has been suggested (Gottesman et al., 1991; Banerjee et al., 1994; 
Licht et al., 1997). If a selectable marker gene is coexpressed with a nonse- 
lectable gene, drug selection should elevate the expression levels of two genes. 

While several approaches can be used to simultaneously express two genes, 
coexpression in translational or transcriptional fusion vectors has been found 
to be superior to cotransfection or the use of separate promoters (Gottesman 
et al., 1994). A translational fusion gene encoding a chimeric protein has been 
constructed by Germann et al. (1990). This protein consists of P-glycoprotein 
and adenosine deaminase, an enzyme that upon mutation causes a SCID 
syndrome. The bifunctional protein displayed both drug transport and adeno- 
sine deaminase activity. 

Alternatively, polycistronic vectors have been engineered that facilitate 
transcription of multiple genes by internal ribosomal entry sites. In vectors 
containing the MDRl cDNA and cDNAs that correct inherited metabolic 
disorders, a single mRNA containing both genes is transcribed from one 
retroviral promoter. This transcript is translated from two open reading frames 
into two separate proteins (Sugimoto et al., 1994). Transcriptional fusions 
between MDRl and the glucocerebrosidase gene or the cx-galactosidase gene, 
which are defective in Gaucher’s and Fabry’s diseases, respectively, allowed 
enrichment of transduced cells by drug selection (Aran et al., 1994; Sugimoto 
et al., 1995a). With a suitable selection strategy, complete restoration of the 
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underlying enzyme deficiency can be accomplished in patient cells (Aran et al., 
1996). Application of these vectors in clinical treatment and suitable selection 
strategies in vivo have still to be optimized. For in vivo characterization, a 
gene-marking vector has been constructed (Aran et al., 1995). This vector 
contains the 1acZ gene; transduced cells are easily detectable by their 
P-galactosidase activity. 

Another application of bicistronic vectors is to combine the MDRl gene 
with a negative-dominant selectable marker gene such as thymidine kinase 
from herpes simplex virus (HSV-TK). If preparations of hematopoietic pro- 
genitor cells are contaminated with cancer cells, there is a risk of rendering 
the malignant cells chemoresistant. If this should happen, it would be advanta- 
geous to have a system that allows selective elimination of transduced cells. 
To this end, a vector containing HSV-TK and MDRl has been constructed 
(Sugimoto et al., 1995b). HSK-TK is a suicide gene that confers hypersensitiv- 
ity to the antiviral agent ganciclovir. Treatment with ganciclovir would thus 
kill transduced cancer cells. Such constructs may help to increase the safety 
of clinical gene therapy using the MDRl gene. 

CONCLUSION 

Resistance to anticancer drugs is multicausative. An increasing number of 
genes have been identified that are associated with chemoresistance. While 
strategies developed to circumvent P-glycoprotein-mediated resistance have 
already been introduced into clinical treatment, approaches using other genes 
are still at the stage of preclinical models. 

In contrast to attempts to overcome drug resistance, more recently research 
has focused on potential applications for chemoresistance genes in gene ther- 
apy. Transfer of drug resistance genes may protect hematopoietic cells from 
the toxicity of anticancer drugs. In addition, they may be useful tools to 
introduce and overexpress otherwise nonselectable genes into bone marrow. 
Thereby unstable expression of therapeutic genes that hampers efficient gene 
therapy of hematopoietic disorders may be improved. 
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CLINICAL APPLICATIONS OF GENE 
THERAPY: BRAIN TUMORS 

KENNETH W. CULVER AND JOHN C. VAN GILDER 
Gene Therapy Research and Clinical Affairs, Codon Pharmaceuticals, Inc., 
Gaithersburg, MD 20877 (K. W.C.), Division of Neurosurgery, University of Iowa 
School of Medicine, (J.C.V.G.) Iowa City 52242 

INTRODUCTION 

Both primary and metastatic brain tumors are a major cause of morbidity and 
mortality in the general population. Astroglial brain tumors, including the 
highly malignant glioblastoma multiforme (GBM), are the most common 
primary brain tumors. Despite aggressive therapy, which includes surgical 
removal of the tumor, postoperative high-dose radiation, and chemotherapy, 
the prognosis of patients with GBM is very grim. Therefore, researchers are 
working hard on the development of a variety of novel experimental therapies; 
however, none of them has substantially changed the dismal prognosis for 
patients with GBM (Culver et al., 1996b). 

In addition to primary brain tumors, the central nervous system (CNS) is 
a frequent site of metastasis for systemic malignancies. In fact, cerebral metas- 
tases occur in 25%-35% of the 1.1 million new cases of cancer per year in 
the United States. Tumors that most frequently metastasize to the brain are 
melanoma, lung, breast, colorectal, and renal cell cancers. Surgery combined 
with radiation therapy is the treatment of choice for a surgically accessible, 
single brain metastasis. Median survival using these two modalities approaches 
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40 weeks. Unfortunately, most patients have multiple lesions and/or their 
location in the CNS prohibits surgical intervention and limits therapy to radia- 
tion alone with a median survival of about 15 weeks. 

Despite the many advances in medicine over the past decade, radiotherapy 
and adjuvant chemotherapy have minimally improved the prognosis for most 
patients with GBM and symptomatic CNS metastases. Gene transfer has a 
number of novel new approaches to the selective elimination of tumor cells 
that may be beneficial for the treatment of brain tumors. Unlike many standard 
cancer therapies, gene transfer approaches are not immunosuppressive, allow- 
ing their potential concomitant use with each other or with traditional thera- 
pies. Hopefully the further development of new gene therapy strategies for 
the destruction of malignant cells in the CNS will provide significant improve- 
ments in the prognosis for patients with brain tumors. 

RATIONALE FOR BRAIN TUMOR GENE 
THERAPY EXPERIMENTATION 

Four general approaches are currently approved for clinical experimentation 
(Table 1). These are based on genes that selectively confer a sensitivity to an 
otherwise nontoxic drug (e.g., the herpes simplex virus thymidine kinase [HSV- 
TK] gene), genes that alter the immunogenicity of the tumor by secretion of 
cytokines from transduced autologous fibroblasts admixed with autologlous 
tumor cells or transduced tumor cells alone, inhibition of tumor elaborated 
factors that functionally immunosuppress the host immune response (i.e., 
antisense insulin growth factor type 1 [IGF-11, antisense transforming growth 
factor-l [TGF-1]), and the insertion of the multiple drug resistance type I 
(MDRl) gene into hematopoietic stem cells (HSC) in an attempt to protect 
them from the toxicities of systemic chemotherapy. These four categories used 
alone or together may provide unique opportunities to destroy residual tumor 
cells that escape standard modalities of treatment. 

TABLE 1 Antitumor Methodologies Approved for Use in Brain Tumor Gene 
Therapy Trials 

Insertion of the HSV-TK “sensitivity” gene into tumor cells in viva followed by 
intravenous treatment with ganciclovir 

Enhancement of tumor immunogenicity by the ex viva gene transfer of cytokine 
genes that are reinjected subcutaneously 

Inhibition of tumor-derived immunosuppressive substances resulting from the ex 
viva transfer of antisense genes into autologous tumor cells followed by 
reimplantation subcutaneously 

Protection of hematopoietic stem cells from the adverse effects of systemic 
chemotherapy following retroviral-mediated gene transfer of the MDRl gene 
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APPROVED GENE THERAPY TRIALS FOR BRAIN TUMORS 

USING THE HSV-TK GENE 

The HSV-TK Sensitivity Gene 

The HSV-TK gene was first cloned in 1979 from the type 1 virus (Colbere- 
Garapin et al., 1979). This gene is now the most used sensitivity gene in 
preclinical and clinical studies because it produces target cell destruction with 
limited nonspecific tissue toxicity. HSV-TK catalyzes the monophosphoryla- 
tion of several drugs, including the FDA-approved antiherpes drugs acyclovir 
(ACV) and ganciclovir (GCV) (Balzarini et al., 1995; Cheng et al., 1983; 
Elion, 1980; Faulds and Heel, 1990). Cellular kinases then convert the mono- 
phosphate (MP) forms of the drugs to the diphosphate (DP) and triphosphate 
(TP) forms that incorporate into DNA as a nucleoside analog. The ACV-TP 
and GCV-TP inhibit DNA polymerase from continuing beyond the analog 
leading to DNA fragmentation. As a result, when a HSV-infected cell is 
exposed to ACV or GCV, the phosphorylated, incorporated drug product 
leads to fragmentation of the DNA and apoptosis, thereby killing the HSV- 
infected cell (Samejima and Meruelo, 1995; Smee et al., 1983; Terry et al., 
1991). Host cellular TKs do not phosphorylate ACV or GCV, only the MP 
and DP forms, limiting cellular toxicity (Field et al., 1983). 

The same method can be used to destroy malignant cells (Moolten, 1986). 
Transfer of the HSV-TK gene into tumor cells in vitro results in their destruc- 
tion with treatment bY ACV or GCV either in vitro or after reimplantation 
into mice (Moolten et al., 1990). GCV has a more potent antitumor effect 
than ACV and other analogs in animal tumor model systems (Smee et al., 
1985). This is probably due to a greater uptake of GCV into HSV-infected 
cells and the fact that GCV is a better substrate for both viral and host kinase 
enzymes, while being only minimally phosphorylated in HSV-TK-negative 
cells (Cheng et al., 1983). 

This method of cell destruction requires that the cell be actively dividing 
in order to incorporate the triphosphate derivatives in the cellular DNA 
(Chen et al., 1994). Since tumor cells are usually the most actively dividing 
cell type in most tissues, this feature provides for some level of selectivity for 
tumor cell destruction in vivo. Based on these types of preclinical studies and 
the fact that GCV is FDA approved for the treatment of HSV infections, 
GCV has been used exclusively with HSV-TK gene transfer in approved 
human gene therapy clinical trials. 

Gene Transfer Methods Under Investigation for CNS Tumors 

Gene transfer is divided broadly into ex vivo and in vivo gene transfer ap- 

proaches. Both ex vivo (the transfer of genes outside of the body) and in vivo 
(transfer of the genes inside the body) methods have been approved for clinical 
trial application for brain tumors (Table 2). The ex vivo approaches utilize 
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TABLE 2 General Features of RAC-Approved Brain Tumor Gene 
Therapy Trials 

Gene Transferred 
Method of Type of 

Gene Transfer Transfer (Tissue) 

Primary Type 
of Antitumor 

Effect Expected 

HSV-TK Retroviral mediated 

HSV-TK Adenoviral mediated 

IL-2 Plasmid based 

L-4 Retroviral mediated 
Antisense IGF-1 Plasmid transfection 

with liposomes 
Antisense TGF-/3 Plasmid transfection 

by electroporation 
MDR-1 Retroviral mediated 

In viva (tumor) 

In viva (tumor) 

Ex vivo 
(fibroblasts) 

Ex vivo (tumor) 
EX vivo (tumor) 

E-x vivo (tumor) 

Ex vivo (HSC) 

Induction of 
apoptosis 

Induction of 
apoptosis 

Immunological 

Immunological 
Immunological 

Immunological 

Chemotherapeutic 

electroporation, liposomes, and murine retroviral vectors. The in vivo trials 
use adenoviral and retroviral vectors. Generally speaking, the ex vivo ap- 
proaches focus on attempts at increasing tumor immunogenicity, while in vivo 
approaches attempt to deliver sensitivity genes directly into the tumor mass. 
The next sections discuss each of these approaches in the context of the gene 
transfer method, genes to be transferred, and the clinical trial design. 

Retroviral-Mediated In Vivo Transfer of HSV-TK Sensitivity Gene 

Murine retroviral vectors have been the work horse for gene delivery in 
the first years of human gene therapy experimentation (Culver, 1996a). The 
primary reason for their favored status stems from their ability to stably 
integrate their vector genes (transduction), potentially allowing vector gene 
expression for the life of the cell and in all progeny (Miller, 1990). However, 
in the case of brain tumor treatment, they have been considered particularly 
attractive because they require a proliferating cell to achieve transduction 
(Miller et al., 1990). Since the tumor is the most actively proliferating cell in 
the brain, this provides for relatively selective delivery of the vector into tumor 
cells, especially in the brain, where the resident cell population has a very 
low proliferation index (Culver et al., 1992). 

The delivery of the HSV-TK gene by retroviral vectors is the most advanced 
of the different brain tumor gene therapy clinical trials with nine phase I and 
II trials in the United States and another three trials in Europe (Table 3). In 
these protocols, murine fibroblasts (NIH 3T3 cells) that have been genetically 
engineered to produce murine retroviral vectors (vector producer cells [VPC]) 
are directly implanted into growing brain tumors in human patients. The gene 
being transferred into the surrounding brain tumor cells is HSV-TK. This 
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TABLE 3 Characteristics of Approved Clinical Trials Using Retroviral-Mediated 
In Viva Transfer of the HSV-TK Sensitivity Gene 

Principal 
Investigators 

Centers Enrolling 
Patients Trial Design Tumor Type(s) 

Oldfield 

Van Gilder 

Raffel 

Kun 

Oldfield 

Fete11 

Harsh 
Maria 

Maria 

Izquierdo 
Klatzmann 

NIH 

University of Iowa 
and four other U.S. 
centers 

Mayo Clinic and three 
other U.S. centers 

St. Jude Children’s 
Research Hospital 

Stereotactic 

NIH Direct injection 

Columbia University 
and six other 
centers in the U.S. 
and Israel 

Harvard University 
University of Florida 

and more than 40 
other centers in the 
U.S., Canada, and 
Europe 

Stereotactic 

Stereotactic 
Combined with 

surgical 
resection 
(prospective, 
randomized 
phase II trial) 

Combined with 
surgical 
resection 
(prospective, 
phase II trial) 

Stereotactic 
Combined with 

surgical resection 
Direct injection 

Multiple centers as in 
the trial above 

Madrid, Spain 
Paris, France 

Yla-Herttuala Kuopio, Finland 

Stereotactic 

Combined with 
surgical resection 

Combined with 
surgical resection 

Recurrent 
primary and 
metastatic 

Recurrent GBM 

Recurrent or 
progressive 
tumors 

Recurrent or 
progressive 
tumors 

Leptomeningeal 
carcinoma 

Recurrent GBM 
and anaplastic 
astrocytoma 

Recurrent glioma 
Newly diagnosed, 

previously 
untreated 
GBM 

Recurrent GBM 

Recurrent GBM 
Recurrent GBM 

Recurrent GBM 

method of gene delivery was adopted because the direct injection of the vector 
particles alone had a low gene transfer efficiency (l%-3%) while the injection 
of the VPC resulted in a lo%-55% efficiency in animal models (Ram et 

al., 1993a). 
This improvement in gene transfer efficiency had significant ramifications 

because subsequent treatment with GCV produced complete tumor destruc- 
tion in those animals that received an intratumoral injection of VPC without 
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evidence of associated toxicity or evidence of systemic spread of the retroviral 
vectors (Ram et al., 1993a). Tumors continued to grow in the animals that 
received an intratumoral injection of vector particles alone into their tumor 
mass. Significantly, complete tumor ablation occurred in experimental tumors 
despite the fact that ~100% of the tumor cells contained the HSV-TK gene. 
Studies in mice suggested that if at least 10% of the tumor cells contain the 
HSV-TK gene, then more than 50% of the tumors can be completely eliminated 
(Culver et al., 1992). This phenomenon, involving the destruction of adjacent, 
non-HSV-TK-containing tumor cells, is called the bystander tumor killing 
effect. 

The etiology of the bystander effect is not completely understood. A num- 
ber of possibilities have been proposed that result in tumor cell apoptosis, 
including the transfer of GCV metabolites to adjacent cells through gap junc- 
tions (Bi et al., 1993; Colombo et al., 1995; Fick et al., 1995), the uptake of 
cell fragments from the HSV-TK/GCV-destroyed cells (Freeman et al., 1993) 
and induction of a host immune response (Gagandeep et al., 1996). It is very 
possible that these three hypotheses are operative simultaneously in vivo. 
However, in vitro studies suggest that the major component of the bystander 
effect is the transfer of phosphorylated forms of GCV via gap junctions into 
neighboring tumor cells (Culver, 1996b). 

Following the completion of the preclinical safety and efficacy studies and 
approval by local and national regulatory committees, the first brain tumor 
gene therapy protocol using this gene transfer system was initiated at the 
National Institutes of Health in Bethesda, Maryland, in December 1992 (Old- 
field et al., 1993). Fifteen patients with recurrent GBM or metastatic tumors 
were treated with stereotactic injections of HSV-VPC into multiple areas of 
their tumor (Ram et al., 1997). They had all failed external beam radiation, 
and most had failed surgery and chemotherapy as well. Each of the 15 patients 
tolerated multiple stereotactic injections of 0.5-l X 10’ VPC without evidence 
of toxicity related to the xenogeneic cells or treatment with GCV. One week 
after the injection of the VPC, the patients were treated with a 14 day course 
of intravenous GCV. In this initial phase I trial, the emphasis was on determin- 
ing the safety of th .e therapy, so VPC were only injected into the gadolinium- 
enhancing portion of the tumor so that changes in the tumor and surrounding 
brain could be visualized with magnetic resonance scanning. In other words, 
no attempt was made to treat all of the tumor (infiltrating areas) in any of 
the patients. Gene transfer was determined to occur, albeit at low levels 
(cl%), by in situ hydridization when counterstained with a tumor-specific 
GFP stain. No clinical adverse reactions were observed related to the direct 
injection of the xenogeneic VPC, and no significant inflammatory reaction 
was noticed on biopsy or autopsy materials. 

Four of the 13 evaluable patients demonstrated evidence of an antitumor 
effect based on a >50% in the size of the gadolinium-enhancing portion of 
the tumor. The change in size was accompanied by cystic changes within the 
tumor. These findings suggest that, with a low level of gene transfer efficiency 
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and the lack of an inflammatory response, the bystander effect is likely to be 
operational in some of the patients. Despite this limited treatment area of 
the tumor, three patients lived more than 12 months after gene therapy, with 
one of the patients with a recurrent glioblastoma being tumor-free more than 
5 years status-post initiation of gene therapy treatment. The reasons for the 
prolonged survival of this particular patient is currently unknown. Since pa- 
tients with recurrent glioblastoma in general have a life expectancy of 5.8 
months (range 3.4-8.8), we are encouraged that the further optimization of 
this approach to the treatment of GBM may be an important advance over 
current therapies (Florell et al., 1992). Due to the lack of toxicity and the 
suggestion of an antitumor response, additional clinical trials have been ap- 
proved in the United States using modifications of the NIH trial design with 
implantation of HSV-TK VPC and GCV (Table 3). 

The first modification involves the combination of surgical resection of 
tumor and gene transfer rather than stereotactic injection (Culver et al., 1993). 
Unlike the first trial at NIH, this design attempts to deliver the VPC into the 
nonresectable areas of infiltrating tumor. Once the tumor was maximally 
resected (complete resection is not possible in these recurrent tumors), 1 X 

lo9 VPC are injected 1 cm deep around the margins of the tumor bed since 
the majority of infiltrating tumor is in this area. An Ommaya reservoir is 
then placed in the tumor bed. Two weeks after surgery, the patients receive 
additional VPC through the Ommaya reservoir in an attempt to transfer the 
gene into residual tumor cells. 

Early results from this phase II trial demonstrated risks associated with 
the injection of VPC into the Ommaya reservoir. It appears that if the VPC 
leak around the Ommaya catheter into the subarachnoid space, the patients 
can sustain an acute meningeal reaction, including high fever, meningismus, 
severe headache, and severe hypertension. The reaction is self-limited and 
responds to treatment with analgesics, glucocorticoids, and antihypertensives. 
It is important to note that these adverse reactions are not related to gene 
transfer, but appear to be a direct physiological reaction to the infused xenoge- 
neic cells. These side effects were not predicted based on studies in monkeys 
that evaluated the direct injection of VPC into the subarachnoid space (Ram 
et al., 1993b). Modifications in the trial design were made to include the 
injection of technetium into the Ommaya before the VPC to make certain 
that the resection cavity had sealed. This screening procedure substantially 
reduced the frequency and severity of reactions. Patients were accruing into 
the study at the University of Iowa (Iowa City), the University of California, 
San Francisco, the University of Washington (Seattle), the University of Texas- 
Southwestern (Dallas) and the University of Cincinnati. Publicly available 
information and conference presentations have suggested that the direct injec- 

tion of VPC immediately following resection was safe. A parallel multicenter 
study in adults was also undertaken using stereotactic delivery as was utilized 
in the initial NIH study. No published data are available from these two trials. 
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Two trials were approved for application in children and young adults aged 
3-21 years of age. The VPC are delivered using stereotactic injection or the 
combination of surgical resection (Kun et al., 1995) and direct injection of 
VPC into nonresectable areas of recurrent supratentorial tumors (Raffel et 
al., 1994). Between 1 X lo8 and 2 X lo9 VPC will be injected into multiple 
sites within the tumor. The centers involved in the pediatric trials are the 
Mayo Clinic (Rochester, MN), St. Jude Children’s Research Hospital (Mem- 
phis, TN), the University of Washington, Children’s National Medical Center 
(Washington D.C.), and Children’s Hospital of Los Angeles along with centers 
in Wurzburg and Dusseldorf, Germany. 

While no published data are available from these studies, the sponsoring 
company, Genetic Therapy Inc. (GTI), has advanced two of the adult clinical 
trials to phase III open label, randomized trials for patients with newly diag- 
nosed, previously untreated GBM or recurrent GBM. In the newly diagnosed 
group, patients will be randomized (123 patients per group) to receive either 
standard therapy consisting of surgical resection and external beam radiation 
or surgical resection with direct injection of VPC into areas of residual tumor, 
followed by external beam radiation and GCV therapy beginning 14 days 
after VPC injection. GCV will be administered for 14 days. The Ommaya 
reservoir retreatment portion of the study design has been eliminated due to 
the occurrence of multiple adverse reactions to the VPC at most of the trial 
sites. The approval of this randomized trial in patients with newly diagnosed, 
untreated tumors suggests that the safety parameters and possibilities for a 
beneficial antitumor efficacy observed in the previous trials were sufficient to 
convince the FDA to permit these new studies. These trials are expected to 
encompass at least 40 centers in North America, Europe, and Israel (Table 3). 

In addition to the proliferation of GTI-sponsored trials, there are a number 
of other trials in the United States and in Europe (Klatzmann et al., 1996) 
using the implantation of HSV-TK VPC and GCV (Table 3). For instance, 
Harsh and colleagues in Boston are injecting VPC in a dose escalating fashion 
beginning at 5 X lo5 cells per site into three distinct locations within the tumor 
at the time of biopsy confirmation of recurrence. Five days later, the patient 
will receive a single intraoperative injection of GCV, and the tumor will be 
maximally resected. The primary purpose of this phase I study is to assess 
the density, extent, and cell types transduced with this gene delivery method. 

Delivery methods include the combination of stereotactic injection into the 
tumor mass or a combination of surgical resection and direct injection as 
described above. Results from one of these trials have been published (Iz- 
yuierdo et al., 1996). Five patients received injections of HSV-TK VPC without 
resection. Seven days later, they each received a 14 day course of intravenous 
GCV. No toxicities were noted secondary to implantation of the VPC or gene 
transfer. One of the patients is reported to have had a significant reduction 
in tumor volume in the lobe that was injected with the VPC. These results 
appear to be generally comparable with the results from the initial phase I 
trial conducted at the NIH. 



GENE THERAPY FOR BRAIN TUMORS 463 

The final approved protocol using in vivo delivery of HSV-TK gene by 
injection of VPC was designed for the treatment of leptomeningeal carcinoma- 
tosis (Oldfield et al., 1995). The trial design involved the direct injection of 
HSV-TK VPC into the CNS ventricular system through an Ommaya catheter 
in a dose escalation regimen. One patient was treated at the NIH using the 
starting dose of 1 X lo9 VPC. Unexpectedly, the patient developed severe 
meningismus, neck and back pain, nausea, rigors, and fever that forced discon- 
tinuation of the study. These adverse reactions were not predicted based on 
previous animal studies (Oshiro et al., 1995). The reaction is thought to be 
related to be the consequence of irritation of the cells lining the subarachnoid 
space by the murine VPC, as was seen in the brain tumor trials that used the 
Ommaya reservoir. This trial is now closed. 

Taken together, these clinical studies are demonstrating that there is a 
substantial margin of safety with this delivery method if no cells are injected 
into the subarachnoid space, that the bystander effect appears to be operative 
in humans, and that an antitumor effect can be generated. Whether the antitu- 
mor effects are significant enough to allow product approval for brain tumor 
therapy will not be known for several years as these trials progress through 
phase II and phase III studies around the world. 

Adenoviral-Mediated In Viva Transfer of HSV-TK Sensitivity Gene 

Adenoviral vectors have also been approved for the in vivo delivery of the 
HSV-TK gene into CNS neoplasms (Table 2). Adenoviruses have a number 
of advantages as gene transfer vectors, including production at high titer, an. 
ability to infect nearly all human cell types at high efficiency including cells 
of the CNS (Le Gal La Salle et al., 1993) and no requirement for a proliferating 
cell target. This is particularly important because many tumor cells within a 
progressing GBM are not actively proliferating at any one time and therefore 
may be missed by retroviral vectors (Yoshii et al., 1986). Based on these types 
of insights, recombinant adenoviral vectors containing the HSV-TK gene were 
injected into comparable animal models bearing brain tumors as in the retrovi- 
ral vector experiments discussed above (Chen et al., 1994; Colak et al., 1995). 
The results are similar to in vivo VPC delivery, achieving complete destruction 
of the tumor in a portion of the animals while sparing normal surrounding 
tissues that were infected by the vector (Chen et al., 1994). The protection of 
the normal cells was greater than anticipated since it was known that the 
vector would transduce both malignant and nonmalignant tissues. This appears 
to be related to the fact that phosphorylated derivatives of GCV require a 
proliferating cell to induce cell death. Consequently, tissue-specific promoters 
may not be required as originally hypothesized. 

However, the efficiency of in viva gene delivery into brain tumors remains 
a significant problem for adenoviral vectors since they appear to only infect 
cells in the local area of injection like retroviral vectors. However, adenovirus 
vectors do express HSV-TK at much higher levels than retroviral vectors in 



464 CULVER AND VAN GILDER 

the same cell type, which may markedly increase their direct therapeutic effect 
and the bystander tumor cell killing (Chen et al., 1995; Shewach et al., 1994). 
Therefore, the use of adenoviral vectors may achieve a greater antitumor 
effect with the same dose of GCV or allow the use of a decreased dose of 

GCV if GCV toxicities limit clinical application. Despite this advantage, the 
major unresolved issue for use of these vectors relates to toxicity. Studies in 

rodents and nonhuman primates have suggested that the injection of a large 
number of recombinant adenoviral vector particles into normal brain tissues 
followed by GCV treatment can have significant adverse effects and induce 
the production of neutralizing antibodies (Byrnes et al., 1995; Goodman et 
al., 1996). The clinical design of the dose escalation protocols described below 
will start at very low doses of vector in an attempt to find an optimum dosage 
for therapy that is well below the level that induced significant undesirable 
toxicity in animals. 

Three trials have been approved by the Recombinant DNA Advisory Com- 
mittee, one at the University of Pennsylvania (Philadelphia), a second at 
Baylor University (Houston, TX), and a third at Mt. Sinai Medical Center in 
New York. The Pennsylvania trial will enroll patients with recurrent gliomas 
into two groups (Eck et al., 1996): nine patients with surgically accessible 
lesions and nine with surgically nonaccessible lesions. Three patients from 
each group will be treated with the same dose in a dose-escalation protocol 
using stereotactic injection into multiple sites within the tumor, with the first 
dose being lo9 virus particles. GCV is administered intravenously beginning 
2 days after injection of the vector. The patients with inoperable lesions will 
then receive GCV for 14 days. Patients in the surgically resectable group will 
have a debulking procedure 7 days after the injection of adenovirus so that 
tumor tissue can be characterized for safety, efficacy, and gene transfer param- 
eters. An additional dose of vector will then be injected into nonresectable 
areas. GCV will be continued for an additional 2 weeks. No published data 
are available. 

The trial at Baylor University will enroll patients with recurrent high grade 
strocytomas, GBM, and metastatic tumors. At the time of stereotactic biopsy, 

the patient will receive a single injection of adenoviral vector particles into 
the tumor mass in a dose-escalation style beginning at 1 X lo8 vector particles. 
Five patients per group will be observed for toxicities and an antitumor re- 
sponse. If the dose is well tolerated, the dose will be gradually increased to 
a maximum of 1.5 X lo9 particles. No published data are available. 

The study at Mt. Sinai will enroll patients with recurrent malignant glioblas- 
toma. Using a frameless stereotactic surgical procedure, a maximum amount 
of tumor will be resected and the adenoviral vector will be injected in the 
resection margins beginning at 1 X lo7 pfu. Twenty-four hours later, a seven 

ay course of IV GCV will be initiated, If there are no severe toxicities, the 
dose of vector will be escalated at 0.5 log increments. No published data 
are available. 
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As with the retroviral studies, the determining factor of these direct in vivo 
injection methods will be the ability of adenoviral vectors to distribute the 
HSV-TK gene sufficiently throughout the tumor to allow the bystander effect 
to destroy any remaining, nontransduced cells. 

E.x Vivo Transduction of the Human IL-2 or IL-4 Gene Into Fibroblasts or 
Tumor Cells, Respectively, With Retroviral Vectors 

The first of two ex vivo gene therapy trials is designed to transfer the interleukin 
(IL)-2 gene into autologous fibroblasts. Fibroblasts were chosen for the retro- 
viral vector target because they are much easier to grow reliably in tissue 
culture than tumor cells from patients. The transduced fibroblasts are then 
admixed with 1 X lo7 irradiated autologous (nontransduced) tumor cells and 
injected subcutaneously three times at least 2 weeks apart. The number of 
transduced fibroblasts will be dose escalated starting from 1.25 X lo6 cells in 
patients with recurrent glioblastoma. Animal experiments have shown that 
the injection of IL-2 vector-expressing syngeneic tumors in mice results in 
tumor regression and the development of tumor-specific immunity (Fearon 
et al., 1990). Therefore, this protocol is designed as an adjunctive therapy for 
the current surgical treatments for GBM. This trial has been approved for 
experimentation at the San Diego Regional Cancer Center for patients with 
recurrent GBM. 

The second approved trial using cytokine gene transfer will be conducted 
at the Univ ,ersity of Pittsburgh. Patients with a recurrent glioblastoma or 
supratentori al anaplastic astrocytoma suit able for subtotal resection will be 
enrolled. The tumor cells will be grown in culture and transduced with a 
murine retroviral encoding the human IL-4 gene. After transduction, the gene- 
modified cells will be returned to the patient in two series of five injections 
2 weeks apart. No published data are available on the status of these two trials. 

27.x Vivo Transfection of an Antisense IGF-1 Gene With a Plasmid-Based 
Vector Into Autologous Tumor Cells 

This approach to the treatment of brain tumors appears to target one of the 
methods that tumors employ to hide from the immune system (Table 1). The 
investigators use an Epstein-Barr virus (EBV) replicating plasmid containing 
an antisense copy of the IGF-1 gene to block tumor cell production of IGF- 
1. Their in vitro studies demonstrated that the insertion of an antisense IGF-1 
gene into IGF-l-producing tumor cells substantially inhibits IGF-1 production 
(Trojan et al., 1992). The injection of these genetically altered cells into synge- 
neic animals results in the immunological rejection of both genetically altered 
and wild-type tumor cells injected simultaneously into the leg and into the 
brain respectively. Tumor destruction is mediated by CDS+ cytotoxic T cells 
(Trojan et al., 1992). One human clinical trial has been approved for the 
treatment of patients with GBM tumors following a course of radiotherapy 
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at the Case Western Reserve University (Cleveland, OH). The study design 
uses tumor cells obtained at biopsy or during surgical resection. Once a culture 

as been established, the tumor cells are tested for IGF-1 expression. If the 
tumor produces IGF-1, the replicating plasmid vector is transferred using 
cationic liposomes into the tumor cells The ceils are then lethally irradiated 
and injected subcutaneously in a dose-escalation protocol beginning with 
1 X lo7 cells. Booster immunizations are to be administered at 4 and 12 weeks. 
No published data are available from this trial. 

Ex Vivo Transfection of an Antisense TGF-P Gene Into Autologous 
Tumor Cells 

It is well known that glioblastoma tumors produce immunosuppressive com- 
ounds, transforming growth factor-p (TGF-b) being one of them. Animal 
rain tumor experiments have demonstrated that the generation of substantial 

immunologically mediated antitumor efficacy can be induced following the 
ubcutaneous injection of tumors cells expressing an antisense TGF-fl gene 
hat eliminated tumor cell-derived TGF-P secretion (Fakhrai et al., 1996). In 
he one approved dose-escalation clinical protocol (Table 2) scientists will 

remove tumor from patients with histologically confirmed glioblastoma and 
ssay TGF-P secretion by the cell line. If the cells produce TGF-& they will 
e genetically altered with a plasmid containing an antisense TGF-/3 gene 

using electroporation. Once sufficient downregulation of TGF-P has been 
achieved, the cells will be irradiated to prevent regrowth in the patient and 
einjected subcutaneously every 3 weeks for four doses. No published data 

are available on the status of the trial. 

Ex Vivo Transduction of the MDR-1 Gene Into Autologous 
ematopoietic Stem Cells With Murine Retroviral Vectors 

The genetic manipulation of HSC may also be theoretically used to protect 
HSC from the toxic effects of chemotherapy (Table 1). This is being attempted 

y inserting the MDR-1 gene into HSC prior to administration of high dose, 
yelosuppressive chemotherapy. MDR-1 is one method of tumor cell resis- 

ante to chemotherapeutic agents because it pumps drugs from the cell (Galski 
The use of ex vivo retroviral vector-mediated insertion of the 

gene into murine marrow cells has demonstrated significant HSC 
ve effects in vivo when the animals were treated with high doses of 
orrentino et al., 1992). Human clinical trials have been approved for 

t of newly diagnosed or recurrent GBM, anaplastic oligodendrog- 
ry CNS lymphoma, primitive neuroectodermal tumors (PNET), 

and ependymomas at Columbia University in New York City (Hesdorffer et 
al., 1994). The investigators plan to harvest bone marrow and then administer 
high doses of ThioTEPA, VP-16, and carboplatinum. One-third of the marrow 
harvest will be processed for gene therapy studies. First, CD34+ cells will be 
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selectively removed and transduced with a murine retroviral vector encoding 
the MDR-1 gene. Second, the transduced cells will be mixed with the nontrans- 
duced marrow and reinfused into the patient. The gene transfer efficiency and 
toxicity of the procedure will be monitored. If the patient goes on to receive 

.t of MDR- taxol, the investigators hope to determine if th ere is an enrichmen 
1 transduced marrow stem cells in humans as was seen in mice. 

SUMMARY 

We are in the infancy of genetic healing. The early results from the HSV- 
TK studies and the many different approaches under study in humans are 
encouraging. However, significant hurdles remain in vector development and 
gene delivery. Advances in these areas are required to allow the widespread 
application of gene therapy in general. As discoveries in these areas occur, 
and researchers learn how to combine various modalities to create efficient, 
potent gene transfer systems, the first large group of patients to benefit will 
likely be those with cancer. I expect that over the next 5 years, gene therapy 
will become a standard form of therapy for certain forms of cancer. Results 
to date suggest that brain tumors may be one of the first. 
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CLINICAL APPLICATIONS OF 
GENE THERAPY: 
CARDIOVASCULAR DISEASE 

JONATHAN C.Fox 
University of Pennsylvania, Department of Medicine, Philadelphia, PA 19104-6100 

INTRODUCTION 

Gene therapy for cardiovascular diseases presents both great opportunities 
and significant challenges. Gene therapy provides the opportunity to achieve 
unprecedented efficacy and specificity in how diseases are treated based on 
their molecular mechanisms. The rationale for gene therapy relies on manipu- 
lating the functions of specific genes to alter pathophysiology by augmenting 
normal functions, correcting deficiencies, or inhibiting deleterious activities. 
The challenges to this field fall into three broad categories (Fig. 1). The first 
relates to the development of gene transfer vector and delivery systems that 
are suitable for genetic modification of the cardiovascular system, combining 
efficiency, ease of preparation, and an acceptable safety profile. The second 
relates to our knowledge of the molecular mechanisms of disease. This requires 
the identification of the genes and their functions responsible for pathophysiol- 
ogy and the definition of specific gene activities as appropriate targets for 
manipulation. The third relates to developing suitable animal models that can 
mimic human disease. As suggested by Figure 1, at the logical intersection of 
gene delivery vectors and molecular pathophysiology are vectors targeting 
specific genes. Similarly, reliable animal models are required to develop princi- 
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FIGURE 1. Elements of clinical gene therapy. This diagram illustrates the relation- 
ships between the three main components considered essential to successful strategies 
for clinical gene therapy. These include the development of gene delivery vectors and 
the means for their production and testing, knowledge of molecular pathophysiology 
and the identification of specific genes implicated in mechanisms of disease, and the 
adaptation of laboratory animals to models of human disease. The challenges presented 
in each of these areas, and the intersections between them, are discussed in the text. 

ples and protocols for in vivo gene transfer. Animal models are used for 
preclinical testing of specific gene vectors, testing gene targeting strategies, and 
developing new vector delivery technologies. At the intersection of molecular 
pathophysiology and animal models of disease are transgenic and knockout 
animals, wherein specific genes are modified in the germ line to mimic specific 
molecular defects in human disease, and these can serve as informative models 
for therapeutic gene transfer. The goals of this chapter are to outline the 
rationale for gene therapy strategies targeting cardiovascular diseases, give 
an overview of the major gene transfer technologies currently applied to the 
cardiovascular system, and review some current approaches to in vivo genetic 
manipulation in the development of therapeutic strategies for cardiovascular 
disease. Although these examples will soon be outdated, the principles upon 
which they are based should provide a foundation for understanding newer 
approaches now under development and in the more distant future. 

RATIONALE FOR GENE THERAPY: MOLECULAR MECHANISMS 
OF DISEASE 

Molecular mechanisms of disease often involve defective, inadequate, exces- 
sive, or inappropriate gene expression. Several examples of cardiovascular 
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syndromes can be cited to illustrate these genetic influences. Familial hyper- 
cholesterolemia is defined by a series of mutations in the low density lipopro- 
tein receptor (LDL-R) gene resulting in either absent or defective LDL-R 
synthesis. The defective LDL-R function causes accumulation of LDL in the 
blood, its subsequent deposition in vessel walls and greatly accelerated lesion 
development. Similarly, many forms of hereditary hypertrophic cardiomyopa- 
thy are caused by missense mutations in genes encoding several of the cardiac 
sarcomeric proteins. These proteins through their abnormal interaction with 
the rest of the sarcomeric apparatus result in sarcomeric dysfunction and 
trigger an inappropriate hypertrophic response. The inability to form sufficient 
collateral vessels in the setting of vascular insufficiency due to atherosclerosis 
may represent an inadequate angiogenic response of local tissues to ischemia. 
Some individuals form extensive collaterals, preserving perfusion despite ex- 
tensive vascular disease, whereas others form collaterals only poorly. One 
reason for this may be intrinsic differences in the natural production of angio- 
genie growth factors. Finally, it is generally accepted that restenosis following 
angioplasty is characterized in part by an inappropriate degree of smooth 
muscle cell proliferation and extracellular matrix protein synthesis and secre- 
tion. A number of growth factors, cytokines, enzymes, and adhesion proteins 
appear to play key roles in this process. 

These examples, which are discussed in greater detail in the following 
sections, can illustrate how developing rational strategies for cardiovascular 
gene therapy requires the identification of specific molecular targets for inter- 
vention and a detailed understanding of how altering a particular gene function 
is likely to influence the course of disease. These might include replacing a 
missing or defective gene product (LDL-R), complementing an abnormal 
function in tram (hypertrophic cardiomyopathy), enhancing gene function 
through increased expression (angiogenesis), and blocking deleterious gene 
expression by antisense or dominant-negative approaches (restenosis). All of 
these strategies have potential application to a variety of clinical problems. 
Before considering specific strategies for these particular disorders, an over- 
view of some current gene transfer technologies applied to the cardiovascular 
system is provided. 

VECTOR SYSTEMS 

Once appropriate molecular targets have been identified, the cellular target 
of a proposed genetic manipulation must be chosen. Although this usually 
means the cell type most intimately involved in the disease process under 
consideration, it can also include a neighboring cell type or an organ distantly 
removed from the site of disease. Such distant sites might be related either 
pathophysiologically or simply through the sharing of circulating blood. Once 
a cellular target has been chosen, the genetic information must be delivered 
in an efficient, selective fashion and must function in a physiologically relevant 
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manner. Devising efficient and effective means of packaging and delivering 
genetic information has posed significant technical challenges for developing 
gene therapy for cardiovascular and other diseases. A variety of approaches 
have been devised or are under development and generally rely on delivering 
genetic information (as DNA or RNA) packaged as synthetic (chemical com- 
plexes), natural (viruses), or semisynthetic (biochemical conjugates) gene 
transfer vehicles, usually delivered by some kind of mechanical approach 
(injection, surgical implantation, or catheter-based delivery). The latter consid- 
eration relates to the field of local drug delivery, a detailed discussion of which 
is beyond the scope of this chapter. 

Gene transfer was originally developed to study the function of isolated 
genes in the context of the living cell. First applied to isolated cells in culture, 
the later application of gene transfer technology to the development of trans- 
genie mice demonstrated that foreign genes introduced into single cells could 
be transmitted in the germ line and stably expressed in progeny animals. The 
later observation that high level expression of cloned genes could be achieved 
in a regulated fashion both in cultured cells and in transgenic animals suggested 
that regulated expression of ectopic genes could be accomplished in the so- 
matic cells of otherwise wild-type adult organisms. It was with this aim that 
the techniques of in vivo gene transfer have been developed and refined. 
These include techniques based on naked DNA, RNA or DNA viruses, and 
related technologies. 

Plasmid DNA 

The simplest approach to gene transfer relies on naked plasmid DNA transduc- 
tion. Plasmids are circular molecules between 4 and 10 kb in size containing 
sufficient information for their propagation in bacteria and a segment of DNA 
(usually eukaryotic in origin) encoding the genetic information of interest (Fig. 
2). This often includes both structural information (the sequence encoding a 
protein, e.g., the neomycin resistance gene, neo) as well as regulatory informa- 
tion such as an element or elements specifying expression in eukaryotic cells 
(e.g., SV40 ori), which may be restricted to particular tissues or regulated by 
drugs or hormones. The technique of plasmid DNA-mediated gene transfer 
relies on exposure of a cell to relatively high concentrations of purified (“na- 
ked”) DNA, with subsequent uptake mediated by nonspecific mechanisms of 
endocytosis or pinocytosis. In vivo gene transfer with plasmid DNA is well 
tolerated, with little direct or immune-mediated toxicity (Nabel et al., 1992). 
The advantages of this technique include its simplicity and the relative ease 
of preparation of the reagents required. The greatest disadvantage is low 
efficiency of gene transfer and expression. In addition, any degree of persis- 
tence of expression depends on integration of the plasmid DNA into the host 
genome, which requires cell replication, thus limiting this approach to dividing 
cells. Rand om chromoso lmal integratio n also poses the theore .tical risk of 
insertional mutagenesis. Fina lly, even followi ng chromosomal integration, 
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FIGURE 2. Plasmid DNA vector. This diagram illustrates a typical plasmid DNA 
vector (pSV2Neo), which contains information required for its selective propagation in 
bacteria (including an ampicillin resistance gene, amp), as well as eukaryotic regulatory 
(SV4Oori) and structural (neo) elements capable of directing expression in mamma- 
lian cells. 

plasmid DNA-directed gene transfer in vivo results in only short-lived expres- 
sion because of inactivation or elimination by what are as yet poorly under- 
stood mechanisms. 

Retrovirus 

Viruses have evolved efficient mechanisms for delivering genes to target cells. 
Retroviruses are the first eukaryotic viruses exploited for the efficient delivery 
of foreign genes to eukaryotic cells (Boris and Temin, 1993; Miller et al., 
1993). Originally described for their ability to transform host cells into malig- 
nant tumor cells, these viruses are relatively simple in their structure and 
biology. Retroviruses contain a 5-6 kb linear, double-stranded RNA genome 
flanked by two copies of a specialized DNA sequence known as the long 
terminal repeat (LTR), which direct high level expression of the three interven- 
ing structural genes, gag, pol, and env (Fig. 3). The viral particle consists of 
the viral genomic RNA and several associated proteins surrounded by an 
envelope consisting of host cell membrane and the viral coat glycoprotein 
(env gene product). The viral coat glycoprotein is recognized by specific cell 
surface receptors and promotes fusion of the virus with the cell. The RNA 

genome is copied by viral reverse transcriptase (pol) into DNA that can stably 
integrate into the host genome as a provirus, a process mediated by the LTR 
and requiring cell division. The three viral structural genes, which are required 
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FIGURE 3. Recombinant retrovirus. This diagram illustrates the basic structural orga- 
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nization of the mammalian retroviruses used as gene transfer vectors, including the 
long terminal repeats (LTRs), and the three structural genes gag, pol, and env. These 
can be deleted and replaced with a transgene, as shown. 

for viral replication but not proviral integration, can be deleted and replaced 
with foreign DNA. Function of the recombinant retrovirus as a gene transfer 
vector requires only the preservation of the flanking LTRs to drive constitutive 
expression of the transgene and integration of the provirus and the packaging 
signal for proper assembly of the recombinant virion in an environment permis- 
sive for replication. Because deletion of the viral structural genes renders the 
recombinant virus replication defective, propagation of a recombinant requires 
the presence of a helper virus. Alternatively, propagation ca .n be achieved in 
cultures of so-called packaging cells, which are mammalian cells engineered 
to provide the viral structural gene products in trans. 

Despite these attractive features, recombinant retroviruses present several 
disadvantages (Ali et al., 1994). As with naked plasmid DNA, persistent 
transgene expression requires integration and thus cell division (Miller et al., 
1990). The selective transfer of recombinant genetic material to dividing cells 
only may well confer some advantages for targeting gene transfer to rapidly 
dividing cells, as in the treatment of cancer, but many other potential targets, 
e.g., cardiomyocytes, divide slowly or not at all, at least in the adult. As with 
plasmid DNA, integration at random chromosomal locations can theoretically 
lead to insertional mutagenesis. The retroviral virion is itself inherently unsta- 
ble so that production of recombinant retrovirus in clinically useful concentra- 
tions is technically challenging. Despite these limitations, research on develop- 
ing improved retroviral gene transfer vectors continues, and their clinical utility 
has not 
vectors 

been excluded. Recently 7 hybrid or so-called pseudotyped retroviral 
have been designed that overcome some of these stability problems, 

allowing concentration of the viral preparation by ultracentrifugation, and 
extend the host range by packaging the recombinant virus with a pantropic 
envelope protein (e.g., vesicular stomatitis virus G protein) (Burns et al., 1993; 
Yee et 
pantrop 

al 
1c 

“7 1994). In addition to their successful use in mammalian cells, 
pseudotyped retrovir uses have been used to achieve gene tra nsfer 

to amphibians in vivo (Burns et al., 1994) and to generate transgenic zebrafish, 
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an experimental model at the forefront of cardiovascular developmental biol- 
ogy (Lin et al., 1994). 

Malignant transformation resulting from retroviral infection in the host 
remains a concern since productive retroviral infection could theoretically 
transform host cells into tumor cells (Cornetta et al., 1991; Boris and Temin, 
1994). In addition, viral preparations can theoretically be contaminated with 
replication-competent virus, generated through recombination between re- 
combinant viral sequences and helper or pre-existing proviral sequences to 
regenerate replication competent virus either during preparation or later, after 
successful gene transfer to a host cell. The development of improved packaging 
cell lines that avoid containing the necessary viral genes in a contiguous 
segment of DNA has lowered the probability of a productive recombina- 
tion event. 

Adenovirus 

The development of recombinant adenovirus vectors for in vitro and in vivo 
gene transfer represented a significant advance in somatic cell transduction 
technology (Graham and Prevec, 1992). The main advantages of recombinant 
adenoviruses are their broad host range, their capacity to infect either replicat- 
ing or quiescent cells, the relative ease of preparing the virus in high titers 
(1012-1013/ml), and the lack of an association with human diseases other 
than mild, self-limited respiratory and gastrointestinal syndromes. Human 
adenoviruses are a family of nonenveloped, icosahedral viruses containing a 
linear, 36 kb double-stranded DNA genome. The genome is divided into early 
(E) and late regions in reference to when they are expressed in relation to 
viral DNA replication. Mutant adenoviruses deleted of large portions of viral 
sequence can carry 8 kb or more of foreign DNA. These mutants have typically 
been engineered by deleting segments of the viral genome (e.g., portions of 
E3 or E4) that are not required for viral replication, packaging, or infection 
(Fig. 4). Viral replication requires expression of the ElA and ElB genes, and 
these genes are also deleted from most mutant strains used for generating 
recombinant vectors, rendering the virus replication defective. The deleted 
mutant viruses are propagated in the human embryonal kidney cell line 293, 

partial AEl AE3 

adenoviral genome adenoviral genome 

FIGURE 4. Recombinant adenovirus. The most common mutants used to construct 
recombinant adenovirus vectors contain partial deletions of the El region, rendering 
the vectors replication defective, and additional deletions of either the E3 or E4 regions 
to accommodate transgenes of up to 8 kb in length. 
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which is stably transfected with the deleted El genes, providing the required 
gene products in tram (Haj and Graham, 1986). 

Several different strategies have been developed for inserting a foreign 
transgene into the adenoviral genome. Different strategies take advantage of 
the ability of transfected, naked viral DNA to initiate productive infection, 
resulting in accumulation of infectious virus particles in 293 cells. One popular 
approach uses a shuttle plasmid, derived from a typical bacterial plasmid, 
containing the foreign transgene driven by an appropriate expression cassette 
and flanked by segments of the adenoviral genome. Truncating the El/E3 
deleted mutant virus at the 5’ end deletes the viral packaging signal, generating 
an adenoviral genome that may replicate but cannot be packaged into virions 
in 293 cells. The shuttle plasmid cannot itself replicate in 293 cells, but contains 
the packaging signal missing from the truncated viral DNA. These two purified 
DNAs are cotransfected into 293 cells, and the adenoviral sequences flanking 
the transgene in the shuttle vector are able to mediate a homologous recombi- 
nation event with the truncated adenoviral DNA. The recombination product 
has the capability of both replicating and being packaged into infectious virions 
in the ‘293 cells. Other approaches rely on preparing the entire recombinant 
viral genome as a single large plasmid DNA molecule, propagating the plasmid 
for in vitro manipulation either in Escherichia coli (Ghosh et al., 1986) or in 
yeast (Ketner et al., 1994). The final recombinant vector is still prepared as 
infectious virions by transfecting the purified DNA into 293 cells. 

There are several distinct advantages that recombinant adenoviral vectors 
provide compared with retroviral vectors. Perhaps most importantly, adenovi- 
rus infects a very broad range of cell types and species, and infection with 
subsequent expression of the transgene does not depend on replication of the 
target cell. The recombinant adenovirus remains episomal in most cases, 
largely avoiding the concerns regarding chromosomal integration, although 
integration can occur if the target cell is infected with a very large number 
of virus particles (high multiplicity of infection). Recombinant adenovirus can 
be prepared in very high titer stocks, permitting its use in a variety of in vivo 
testing situations not amenable to other methods of gene transfer. Although 
tumorigenicity of this class of viruses cannot be rigorously excluded, it has 
not been observed to date. 

The disadvantages of recombinant adenovirus relate primarily to its immu- 
nogenicity, which limits persistence of expression secondary to elimination of 
the virus via immune clearance of infected cells (Engelhardt et al., 1994a; 
Kass-Eisler et al., 1994; Yang et al., 1994). In fact, evidence of humoral immu- 
nity against these viruses, indicating prior infection, is evident in the great 
majority of people, which may ultimately limit its clinical utility (Schulick et al., 
1997). The mechanisms responsible for the immune clearance of recombinant 
adenovirus have been defined by experiments using immunocompetent versus 
immunodeficient or immunosuppressed hosts and identification of activation 
of specific components of the immune response directed at viral antigens. 
Virally infected cells may in fact be capable of producing viral proteins in 
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addition to the transgene as a result of “leaky” expression of delayed early 
genes despite deletion of the immediate early genes. It has been postulated 
that such expression is mediated by the activity of host genes that are able 
to complement the missing viral genes. A variety of approaches are currently 
being used in an attempt to circumvent this problem, including generating new 
adenoviral vectors containing further deletions or conditional (temperature- 
sensitive) mutations (Engelhardt et al., 1994b). In fact, vectors devoid of all 
adenoviral genes may be feasible and confer long-term expression in vivo 
(Chen et al., 1997). Conversely, the presence of the E3 region, once thought 
dispensable for recombinant adenoviral function, may in fact confer an immu- 
nological inhibitory function permitting persistent expression (Ilan et al., 
1997a). A unique approach to the problem borrows from the oral tolerization 
strategy that immunologists are using to treat autoimmune disorders such as 
rheumatoid arthritis. Enteral administration of adenoviral antigens can permit 
subsequent parenteral administration of recombinant adenovirus without evi- 
dence of immune clearance, and this tolerance can be adoptively transferred 
(Ilan et al., 1997b). Aside from these immunological issues, nonimmunological 
properties of the virus can negatively influence expression from heterologous 
promoter elements inserted as part of the transgene cassette (Armentano et 
al., 1997). In addition, adenovirus can infect many but not all target cells of 
interest with high efficiency. Adenoviral infection relies on the expression of 
specific membrane surface receptor(s) for the virus. It is believed that certain 
cells express receptors at very low levels or not at all, rendering them relatively 
or absolutely resistant to infection. One such receptor has only recently been 
identified (Bergelson et al., 1997) and its identification and characterization 
should provide additional insight into how adenoviral gene transfer vectors 
and strategies can be improved. 

Adeno-Associated Virus 

Adeno-associated virus (AAV) is a small, defective DNA virus (parvovirus) 
that requires helper adenovirus to propagate in vitro and in vivo (Berns and 
Giraud, 1996). The genome consists of a 4.7 kb linear, single-stranded DNA 
and contains the viral genes rep and cap, which are required for completion 
of the wild-type viral life cycle (Fig. 5). The viral genes are flanked by inverted 
terminal repeat (ITR) sequences, much like the retroviral genomic LTR se- 
quences. By providing the rep and cap functions in tram, recombinant AAV 
can be constructed that contain foreign transgenes flanked only by the ITR 
sequences. Following infection, the wild-type AAV genome can establish itself 
as a provirus by predominantly site-specific integration at a site on human 
chromosome 19 (Samulski, 1993; Linden et al., 1996). However, recent work 
suggests that recombinant AAV vectors do not integrate at specific site(s) 

following infection in vitro &earns et al., 1996; Malik et al., 1997; Ponnazhagan 
et al., 1997). Site-specific integration relies on rep function, and in its absence 
integration occurs only with very high multiplicity of infection and at random 



480 FOX 

- - 
. 1 rep 

wild type - cap - AAV 
ITR ITR 

ITR 

TRANSGENE 
r recombinant 

L 
L AAV 

ITR 

FIGURE 5 Recombinant AAV. This diagrams the structure of the AAV genome, 
consisting of a 4.7 kb linear, single-stranded DNA. In recombinant AAV, the interven- 
ing rep and cap genes are deleted, and the transgene is inserted between the inverted 
terminal repeat (ITR) sequences. 
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recombinant AAV vectors integrate 
in vivo is currently the focus of intense 

or 
in- 

vestigation. 
Recombinant AAV can achieve persistent expression of inserted trans- 

genes, especially when delivered to skeletal (Kessler et al., 1996; Xiao et al., 
1996; Fisher et al., 1997) cardiac (Kaplitt et al., 1996) and even vascular 
smooth (Arnold et al., 1997) muscle. In these settings the potential of AAV 
to mediate gene transfer in the treatment of cardiovascular diseases is readily 
apparent. Currently the successful application to a wide variety of disorders 
is limited by difficulties in preparation of the vector in high titer and free of 
contaminating adenovirus. However, it may soon be useful for disorders that 
require systemic delivery of even minute quantities of gene product, such as 
hemophilia (L. Chen et al., 1997; Koeberl et al., 1997). Alternatively, exqui- 
sitely targeted therapy may be successful, as recently illustrated by the use of 
AAV transfer to the hypothalamus for the treatment of hypertension (Phillips, 
1997; Phillips et al., 1997). The development of recombinant AAV for gene 
therapeutics is still in its infancy but should develop rapidly and holds great 
promise. 

Other Viral Vectors 

In addition to retrovirus, adenovirus, and AAV, investigators are adapting 
several other viruses for use in cardiovascular gene therapy. Herpes simplex 
virus type 1, though typically regarded as a neurotrophic virus most suitable for 
neuronal gene therapy, has shown some potential for targeting cardiovascular 
diseases (Mesri et al., 1995; Coffin et al., 1996). The finding that recombinant 
herpes simplex gene transfer vectors can efficiently transfer genes to the 
myocardium (Coffin et al., 1996) is perhaps not surprising when viewed in the 
context of older reports of clinical (McFarlane et al., 1985; Goodman, 1989) 
and experimentally modeled (Grodums et al., 1981) herpes myocarditis. 
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Whether herpes will prove to be superior to other viral vectors cannot be 
judged on the basis of current experience. Other viral vector systems that are 
in very early phases of development as in vivo gene transfer vectors include 
Sindbis (Herweijer et al., 1995; Dubensky et al., 1996) vaccinia (Jolly, 1994) 
simian virus 40 (Strayer and Milano, 1996) baculovirus (Hofmann et al., 1995; 
Boyce and Bucher, 1996) and even human immunodeficiency virus type 1 
(Garcia and Miller, 1994; Emerman, 1996). Undoubtedly, other viruses includ- 
ing the both the positive-strand (alphavirus) (Frolov et al., 1996) and negative- 
strand (Palese et al., 1996) RNA viruses will be developed as vector systems 
in the years to come. The exquisite efficiency with which they can deliver 
genetic material to susceptible cells makes them very attractive gene transfer 
agents, and their practical use is limited by our knowledge of their basic 
virology, the ease with which their genome can be manipulated, and the safety 
with which recombinant derivatives can be administered (Smith, 1995). 

Semisynthetic Conjugates 

Recombinant viral vectors offer unparalleled efficiency of gene transfer to a 
broad range of cellular targets but there are considerable challenges in 
manipulating viral genomes and ensuring safety. The general theme of using 
a specific molecule (in this case the viral coat protein) as a means of receptor- 
mediated entry into the cell has been approached in some alternative ways 
(Michael and Curiel, 1994). Semisynthetic conjugates based on adenovirus- 
mediated cellular entry and escape from lysosomal degradation have been 
prepared from both human (Cotten et al., 1992) and avian (Cotten et al., 1993) 
adenoviruses. These gene transfer vehicles use an inactivated or replication 
defective adenovirus covalently modified with poly-L-lysine to incorporate 
naked DNA in a complex that is recognized by the viral receptor, thus permit- 
ting uptake and subsequent expression of the DNA. The high efficiency of 
adenoviral infection is due in large part to the ability of the viral capsid protein 
to disrupt the endosome prior to formation of the endolysosome, thus releasing 
the viral particle into the cytoplasm and avoiding degradation. The semisyn- 
thetic complexes take advantage of this endosomolytic activity. The polylysine 
moiety serves as a DNA-binding polycation, forming an electrostatic conden- 
sate with the DNA (plasmid or other form). A similar approach takes advan- 
tage of the ability of the Sendai virus (hemagglutinating virus of Japan) to 
mediate membrane fusion, and complexes of inactivated Sendai virus, DNA, 
and liposomes have been used successfully to transfer genes in vivo (Dzau et 
al., 1996). Other approaches have used semisynthetic virus-polylysine : DNA 
complexes that also incorporate natural ligands to target gene transfer via a 
specific receptor. For example, complexes containing transferrin (Wagner et 
al., 1992b) or asialo-orosomucoid (Fisher and Wilson, 1994) have demon- 

strated such receptor-specific targeting of adenoviral-assisted gene transfer. 
Newer approaches are being developed that use purified viral peptides that 
mediate endocytosis and endosomolysis incorporated in a completely synthetic 
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complex with naked DNA (Plank et al., 1992; Wagner et al., 1992a). Such 
synthetic complexes may someday replace recombinant virions as gene transfer 
vectors (Remy et al., 1995). 

Oligonucleotides 

A variant on the naked DNA approach to altering gene expression is the use 
of short synthetic DNA or RNA molecules to inhibit rather than enhance 
gene function. These molecules rely principally on their ability to recognize 
their targets in a sequence-specific manner. Oligodeoxynucleotides, single- 
stranded DNA molecules typically less than 30 bases in length, have enjoyed 
the most attention because of their relative ease of preparation and dose- 
dependent activity in a variety of applications. The most common use of 
oligonucleotides in the setting of gene therapy is to use the antisense, or 
minus, strand to interfere with the synthesis, processing, or function of messen- 
ger RNA (mRNA), representing the sense, or plus, strand. Antisense oligonu- 
cleotides may act to inhibit the expression of the gene by a variety of mecha- 
nisms, including interfering with transcription of the chromosomal DNA or 
the processing of pre-mRNA into mature mRNA, directing premature degra- 
dation of the partially double-stranded, mRNA-oligoDNA duplex, or inhibit- 
ing translation by preventing the proper interaction of the mRNA with the 
protein synthetic apparatus of the cell (Stein and Cheng, 1993). Another 
application of oligonucleotides is to form a triple-stranded DNA complex 
between the chromosomal DNA of the gene and the single-stranded oligonu- 
cleotide, resulting in a block to RNA transcription (Kinniburgh et al., 1994; 
Reynolds et al., 1994) or recombinatorial mutational gene conversion (Wang 
et al., 1995; Faruqi et al., 1996). Although an attractive concept, development 
of the triplex approach is in the early stages. Oligonucleotides can be delivered 
in solution without modification, applied as a biocompatible gel that slowly 
dissolves (Simons et al., 1992a), complexed with liposomes or as conjugated 
with inactivated viruses (Morishita et al., 1993a), or carried with other enhanc- 
ing chemical modifications such as covalent linkage to cholesterol (Krieg et 
al., 1993). 

Although an attractive concept, the successful application of antisense oli- 
gonucleotides to inhibiting gene expression can be problematic. The natural 
structure of the phosphodiester backbone makes the synthetic oligonucleotides 
quite sensitive to destruction by cellular nucleases, a problem partially over- 
come by the use of chemical modifications (phosphorothioate, methylphospho- 
nate, or phosphorodithioate derivatization). One novel approach substitutes 
the phosphodiester linkages of the backbone with amide bonds, creating so- 
called peptide nucleic acids that are nuclease resistant (Hanvey et al., 1992). 
Beyond these issues of stability, efficacy and especially specificity can be 
difficult to demonstrate. Many cell systems respond to seemingly unrelated 
sequences in a similar fashion as to the antisense sequence, suggesting interac- 
tions with unintended targets (Stein and Cheng, 1993; Burgess et al., 1995; 
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Villa et al., 1995; Wang et al., 1996). In addition to potentially interacting 
with unintended DNA or RNA targets, oligonucleotides may also interact 
with a variety of cytoplasmic and nuclear proteins (Brown et al., 1994; Bergan 
et al., 1995). If intended, this may represent an effective gene targeting strategy; 
however, it is not the goal of most oligonucleotide experiments. Oligonucleo- 
tides can also interact with proteins that normally do not bind nucleic acid, 
simply by virtue of chance complementarity in their tertiary structure (so- 
called aptamers) (Bock et al., 1992). The specificity of this interaction can 
be quite precise and can be exploited as an alternative approach to drug 
development. For example, RNA aptamers have been identified through func- 
tional screening that inhibit a specific isoform of the signal transduction mole- 
cule protein kinase C (Conrad et al., 1994). In fact, phosphorothioate modifi- 
cation of oligonucleotides, intended to simply render these molecules resistant 
to degradation, may limit their specificity. Compared with minimally modified 
or unmodified oligonucleotides, phosphorothioate-modified oligonucleotides 
bind more avidly to a variety of cytoplasmic and nuclear proteins and may 
bind nuclear transcription factors in a nonspecific fashion (Brown et al., 1994). 
Despite these caveats that may compromise the usual intended use of oligonu- 
cleotides, many studies have successfully applied antisense oligonucleotides 
to models of gene therapy, including cardiovascular problems such as inhibiting 
restenosis following angioplasty (see below). 

Antisense RNA and Ribozymes 

Vectors expressing RNA molecules that do not encode proteins are also 
potential therapeutic agents. Antisense RNAs are used like antisense oligos 
to inhibit gene expression but differ substantially in vector design and probable 
mechanism of action. Delivery of antisense RNA relies on the ability to 
transfer a comparatively long stretch of DNA encoding the gene of interest, 
but with the gene inserted in the gene transfer vector in the opposite, or 
antisense, orientation. Plasmid DNA, retroviruses, and adenoviruses have 
all been used as antisense RNA gene transfer vectors, and their use is sub- 
ject to the same caveats and limitations inherent in the general use of 
these vectors. However, several reports have documented the potential 
utility of the antisense RNA approach in the cardiovascular system (Du and 
Delafontaine, 1995; Delafontaine et al., 1996; Fox and Shanley, 1996; Lu et 
al., 1996; Zhang et al., 1996; Hanna et al., 1997). 

Single-stranded RNA molecules may also possess catalytic activity (ribo- 
zymes). The structure and activity of therapeutic ribozymes are based on 
naturally occurring, autocatalytic RNAs that possess both recognition and 
catalytic domains targeted to another portion of the same RNA molecule 
(substrate) that requires hydrolytic cleavage for maturation of the entire mole- 

cule. Engineered ribozymes are designed to possess recognition domains that 
target a heterologous transcript (target gene activity to be altered) rather than 
recognizing another portion of the same molecule (Altman, 1993; Sullivan, 
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1994). Ribozymes have been developed mainly with the intention of destroying 
their intended target, and this strategy has been applied to vascular smooth 
muscle cells (Gu et al., 1995; Jarvis et al., 1996). However, these catalytic 
RNA molecules can also be engineered to replace stretches of RNA by a 

trans-splicing mechanism, suggesting a unique approach to gene therapy of 
defective messenger RNA molecules (Sullenger and Cech, 1994). Although 
this type of defect is not recognized as contributing to a large number of 
diseases, this approach may well be applied to special problems for which it 
is particularly well suited. 

TARGETING SPECIFIC ORGANS FOR THERAPEUTIC 
GENE TRANSFER 

Skeletal Myoblasts and Muscle Fibers as Gene Therapy Vehicles 

Skeletal myoblasts can be removed from adult animals, cultured, and geneti- 
cally modified in vitro. Gene transfer has been accomplished in cultured 
myoblasts by many of the naked DNA and viral vector methods discussed 
above and then reimplanted where they fuse with the skeletal myofibers and 
continue to express the transgene (Blau et al., 1993; Rando and Blau, 1994). 
The transgene can be therapeutic for the target muscle, as in the heritable 
muscular dystrophies (Gussoni et al., 1992; Morgan et al., 1992) or can be a 
gene whose product (for example, growth hormone) is targeted to other tissues 
(Barr and Leiden, 1991; Dhawan et al., 1991). Plasmid DNA (Jiao et al., 1992; 
Wolff et al., 1992), recombinant adenoviral vectors, and AAV vectors have 
all been used to achieve direct in vivo gene transfer to skeletal muscle. Some 
investigators have found that naked DNA may be superior to viral methods 
because of either low infectivity of viral vectors for terminally differentiated 
muscle (Davis et al., 1993; Acsadi et al., 1994) or the now well-recognized 
immune response that often limits the persistence of adenoviral-mediated 
gene transfer with most of the generally available recombinant adenoviral 
vectors (Davis et al., 1993). This situation is evolving, however, with the 
development of AAV and improved adenoviral vectors (see above). Despite 
these controversies, genetic modification of skeletal muscle in vivo has been 
studied for the treatment of muscular dystrophy (Quantin et al., 1992; Ragot 
et al., 1993) and in the systemic delivery of erythropoietin (Tripathy et al., 
1994) and Factor IX (Yao et al., 1994). More recently, plasmid DNA gene 
transfer has been used in attempts to express physiologically meaningful levels 
of vascular endothelial growth factor in skeletal muscle (discussed in more 
detail below). 

Vascular Gene Transfer In Viva: Plasmid DNA, Retrovirus 

Early attempts at in vivo vascular gene transfer utilized plasmid DNA- 
liposome transfer vehicles. These experiments demonstrated that marker 
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genes (1acZ or the firefly luciferase genes) could be transferred to coronary 
or peripheral arteries of the dog first using surgical exposure of the vessels 
(Lim et al., 1991) and later a percutaneous catheter-based approach (Chapman 
et al., 1992) to achieve delivery of the genetic material. Subsequent work 
demonstrated that plasmid DNA-liposomal gene transfer by a percutaneous 
approach was applicable to atherosclerotic as well as normal arteries in a 
rabbit model (Leclerc et al., 1992). More recent work has shown that the 
efficiency of transfection with plasmid DNA can be improved through its 
delivery as a gel coating an intravascular balloon catheter (Riessen et al., 
1993). Although considered safe from the perspective of toxicity and side 
effects, gene transfer using DNA-liposomes is of generally low efficiency. 

In an effort to improve on these results and extend the experience gained 
with vascular cells ex vivo, protocols using recombinant retrovirus have been 
developed. As discussed above, retroviral-mediated gene transfer requires 
host cell division at the time of infection, limiting this approach to actively 
dividing cells. In addition, in vivo gene transfer requires very high titer solu- 
tions of recombinant retrovirus, which are rapidly inactivated by serum. De- 
spite these technical hurdles, recombinant retrovirus expressing 1acZ has been 
used to demonstrate direct in vivo gene transfer to the iliofemoral artery of 
pigs (Nabel et al., 1990). These investigators used a double-balloon catheter 
to create an isolated luminal segment of a surgically exposed vessel, which 
could then be emptied of blood and serum prior to the instillation of the viral 
solution. The same objective of exposing the arterial wall to recombinant 
retrovirus while avoiding exposure to serum was achieved in the rabbit aorta 
using an angioplasty balloon containing microscopic perforations (Wolinsky 
balloon) that allowed the delivery of the viral solution as high pressure jets 
directed orthogonal to the vessel wall (Flugelman et al., 1992). Despite variable 
and generally low efficiency of gene transfer, these results demonstrated the 
feasibility of retroviral gene transfer in vivo and were followed by a series of 
experiments designed to show that specific genes transferred using retrovirus 
could play a pathogenic role in the response to vascular injury. These are 
discussed in detail in the section below describing gene transfer specifically 
targeted to the problem of vascular injury. 

Vascular Gene Transfer In Viva: Recombinant Adenovirus, Other Viruses 

The most efficient means of achieving in vivo vascular gene transfer developed 
to date is recombinant adenovirus. As reviewed above, these vectors can be 
prepared in very high titer (suitable for in vivo applications) and infect a broad 
range of both dividing and nondividing cells. Experiments have demonstrated 
efficient adenovirus-mediated gene transfer to the vasculature using lacZ, 
alkaline phosphatase, and luciferase marker genes (Guzman et al., 1993a; Lee 

et al., 1993; Lemarchand et al., 1993; French et al., 1994; Steg et al., 1994). These 
studies have shown that gene transfer mediated by recombinant adenovirus is 
more efficient than recombinant retrovirus or DNA-liposomes, but is tran- 
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sient, peaking at 7-14 days, declining by 21 days, and becoming undetectable 
by 28 days. Infection and gene transfer appears to be limited to endothelium 
if the virus is delivered to uninjured arteries, and infection of medial smooth 
muscle cells requires denudation of the endothelium and either balloon over- 
stretch or hydrostatic pressure distention. There is evidence that the internal 
elastic lamina presents a physical barrier to the delivery of viral particles to 
the media (Rome et al., 1994) which may explain the need for mechanical 
disruption (if only transient) of normal tissue architecture. The lack of persis- 
tence of transgene expression is thought to be mediated by the same or similar 
immune clearance mechanisms as those discussed above, and at least one 
group has reported finding a perivascular mononuclear infiltrate following 
successful adenoviral gene transfer to porcine coronary arteries (French et 
al., 1994). Interestingly, this group found that intracoronary gene transfer of 
recombinant adenovirus delivered intramurally by the Wolinsky balloon was 
equally efficient in normal, balloon overstretch-injured, atherosclerotic, and 
oversized stent-injured arteries. A number of similar studies have confirmed 
these observations regarding the efficiency and degree of persistence of recom- 
binant adenovirus in the myocardium. More recently, recombinant AAV has 
shown promise as an efficient, persistent myocardial gene transfer agent 
(Kaplitt et al., 1996) but the experience with this vector system is currently 
limited. Similar approaches using other viruses are discussed in the section 
on gene transfer vectors. 

APPROACHES TO GENE THERAPY OF 
CARDIOVASCULAR DISEASES 

Postangioplasty Restenosis 

Restenosis remains the primary limitation of the long-term success of angio- 
plasty. Most of the strategies for gene therapy of restenosis target smooth 
muscle cell proliferation. Many studies have documented the importance of a 
variety of growth factors, cytokines, cell surface receptors, cytoplasmic second 
messengers, and cell cycle regulatory factors in controlling smooth muscle 
cell proliferation (Casscells, 1991). For example, local expression of acidic 
fibroblast growth factor (FGF) (Nabel et al., 1993~) platelet-derived growth 
factor-B (Nabel et al., 1993b), transforming growth factor-p1 (Nabel et al., 
1993a), and angiotensin-converting enzyme (Morishita et al., 1994a) can all 
produce neointimal hyperplasia or hypertrophy (either de nova or in response 
to vascular injury) in animal models. 

Basic FGF (bFGF), a potent smooth muscle cell mitogen, stimulates prolif- 
eration through activation of cell surface FGF receptors. Antibodies targeting 
bFGF (Lindner and Reidy, 1991) or bFGF-conjugated mitotoxins internalized 
through FGF receptors (Casscells et al., 1992) can attenuate the response to 
experimental arterial injury. Expression of an antisense bFGF RNA inhibits 
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bFGF expression and triggers apoptosis or programmed cell death (Fox and 
Shanley, 1996) as does overexpression of a dominant-negative FGF receptor 
(T. Miyamoto et al., 1997). The roles that expression of bFGF and autocrine 
FGF signaling play have been investigated in vivo by manipulating either 
bFGF ligand or FGF receptor activity in an arterial injury model. Gene transfer 
of these vectors attenuates the response to arterial injury, with evidence of 
apoptosis in the neointimal layer of the vessel wall (A. Hanna, D. Neschis, 
T. Miyamoto, M. Golden, and J.C. Fox, unpublished results). These results 
suggest that genetic manipulation of FGF signaling may reduce or prevent 
the response to arterial injury (Hanna et al., 1997). 

Some investigators have pointed out that many growth factors and cytokines 
are not smooth muscle specific and that the signal transduction pathways of 
several mitogen-activated receptors converge on a common set of cell cycle 
regulatory factors. Another approach has been to target such nuclear regula- 
tory factors that are expressed or are required for progression through the 
cell cycle in all cells as a means of targeting a central pathway common to 
the actions of many growth factors and cytokines. A number of previously 
recognized protooncogenes like c-myc and c-myb are expressed by many cell 
types in response to mitogens, including smooth muscle cells, and participate 
in normal progression through the cell cycle. Antisense oligodeoxynucleotides 
directed against these genes are effective in inhibiting smooth muscle cell 
proliferation in vitro. Delivered either to the luminal or adventitial surface, 
antisense oligodeoxynucleotides directed against c-myb (Simons et al., 1992a) 
or c-myc (Bennett et al., 1994; Shi et al., 1994) can attenuate the neointimal 
response to vascular injury in animal models. Other genes known to be ex- 
pressed by actively dividing cells that can be targeted to attenuate neointimal 
thickening in animal models include proliferating cell nuclear antigen (Simons 
et al., 1994) and nonmuscle myosin heavy chain (Simons, 1992b). 

Recent progress with genes that more directly control progression through 
the cell cycle has identified cyclins and their associated cyclin-dependent ki- 
nases (CD&) whose activities in concert are required for proper cell cycling. 
These genes have been targeted by antisense oligodeoxynucleotides as well, 
and it was recently demonstrated that inhibition of at least two of these 
essential (though potentially redundant) components was required to achieve 
nearly complete inhibition of proliferation whereas each oligodeoxynucleotide 
alone was partially effective (Morishita et al., 1993a, 1994). All of these oligo- 
deoxynucleotide approaches are subject to the technical caveats and limita- 
tions discussed in the earlier section on the use of these agents to modify gene 
expression. Recent data regarding the nonspecific, nonsequence-dependent 
or aptameric effects of oligonucleotides have fueled continued controversy 
regarding the ultimate utility of oligos as therapeutic agents, dampening enthu- 
siasm for their use in this context. 

Other recent gene transfer experiments have been reported that demon- 
strate effective inhibition of neointimal thickening in the rat carotid injury 
model by targeting cell cycle regulatory proteins. A nonphosphorylatable 
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analog of the cell cycle regulatory protein Rb (the retinoblastoma gene prod- 
uct) can inhibit smooth muscle cell proliferation in vitro and neointimal thick- 
ening in vivo (Chang et al., 1995). Phosphorylation of Rb is required for 
normal cell cycle progression, and the presence of the nonphosphorylatable 
analog serves as a dominant-negative regulator preventing cell cycle progres- 
sion. Similarly, overexpression of the CDK inhibitor p21 induces smooth 
muscle cell cycle arrest in vitro and attenuates neointimal thickening in vivo 
(Yang et al., 1996). 

In other recent studies, nitric oxide synthase (NOS) expression targeted to 
vascular smooth muscle cells following arterial injury has been demonstrated 
to inhibit neointimal thickening (Von der Leyen et al., 1995). Prior to this 
study, a number of observations suggested that local production of NO serves 
as a negative growth regulatory signal for vascular smooth muscle cells. It was 
postulated that the loss of endothelium following vascular injury, in addition to 
exposing the vascular smooth muscle cells directly to the circulation, leads 
to the loss of this negative growth regulatory influence. This gene transfer 
experiment suggests that the loss of local NO production contributes to the 
hyperplastic response following injury and that restoration of NO production 
to physiological levels may partially ameliorate this response. 

All of these strategies that target growth factors, protooncogenes, cell cycle 
regulatory proteins, and signaling molecules that are common to many if not 
all cells means that specificity is generated strictly by delivery techniques or 
the use of tissue-restricted expression vectors. Further refinements in the 
design and delivery of gene therapy vectors suggests that several of these 
experimental approaches may well turn out to be practical for routine clinical 
use. These experiments also demonstrate the important principle that the 
delivery and expression of gene-enhancing or -inhibiting vectors may be effi- 
cient enough at the present stage of development to be physiologically mean- 
ingful. Further efforts are underway to continue to improve the technology 
for vascular cell gene transfer and drug delivery, and research on the molecular 
mechanisms controlling smooth muscle cell behavior continues to provide the 
rationale for choosing appropriate molecular targets for future intervention. 

Myocardial Gene Therapy 

The development of gene transfer methods for the heart has followed a parallel 
track to that of gene transfer to the vasculature. Approaches have included 
direct application of naked DNA, DNA complexed to liposomes, and recombi- 
nant adenovirus. Transgenic mice have already demonstrated the potential of 
transferred genes to alter myocardial cellularity, mass, proliferative capacity, 
and contractile function (Field, 1988; Jackson et al., 1990; Gruver et al., 1993; 
Milan0 et al., 1994a,b). These elegant studies give a glimpse of the potential 
for gene therapy of the heart to treat ischemic, congestive, or hypertrophic 
cardiomyopathies. As the fields of disease gene identification, molecular patho- 
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physiology, and in vivo gene transfer continue to converge 
intervene in the diseases of the heart continues to grow. 

, the potential to 

Direct Myocardial Injection of Plasmid DNA 

Direct injection of DNA into the myocardium leads to measurable gene 
expression (Lin et al., 1990; Acsadi et al., 1991) which is patchy in distribution 
and limited to cardiomyocytes at the injection site. This suggests that uptake 
and expression of foreign DNA is a low frequency event despite exposure of 
a large number of cells to many copies of the DNA. Direct myocardial injection 
of plasmid DNA produces an acute inflammatory cell infiltrate along the 
needle track, as well as subsequent foci of fibrosis at the injection site, repre- 
senting an inflammatory host reaction to plasmid DNA independent of trans- 
gene expression. The issues of efficiency and host tissue responses limit the 
clinical usefulness of this approach, but direct injection of plasmid DNA into 
the beating heart in situ demonstrated the feasibility of gene transfer in vivo 
to nondividing, functioning cardiomyocytes. This approach has been used to 
study the tissue-specific (Buttrick et al., 1992, 1993; von Harsdorf et al., 1993) 
or hormone-responsive (Kitsis et al., 1991) expression of transferred genes in 
the myocardium. These studies have documented important differences in the 
regulation of tissue-specific gene expression in vivo as opposed to in vitro and 
illustrate a major contribution of in vivo gene transfer to the study of molecular 
pathophysiology. Such an approach could conceivably be used to define the 
molecular mechanisms whereby altered gene expression or mutated gene 
products contribute to cardiac disease, as in hypertrophic cardiomyopathy or 
heart failure. Direct myocardial injection of DNA is, therefore, potentially 
useful for such analytical approaches. Because of low efficiency and lack of 
persistent expression, however, this technique is probably not of any signifi- 
cant therapeutic value. It has been largely superseded by other approaches, 
chiefly the use of viral gene transfer vectors such as recombinant adenovirus 
and AAV. 

Myocardial Gene Transfer Using Recombinant Adenovirus 

An early report of myocardial gene transfer using recombinant adenovirus 
used intravenous delivery, resulting in gene transfer to a variety of tissues 
including the heart (Stratford-Perricaudet et al., 1992). One of the most in- 
triguing findings was the persistence of transgene expression in mice injected 
as neonates. It has been speculated that the ability of the adenovirus to remain 
stable in the mouse tissues for many months reflects the lack of complete 
immune competence in neonates, especially of cell-mediated immunity (see 
below). Selective adenoviral gene transfer to myocardium has been achieved 

through the use of intramyocardial injection (Guzman et al., 1993b; French 
et al., 1994) and via percutaneous, catheter-based approaches targeting either 
the coronary vasculature (French et al., 1994) or the myocardium (or both) 
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(Barr et al., 1994). These studies reflect the great therapeutic potential of 
vascular and myocardial gene therapy, but are all limited by the rapid disap- 
pearance of genetically modified cells secondary to cellular immune responses. 
Despite vastly improved gene transfer efficiency, these studies noted that 
adenoviral gene transfer was limited in duration, similar to gene transfer using 
plasmid DNA. Direct injection produces a local inflammatory cell infiltrate, 
consistent with the studies using plasmid DNA. Although partially due to a 
nonspecific reaction to the mechanical trauma of direct injection (as measured 
by the presence of CD44+ leukocytes), a significant component of the inflam- 
matory infiltrate consisted of CD8+ T lymphocytes. Percutaneous, transcoro- 
nary delivery also leads to complete loss of expression over several weeks 
and correlates with physical loss of the vector DNA. However, the lack of 
transgene expression in this study was not associated with an inflammatory 
infiltrate or any evidence of scarring or fibrosis of the target tissue (Barr et 
al., 1994). The immunological basis for these different observations has not 
been clarified. 

Recent studies designed to specifically address the lack of persistence of 
adenoviral gene transfer in immunocompetent animals have documented a 
cell-mediated immune response directed against adenovirally infected cells 
(Engelhardt et al., 1994a; Kass-Eisler et al., 1994; Yang et al., 1994). These 
studies point out the weaknesses of the currently available adenoviral vectors 
and have helped spur development of improved vector designs based on a 
better understanding of the biology of the recombinant adenovirus and the 
associated host response to infection. These results also emphasize the role 
that careful monitoring of local tissue reactions and systemic immune re- 
sponses play in evaluating these emerging gene transfer technologies. The 
recent progress made in the application of recombinant AAV to myocardial 
gene transfer may supersede the routine use of adenovirus (Kaplitt et al., 
1996) but there are other technical challenges to establishing AAV as a 
routine gene transfer vector that were discussed above. 

The issues of persistent expression and immune clearance aside, recombi- 
nant adenoviral vectors have been used to demonstrate some of the therapeutic 
potential of direct genetic modification of the myocardium. By analogy to 
some of the transgenic mouse studies cited above (Milan0 et al., 1994a,b), 
adenoviral gene transfer of either a /3-adrenergic receptor gene or a vector 
encoding a peptide antagonist for the desensitizing receptor kinase can potenti- 
ate P-adrenergic signaling in cultured adult cardiomyocytes (Drazner et al., 
1997). Treatment of cardiac allografts with recombinant adenovirus encoding 
the immunomodulatory cytokine transforming growth factor-p appears to 
prolong allograft survival by interfering with T lymphocyte-mediated immune 
functions (Qin et al., 1996). These published experiments offer a glimpse of 
the types of problems investigators are targeting by in vivo gene transfer 
techniques. Ischemic, hypertrophic, and congestive cardiomyopathies, trans- 
plant myopathy and arteriopathy, and metabolic storage diseases are all under 
intense investigation as targets for gene therapy. 
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Angiogenic Therapy for Arterial Insufficiency 

Both angioplasty and reconstructive surgery are effective treatment options 
for many patients with either coronary or peripheral arterial insufficiency, 
restoring perfusion and resulting in the alleviation of symptoms. However, 
these procedures are associated with considerable risks, notably restenosis 
after angioplasty, complications of coronary bypass surgery, and cardiac com- 
plications of peripheral vascular surgery. In addition, the severity and progres- 
sive nature of atherosclerotic vascular disease often limit these treatment 
options. A major advance in treating arterial insufficiency would be an effective 
means of promoting collateralization of ischemic tissue through angiogenesis. 
Approaches to promoting angiogenesis have focused primarily on bFGF and 
vascular endothelial growth factor (VEGF). 

Basic FGF and related proteins are potent angiogenic agents when adminis- 
tered as peptides (Unger et al., 1994; Lazarous et al., 1995). Exogenous FGFs 
stimulate the expression of endogenous FGFs as well as VEGF. Overexpres- 
sion of bFGF in vitro can promote mitogenesis and lead to a transformed 
phenotype, or it can promote differentiation. bFGF is synthesized without a 
secretory signal peptide, so it does not exit cells via the classic secretory 
pathway but is instead exported by an alternate pathway (Florkiewicz et al., 
1995). Physiological studies suggest that an increased local expression and 
cellular release of bFGF mediates angiogenesis selectively in response to 
ischemia (Walgenbach et al., 1995). When ectopically expressed in transgenic 
mice, bFGF has only subtle effects on cell growth (Coffin et al., 1995) with 
its protective influence perhaps brought out only in the setting of ischemic 
tissue damage (MacMillan et al., 1993). These observations provide the basis 
for bFGF as a candidate for gene therapy of ischemic arterial insufficiency. 

VEGF promotes endothelial cell proliferation, microvascular hyperperme- 
ability, and angiogenesis (Neufeld et al., 1994; Thomas, 1996). VEGF is essen- 
tially an endothelial cell-specific cytokine since expression of VEGF receptors 
is largely restricted to this cell type. In addition to promoting new vessel 
formation in areas of normal perfusion, the expression of both VEGF and its 
receptors is enhanced by tissue ischemia or hypoxia, thus rendering ischemic 
capillary beds more responsive to VEGF. Available data implicate VEGF as 
a potential mediator of a spontaneous angiogenic response to ischemia and 
have led to experiments documenting its efficacy in enhancing this process in 
experimental models and provided rationale for gene therapy strategies for 
delivering the VEGF gene to ischemic tissue beds. Gene transfer of a plasmid 
DNA encoding VEGF can promote the enhanced formation of collaterals in 
an ischemic hindlimb model (Tsurumi et al., 1996). A recombinant adenovirus 
encoding VEGF administered as a suspension in basement membrane extract 
(Matrigel) and injected subcutaneously into mice results in detectable VEGF 

protein in the su rrounding tissues UP to 3 weeks a .fter injection, with histologi- 
cal evidence of neovascularizatio n( Muhlhauser et al., 1995). Similarly, cul- 
tured fibroblasts transduced in vitro with a recombinant h .erpes viral vector 
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encoding VEGF suspended in Matrigel and injected subcutaneously into syn- 
geneic mice resulted in a detectable angiogenic response (Mesri et al., 1995). 
The area of therapeutic angiogenesis is generating great interest, and both 
preclinical and clinical investigations using plasmid DNA encoding VEGF 

are currently in progress (Isner et al., 1995, 1996). 

Gene Therapy of Lipid Disorders 

A discussion of gene therapy of cardiovascular diseases would be incomplete 
without consideration of the approaches being developed to alter noncardiac 
diseases with serious cardiovascular consequences. The dyslipidemias are a 
heterogeneous group of syndromes caused by a complex array of genetic and 
environmental factors. The existence of monogenic diseases (such as familial 
hypercholesterolemia [FH]) and the generation of transgenic or knockout 
mice corresponding to individual components of lipid metabolism have helped 
identify potential targets for gene therapy of lipid disorders. 

The liver is one of the major sites of both synthesis and catabolism of 
lipoproteins with cardiovascular consequences. Most of the current efforts in 
the area of gene therapy for lipid disorders are therefore focused on liver- 
directed gene therapy. The liver participates in a wide spectrum of other 
disorders, so a full discussion of liver-directed gene therapy is beyond the 
scope of this discussion (for recent reviews, see Wilson and Grossman, 1993; 
Strauss, 1994). Several important concepts are worth mentioning. First, hepato- 
cytes retain the capacity to proliferate in vivo and in vitro, and this means 
that recombinant retroviruses can be suitable vectors for hepatic gene transfer. 
Second, the capacity to proliferate and therefore regenerate in vivo provides 
a ready source of autologous hepatocytes for schemes using ex vivo genetic 
modification and reimplantation. Third, hepatocytes have the ability, like bone 
marrow cells, to “home in” on their organ of origin when reinfused into the 
circulation (Ponder et al., 1991) another advantage for ex vivo modification 
and reimplantation strategies. Fourth, the liver is naturally a site of filtration 
of the circulation, with a fenestrated endothelium that permits direct contact 
between the circulation and a large surface area of hepatic parenchyma, ren- 
dering the liver perhaps more susceptible than many other organs to gene 
therapy vectors. In fact, many studies of adenoviral gene transfer targeted to 
other organs have noted prominent (and unintended) gene transfer to the liver. 

Liver-directed gene therapy for lipid disorders has focused mainly on FH, 
caused by mutations in the LDL-R. Replacement of the defective gene can 
potentially cure this progressive, fatal disease, as the metabolic defect is com- 
pletely corrected by orthotopic liver transplantation (Bilheimer et al., 1984). 
Using the WHHL rabbit model, it has been demonstrated that autologous 
hepatocytes can be harvested, modified ex vivo with a recombinant retrovirus, 
and reimplanted, resulting in at least temporary improvement in hyperlipid- 
emia ( Wilson 
of the first cli 

et al. 
nical 

7 1990). This approach was eventually developed for one 
applications of gene therapy, and the initial experience 
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with an FH patient has been reported (Grossman et al., 1994). Although 
an important milestone, this approach still requires surgical harvest (partial 
hepatectomy), considerable ex viva manipulation of the patient’s hepatocytes, 
and the use of recombinant retroviral vectors (with the caveats discussed in 
the appropriate section above). For these reasons, future approaches to gene 
therapy for FH will likely rely on strategies that can achieve high efficiency 
gene transfer in vivo, such as recombinant adenovirus. 

The principle of adenoviral gene transfer to the liver in vivo has been well 
demonstrated (see reviews cited above). With respect to FH, delivery of a 
recombinant adenovirus encoding the LDL-R acutely accelerates the clear- 
ance of circulating LDL in normal mice (Herz and Gerard, 1993). In a murine 
charicature of gene therapy for the human disease, adenovirally mediated 
transfer of the LDL-R gene to the liver of LDL-R knockout mice corrects 
the hypercholesterolemia associated with a complete lack of functional LDL- 
R (Ishibashi et al., 1993). This same approach has been successful when 
applied to the WHHL rabbit (Kozarsky et al., 1994), and has been applied 
to hepatocytes from FH patients in vitro (Kozarsky et al., 1993). 
Interestingly, gene transfer of the recently cloned very low density lipoprotein- 
R can also ameliorate the hyperlipidemia characteristic of LDL-R deficiency 
(Kozarsky et al., 1996). Although the usefulness of the current generation of 
adenoviral gene transfer vectors in the setting of liver-directed gene therapy is 
limited by the lack of persistence due to immunological clearance mechanisms, 
improvements in vector design will eventually make in vivo gene transfer the 
method of choice for genetic correction of FH. In addition, this entire effort 
provides an instructive paradigm for the treatment of a range of disorders of 
hepatic origin or amenable to the hepatogenous synthesis and delivery of 
therapeutic proteins to the circulation. 

CONCLUSIONS 

Gene therapy for cardiovascular disease, though early in its development, offers 
great potential for providing novel therapeutic approaches to difficult clinical 
problems. Since the late 1980s there has been an explosive growth in gene trans- 
fer technologies, with many variations in both synthetic DNA and recombinant 
viral technologies being successfully developed and applied to cellular and ani- 
mal models of gene transfer in vitro and in vivo. Improvements in the structure 
and function of expression vectors, especially in the ability to control expression 
in a spatial, temporal, and physiological manner, are being aggressively investi- 
gated. Basic investigations of how altered gene expression triggers or contri- 
butes to disease processes, and the cloning of specific disease-related genes, will 
help to identify gene targets appropriate for therapeutic manipulation. Expand- 
ing knowledge of the molecular mechanisms of disease, further discovery and 
refinement of gene transfer vectors, and the engineering of improved local drug 
delivery devices will all contribute to future cardiovascular disease gene therapy 
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strategies. As improvements in technology parallel advances in our knowledge 
of basic mechanisms of disease, gene therapy strategies for cardiovascular dis- 
eases will soon become a clinical reality. 
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INTRODUCTION 

Gene therapy was first envisaged as a method to correct inherited, single- 
gene defects. The concept of gene therapy has subsequently been expanded 
to include molecular genetic techniques to deliver therapeutic molecules for 
the treatment of any disease, genetic or nongenetic. Potential applications of 
gene therapy for the nervous system include correction of inherited errors of 
metabolism that affect the nervous system, delivery of toxic gene products to 
brain tumors, delivery of neuroprotective molecules to neuronal populations 
undergoing degeneration, and replacement of neurotransmitter-synthesizing 
enzymes. A number of inherited diseases resulting from single-gene defects 
cause pathology in the nervous system and, in many cases, severe mental and 
behavioral deficits. Examples include disorders of metabolism of amino acids 
(phenylketonuria); purines (Lesch-Nyhan syndrome); glycolipids, phospholip- 
ids, or glycosaminoglycans (Tay-Sachs, Fabry’s, Gaucher’s, and Niemann-Pick 
diseases and Sly’s syndrome); metals (Wilson’s disease); and peroxisomal 
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disorders (Zellweger’s syndrome). While some of these disorders are manage- 
able by dietary restriction (reduction of phenylalanine intake for phenylketo- 
nuria) or by removal of the toxic compound (penicillamine for elimination of 
copper in Wilson’s disease), effective therapies do not exist for most, and 

curing or managing the disease will likely require replacement of the defective 
enzyme in peripheral tissues and/or in the nervous system. For a discussion 
of gene therapy approaches for these disorders, the reader is referred to other 
reviews (Jinnah and Friedmann, 1995; Jinnah et al., 1993; Suhr and Gage, 
1993; and elsewhere in this volume). Brain tumors are often inaccessible 
to surgical resection and refractory to conventional chemotherapeutics or 
radiation. Gene therapy vectors that are only capable of infecting and express- 
ing their transgene in mitotically active cells can be used to target expression 
of a toxic gene to dividing tumor cells while leaving predominantly postmitotic 
neurons and glia intact. Gene therapy for brain tumors is discussed elsewhere 
in this volume and in other reviews (Jinnah and Friedmann, 1995; Kramm et 
al., 1995). 

The causative genes of several inherited neurodegenerative disorders have 
been identified, including Huntington’s disease, familial amyotrophic lateral 
sclerosis (ALS), familial Alzheimer’s disease, and spinal muscular atrophy. 
As the pathogenesis of these disorders is elucidated, their causative genes 
may become targets for gene therapy. The potential applications of gene 
therapy in the nervous system are more far-reaching, however, and include 
the delivery of neuroprotective molecules to specific populations of neurons 
affected in sporadic neurodegenerative diseases such as the majority of Parkin- 
son’s, Alzheimer’s, and ALS cases, as well as in anatomically localized stroke 
and central nervous system (CNS) trauma. Gene therapy approaches are 
ideally suited to target delivery of therapeutic molecules to subpopulations 
of cells in the cellularly complex nervous system. 

Advances in neuroscience during the last decade have led to the elucida- 
tion of many factors and mechanisms involved in neuronal development, plas- 
ticity, regeneration, and cell death. These advances are likely to result in 
novel therapeutic approaches to neurodegenerative diseases. Even in the 
mature brain, neurons retain incredible plasticity that if provided with a 
fortuitous microenvironment, are capable of regeneration, sprouting of new 
fibers, and restoration of function. For example, sprouting of fibers from 
dopaminergic (DA) neurons damaged by the drug 1-methyl-4-phenyl-1,2,3,6 
tetrahydropyridine (MPTP) has been observed in both rodent and nonhuman 
primate models of Parkinson’s disease (Bankiewicz et al., 1993; Bohn et al., 
1987; Kordower et al., 1991). Damaged axons in the adult CNS can also grow 
long distances and establish synapses when provided with a bridging substrate 
favorable to growth (Benfry and Aguayo, 1982; David and Aguayo, 1981; Xu 
et al., 1994; Zwimpfer et al., 1992). Furthermore, neurotrophic factors that 
promote the survival and differentiation of specific types of neurons and 
molecules that protect neurons from cell death are continually being identified. 
Genes, cell surface, and extracellular matrix molecules that guide, attract, or 
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promote growing axons are also under intensive study. Consequently, future 
therapies for neurodegenerative diseases are likely to involve the use of neuro- 
protective, neurotrophic, and neuronal guidance molecules to reverse or slow 
the progression of diseases, such as Alzheimer’s, Parkinson’s, ALS, and retinal 
degeneration, as well as to ameliorate the outcomes of neuronal injuries 
following stroke, spinal cord injury, and head trauma. The cellular complexity 
of the nervous system presents a challenge to gene therapy research in generat- 
ing approaches to restore or maintain the function of specific neuronal systems, 
as well as to target transgene expression to specific cell types in a regulat- 
able fashion. 

POTENTIAL OF NEUROTROPHIC FACTOR THERAPIES 
FOR NEURODEGENERATION 

Neurotrophic factors promote the survival, neurite outgrowth, and phenotypic 
differentiation of neurons during development. Furthermore, neurotrophic 
factors protect neurons from a variety of insults, including axotomy, free 
radicals, inhibitors of mitochondrial electron transport, glutamatergic excito- 
toxins, hypoglycemia, and hypoxia/ischemia. The mechanisms by which protec- 
tion occurs are being elucidated. Several neurotrophic factors increase the 
activity of superoxide dismutase, glutathione reductase, catalase, and/or gluta- 
thione peroxidase, thereby suppressing the accumulation of reactive oxygen 
species (Cheng and Mattson, 1995; Mattson et al., 1995; Spina et al., 1992). 
Neurotrophic factors also attenuate the rise in intracellular calcium induced 
by glutamatergic excitotoxins or hypoglycemia (Cheng et al., 1994a,b; Cheng 
and Mattson, 1992, 1994). The multiple effects of neurotrophic factors on 
neurons suggest many strategies in the use of neurotrophic factors for neurode- 
generation (see Table 1); however, few of these potentials have been investi- 
gated using gene therapy paradigms. 

TABLE 1 Potential Applications of Neurotrophic Factor Gene Therapy 
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The identification of neurotrophic factors has been achieved initially 
through in vitro studies using specific types of embryonic neurons. In Table 
2 are examples of phenotypically well-characterized neurons that are affected 
by neurodegenerative diseases and those factors that have been reported to 

promote survival and/or differentiation of these neurons in vitro or in vivo. 
The effects of some neurotrophic factors are mediated by glia (Engele and 
Bohn, 1991). For some factors, in vivo studies confirm the in vitro results, 
while for other factors effects reported on neurons in the adult brain have 
been found to be different from those expected. For example, brain-derived 
neurotrophic factor (BDNF) promotes survival and neurite outgrowth from 
embryonic DA neurons in vitro (Hyman et al., 1991) but affects the function 
of DA neurons in the adult rodent brain in the absence of any apparent effect 
on DA neuronal fiber growth or sprouting (Altar et al., 1992; Yoshimoto et 
al., 1995). 

Delivery of Neurotrophic Factors to the Nervous System 

While neurotrophic factors are promising therapeutic agents, there are obvious 
problems for delivering these factors to specific cell types in the cellularly 
complex brain at levels that are efficacious. It is important to develop methods 
for providing a factor or a combination of factors to specific cell types whereby 
continuous or regulatable delivery can be achieved in the absence of CNS 
tissue damage, effects in nontargeted cells, and effects in the periphery. The 
main routes of administration are summarized in Table 3. Peripheral injection 
is unlikely to be effective for CNS therapies due to the lability of neurotrophic 
factors and poor passage through the blood-brain barrier. Although transient 
modification of the blood-brain barrier or molecular modification of the 
neurotrophic factors may increase their availability to brain (Friden et al., 
1993; Kordower et al., 1993, 1994) peripheral injection is not a promising 
approach, except where peripheral neurons or motoneuron terminals are the 
desired target. In this regard, subcutaneous injection of Myotropin (insulin- 
like growth factor 1 [IGF-11) is the approach being used in ongoing clinical 
trials for ALS undertaken by Cephalon, Inc. (Walsh, 1995). Injection or infu- 
sion of recombinant neurotrophic proteins directly into brain parenchyma or 
ventricles has been used in many animal studies and is planned in a clinical 
trial for Parkinson’s disease using glial cell line-derived neurotrophic factor 
(GDNF) (Walsh, 1995). This therapy may be limited, however, by the need 
to infuse large amounts of neurotrophic factors to elicit effects in animal 
models of Parkinson’s disease and the limited practicality of applying this to 
long-term progressive human disease. Moreover, infusion of neurotrophic 
factor proteins is not ideal for providing continuous neurotrophic or neuropro- 
tective support selectively to specific neurons. For example, clinical trials were 
conducted in which ciliary neurotrophic factor (CNTF) was administered 
subcutaneously to patients with ALS, a disease characterized by the degenera- 
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TABLE 2 Neurot .rophic Factors for Specific Neuronal Populations 
Neurodegenerative Diseases (Selected References) 

Dopaminergic neurons (Parkinson’s disease) 
TGF-P superfamily 

GDNF (Lin et al., 1993) 
GDF-5 (Krieglstein et al., 1995b) 
TGF-P1 (Krieglstein et al., 1995a) 
TGF-P2, TGF-P3 (Krieglstein et al., 1995a; Poulsen et al., 1994) 
Activin A (Krieglstein et al., 1995a) 

Neurotrophins 
BDNF (Hyman et al., 1991) 
NT-3 (Hyman et al., 1994) 
NT-4/5 (Hyman et al., 1994) 

Cytokines 
Cardiotrophin-1 (Pennica et al., 1995) 
CNTF (Hagg and Varon, 1993; Magal et al., 1993) 
IL-lp (Akaneya et al., 1995) 
IL-6 (Hama et al., 1991; von Coelln et al., 1995) 
IL-7 (von Coelln et al., 1995) 

Mitogenic growth factors 
aFGF, bFGF (Beck et al., 1993; Engele and Bohn, 1991; Ferrari et al., 1989; 

Otto and Unsicker, 1993) 
EGF (Casper et al., 1991) 
Insulin (Knusel et al., 1990) 
IGF-1 (Beck et al., 1993) 
IGF-2 (Liu and Lauder, 1992) 

Midkine (Kikuchi et al., 1993) 
PDGF (Othberg et al., 1995) 
TGF-cu (Alexi and Hefti, 1992) 

Spiral ganglion neurons (hearing loss, e.g., aminoglycoside toxicity) 
NT-3 (Avila et al., 1993; Ernfors et al., 1996) 
BDNF (Avila et al., 1993; Geschwind et al., 1996) 
NT-415 (Zheng et al., 1995) 
bFGF (Lefebvre et al., 1991) 

Photoreceptor cells (vision loss) 
bFGF (LaVail et al., 1992; Mansour-Robaey et al., 1994; Masuda et al., 1995) 
CNTF (LaVail et al., 1992) 
BDNF (LaVail et al., 1992) 
IL-lfi (LaVail et al., 1992) 
aFGF (LaVail et al., 1992) 
Midkine (Masuda et al., 1995) 

Retinal ganglion cells (vision loss) 
BDNF (Peinadoramon et al., 1996; Unoki and LaVail, 1994) 
NT-4/5 (Peinadoramon et al., 1996) 
CNTF (Unoki and LaVail, 1994) 

bFGF (Unoki and LaVail, 1994) 
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TABLE 2 (Continued). 

Noradrenergic neurons of locus coeruleus (Alzheimer’s, Parkinson’s) 
GDNF (Arenas et al., 1995) 
NT-3 (Arenas and Persson, 1994; Friedman et al., 1993) 
NT-4/5 (Friedman et al., 1993) 
BDNF (Sklairtavron and Nestler, 1995) 

Serotoninergic neurons of raphe nuclei (Alzheimer’s disease) 
GDNF (Beck et al., 1996) 
BDNF (Altar et al., 1994b; Mamounas et al., 1995a; Martin-Iverson et al., 1994) 
NT-3 (Martin-Iverson et al., 1994) 
NT-4/5 (Altar et al., 1994b) 
FGF-5 (Lindholm et al., 1994) 

Cholinergic neurons of basal forebrain (Alzheimer’s disease) 
NGF (Dreyfus, 1989) 
BDNF (Nonomura and Hatanaka, 1992) 
NT-4/5 (Friedman et al., 1993) 
GDNF (Williams et al., 1996) 
bFGF (Enokido et al., 1992) 
FGF-5 (Lindholm et al., 1994) 
G-CSF (Konishi et al., 1993) 
M-CSF (Konishi et al., 1993) 
GM-CSF (Konishi et al., 1993) 
Erythropoietin (Konishi et al., 1993) 

Hippocampal neurons (Alzheimer’s disease) 
CNTF (Ip et al., 1991) 
IGF-I and -11 (Cheng and Mattson, 1992) 
aFGF (Sasaki et al., 1992) 
bFGF (Lowenstein and Arsenault, 1996; Maiese et al., 1993) 
EGF (Maiese et al., 1993) 
NT-3 (Collazo et al., 1992; Ip et al., 1993) 
BDNF (Cheng and Mattson, 1994; Ip et al., 1993; Lowenstein and Arsenault, 

1996) 
NT-415 (Cheng et al., 1994b; Ip et al., 1993) 
IL-2 (Awatsuji et al., 1993) 
IL-6 (Yamada and Hatanaka, 1994) 
TGF-Pl (Ishihara et al., 1994; Prehn et al., 1994) 
TGF-P2 (Ishihara et al., 1994) 
TNF-a (Cheng et al., 1994a) 
TNF-P (Cheng et al., 1994a) 
PDGF (Cheng and Mattson, 1995) 

Cortical neurons (Alzheimer’s disease) 
bFGF (Cummings et al., 1992; Peterson et al., 1996) 
IL-2 (Awatsuji et al., 1993) 
TNF-a! (Cheng et al., 1994a) 
TNF-P (Cheng et al., 1994a) 
NT-415 (Cheng et al., 1994b) 
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TABLE 2 (Continued). 

Motoneurons (amyotrophic lateral sclerosis, spinal muscular atrophy, motoneuron 
diseases) 
GDNF (Henderson et al., 1994) 
TGF-fll (Martinou et al., 1992) 
BDNF (Henderson et al., 1993; Hughes et al., 1993b; Mitsumoto et al., 1994; 

Sendtner et al., 1992; Wong et al., 1993; Yan and Miller, 1993) 
NT-4/S (Henderson et al., 1993; Hughes et al., 1993b; Wong et al., 1993) 
NT-3 (Henderson et al., 1993; Hughes et al., 1993b; Wong et al., 1993; Yan and 

Miller, 1993) 
CDF/LIF (Hughes et al., 1993b; Martinou et al., 1992) 
CNTF (Mitsumoto et al., 1994; Sendtner et al., 1990, 1994) 
IGF-1 (Hughes et al., 1993b) 
aFGF (Cuevas et al., 1995) 
FGF-5 (Hughes et al., 1993a,b) 
Cardiotrophin-1 (Henderson, 1995) 

Corticospinal neurons (amyotrophic lateral sclerosis) 
CNTF (Dale et al., 1995) 

TGF, transforming growth factor; GDNF, glial cell line-derived neurotrophic factor; GDF-5, 
growth differentiation factor-5; BDNF. brain-derived neurotrophic factor; NT, neurotrophin: 
CNTF, ciliary neurotrophic factor; IL, interleukin; aFGF and bFGF, acidic and basic fibroblast 
growth factor; EGF, epidermal growth factor; IGF, insulin-like growth factor; PDGF, platelet- 
derived growth factor; NGF, nerve growth factor; G, M, granulocyte, monocyte colony-stimulating 

factor (CSF); TNF, tumor necrosis factor; CDF/LIF, cholinergic differentiation factor/leukemia 
inhibitory factor. 

TABLE 3 Delivery of Neurotrophic Factors to the Nervous System 

Peripheral injection 
Infusion or injection into CNS 
Gene therapy 

Ex vivo gene therapy 
Retroviral vectors and other gene transfer methods 
Astrocytes, myoblasts, fibroblasts, cell lines, or progenitor cells as carriers 
Encapsulated genetically modified cells 

In vivo gene therapy 
Herpes simplex recombinant or amplicon viral vectors 
Adenoviral vectors 
Adenoassociated viral vectors 
Lentiviral vectors 

DNA-liposome complexes 
Novel viral or synthetic vectors 
Encapsulated viral vectors 
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tion of lower and upper motoneurons. Unfortunately, large numbers of pa- 
tients receiving CNTF experienced side effects, including coughing, fever, 
pain, and significant weight loss resulting in cessation of these trials (Barinaga, 
1994). The implantation of cells encapsulated in polymers, a specialized ex 
vivo gene therapy approach developed by Aebischer and colleagues (1988) 
is an improvement over infusion or injection of factors since these polymers 
release factors in a continuous fashion and act as selective molecular size 
dialysis membranes, thereby minimizing host cellular responses to the im- 
planted cells. In an ongoing clinical trial in Switzerland, baby hamster kidney 
(BHK) cells genetically engineered to express a secreted form of CNTF and 
encapsulated in polymers are being implanted intrathecally in ALS patients. 
Preliminary data from this study suggest that the CNTF-secreting capsules 
are more likely to succeed than clinical trials using peripheral injections of 
CNTF (Aebischer et al., 1996; Walsh, 1995). 

Genetic approaches, however, are ideal for delivering neurotrophic factors 
to the nervous system. Viral vectors, genetically modified cells, DNA- 
liposome complexes, synthetic vectors, or even naked DNA can be injected 
into specific areas of the nervous system with the potential of producing 
neurotrophic factors in a continuous, stable fashion (for reviews, see Ridet 
and Privat, 1995; Tuszynski and Gage, 1995). Furthermore, the inclusion of 
cell-specific promoters and regulatable elements into vector design will pro- 
duce biologically synthesized and processed neurotrophic factors in a specific 
cell type in a manner that can be therapeutically regulated by peripheral 
administration of drugs or hormones. Moreover, the use of cellular promoters 
may offer more stable transgene expression than that achieved with viral 
promoters (Kaplitt et al., 1994a). 

GENE THERAPY DELIVERY SYSTEMS: ADVANTAGES AND 
DISADVANTAGES FOR THE CNS 

As in peripheral tissues, there are two main approaches for gene delivery to 
the CNS: in vivo modification of host tissue or ex vivo modification of cells 
with subsequent transplantation (Table 3). In vivo approaches include direct 
injection of naked DNA, DNA-liposome complexes, or one of a variety of 
viral vectors, including adenovirus (Ad), adeno-associated virus (AAV), her- 
pes simplex virus (HSV), retrovirus (RV), human immunodeficiency virus 
(HIV), or combinations of approaches (Abdallah et al., 1995; Akli et al., 1993; 
Andersen and Breakefield, 1995; Geller, 1993; Glorioso et al., 1995; Le Gal 
La Salle et al., 1993; Mamounas et al., 1995b; McCown et al., 1996; Naldini 
et al., 1996; Short et al., 1990). Each vector has inherent advantages and 
disadvantages for use in the CNS, reviewed by several authors (Andersen and 
Breakefield, 1995; Glorioso et al., 1995; Karpati et al., 1996; Neve, 1993; Smith 
et al., 1995; see also pertinent chapters in this book). ,!?x vivo approaches 
involve modification of primary cells or cell lines by conventional transfection 
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methods (calcium phosphate precipitation or cationic lipid complexes, for 
example) or by infection with any of the viral vectors listed above with subse- 
quent transplantation of genetically modified cells into the host brain (Gage 
et al., 1987; Ridet and Privat, 1995; Smith et al., 1995). 

A wide variety of cell types have been investigated for ex vivo gene delivery 
to the CNS. Tissue may be removed from the host, genetically modified, 
and subsequently reimplanted (autografts). This approach minimizes immune 
rejection. The choice of tissue is limited to cells that divide in culture, allowing 
generation of adequate numbers of genetically modified cells. Cells that have 
been used for autografting into CNS include fibroblasts, myoblasts, and 
Schwann cells (isolated from skin, muscle, and nerve biopsies, respectively). 
Tissues or cell lines derived from other humans (allografts) or species (xeno- 
grafts) are also potential sources of cells for genetic modification and trans- 
plantation. For retina, allografts of genetically modified pigmented epithelial 
cells have been made into the subretinal space following retroviral transduction 
with the 1acZ gene and shown to have a protective effect on photoreceptor 
cells in a rat model of retinal degeneration (Dunaief et al., 1995). Dividing 
neuronal and glial progenitor cells, as well as microglia, are easily isolated 
from brain, including human brain (Hao et al., 1991; Reynolds and Weiss, 
1992; Whittemore and Synder, 1996). Human neuronal progenitor cells have 
been grafted into brain following adenoviral infection and shown to persist 
at least 3 weeks (Sabate et al., 1995). In addition, immortalized cell lines, of 
both neural and non-neural origin, have been generated from tumors or 
through the introduction of oncogenes. Potential problems with these sources 
of cells include ethical issues surrounding the use of human abortion material 
and animal tissues. There is also increased risk of immune rejection, which 
can be modified by immunosuppression or by encapsulation of cells in semi- 
permeable membranes. The use of cell lines, derived from spontaneous tumors 
or immortalized with oncogenes, carries the risk of tumor formation. The use 
of conditionally immortalized cells through regulatable oncogene expression 
(Hoshimaru et al., 1996; Snyder, 1994) or encapsulation of cells can significantly 
reduce this risk (Aebischer et al., 1988). However, the use of neuronal progeni- 
tor cells obtained without the use of oncogene immortalization are preferable 
for cell replacement and gene delivery (Reynolds and Weiss, 1992; Whittemore 
and Synder, 1996). Such cells could be genetically modified using cell type 
specific promoters that would limit transgene expression to a phenotypically 
defined cell type that differentiates from the “multipotential” progenitors 
following their transplantation into the brain. Moreover, as those genes under- 
lying the development of neuronal specificity in mammals are identified, they 
could be inserted into progenitor cells to drive the differentiation of a specific 
cell type for neuronal replacement. 

The distinguishing features of vectors fall into several areas: the maximal 
size of DNA that can be inserted, the levels of cytotoxicity elicited following 
injection into the CNS, cellular tropism, capacity to direct stable expression, 
and provocation of immune responses. Direct injection of RV is unlike.ly to 
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be successful, as RV integrates only in dividing cells, and most neurons and 
glia in the adult brain are postmitotic. However, RV has specialized applica- 
tions such as in tumor therapies in the CNS (Chen et al., 1994; Gordon and 
Anderson, 1994; Oldfield et al., 1993; Shinoura et al., 1996; see also pertinent 
chapters in this book) and may be appropriate for modifying responses to 
injury by directing gene expression specifically to dividing microglia or astro- 
cytes. 

HSV is naturally neurotropic and efficiently infects both neurons and glia. 
Long-term expression following injection of HSV vectors into CNS has been 
reported (Andersen et al., 1992; During et al., 1994; Wolfe et al., 1992). 
Methods for generating helper-free stocks of HSV have been developed; 
however, at present these do not give high titer (Fraefel et al., 1996). Further 
development along this line or through genetic modification of recombinant 
HSV vectors is likely to result in useful vectors (Glorioso, et al., 1995). Since 
HSV vectors can potentially harbor up to 150 kb of transgene, development 
of these vectors is crucial for gene therapy in the nervous system, especially 
with regard to the potential of including large cellular promoters and other 
regulatory elements into these vectors. HSV vectors are also transported 
retrogradely in neurons, suggesting another strategy for specific neuronal 
targeting (Davar et al., 1994; Jin et al., 1996; Keir et al., 1995). 

AAV appears to be the safest of the current vector systems, as wild-type 
AAV is nonpathogenic and requires Ad or HSV to replicate. Moreover, AAV 
vectors can be generated free of Ad since AAV is heat stable. Transgene 
expression in neurons and glia for at least 4 months has been reported following 
AAV injection into striatum (Kaplitt et al., 1994b). However, a recent study 
suggests that stability of expression from AAV vectors is dependent on brain 
region (McCown et al., 1996). The main disadvantage of AAV is its small 
genome, which limits the size of the transgene to about 4.5 kb. Recent advances 
in generating higher titer AAV have been made. In addition, transduction 
efficiency of AAV is increased by DNA synthesis and topoisomerase inhibitors 
(Flotte, 1995; Russell et al., 1994, 1995) although this is not particularly 
relevant in the CNS, where most cells are postmitotic. 

Ad vectors can be grown and concentrated to high titers (up to 1012 pfu/ml), 
enabling large numbers of cells to be infected. Ad vectors can accommodate up 
to 8-10 kb of transgene and remain episomal, avoiding potential activation 
or inactivation of cellular genes that can occur with integration. Despite dele- 
tions in ElA, ElB, and E3 regions, Ad vectors are still capable of directing 
the synthesis of viral proteins with the potential of eliciting cytotoxicity. In 
peripheral tissues a major drawback of current Ad vectors is a strong immune 
response resulting in destruction of infected cells and loss of transgene expres- 
sion (Yang et al., 1994). Inflammation also occurs in response to Ad delivery 
to the brain, although responses are less severe than in peripheral tissues 
(Byrnes et al., 1995). While this has been presumed to be a response to viral 
proteins, a recent study also suggests a role for transgene protein (Tripathy 
et al., 1996). However, several studies have shown that Ad vectors can direct 
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transgene expression in many neuronal and glial cell types in the brain for at 
least 2 months, although expression declines over time (Akli et al., 1993; 
Byrnes et al., 1995; Choi-Lundberg et al., 1997; Davidson et al., 1993; Le Gal 
La Salle et al., 1993). Ad vectors injected into the lateral ventricle directed 
expression in ependymal cells of all four ventricles and the leptomeningies 
for up to 1 week, while injection into the cisterna magna led to expression in 
the leptomeningies and adventitial cells of blood vessels (Bajocchi et al., 
1993; Ooboshi et al., 1995). Ad vectors, like HSV vectors, are retrogradely 
transported by neurons (Ghadge et al., 1995) 

Direct in vivo modification of host brain tissue may also be accomplished 
by injection of naked DNA or DNA-liposome complexes. Nonviral delivery 
of DNA is promising in some peripheral tissues such as muscle (Davis et al., 
1993). Although high levels of transgene expression have not been reported 
in brain using such approaches, neurons are transduced (Abdallah et al., 1995; 
Boussif et al., 1995; Cao et al., 1995; Mamounas et al., 1995b), and biological 
effects have been observed following injection of a plasmid DNA- 
lipofectamine complex carrying the tyrosine hydroxylase (TH) gene into the 
striatum of a rat model of Parkinson’s disease (Cao et al., 1995). The combina- 
tion of AAV viral vector DNA with liposomes or polycations is also promising 
and is being used in a clinical trial for Canavan’s disease (Levine, 1996). 

PARKINSON’S DISEASE 

Parkinson’s disease, or paralysis agitans, is a progressive neurodegenerative 
disorder, affecting 1% of people over age 50, with approximately 500,000 
patients in the United States. The majority of Parkinson’s disease cases are 
sporadic. Inherited forms usually involve degeneration in other systems, such 
as in the parkinsonism-dementia-ALS complex of Guam. The main symptoms 
of Parkinson’s disease include resting tremor, rigidity, postural instability, and 
bradykinesia (slowness of movement). The neuropathological hallmark of 
Parkinson’s disease is loss of DA neurons, with resultant depigmentation, in 
the substantia nigra pars compacta (SNpc). In addition to loss of DA neurons, 
noradrenergic neurons of the locus coeruleus and serotonergic neurons of the 
raphe nuclei are also reduced in number. The DA neuronal loss is most 
pronounced in the ventrolateral SNpc, which projects mainly to the putamen, 
the portion of the striatum concerned primarily with motor functions. While 
a loss of DA neurons occurs in all humans, from about 400,000 at birth to 
200,000 by age 80, greater loss occurs in persons with Parkinson’s disease, 
with symptoms becoming evident after approximately 80% of DA neurons 
have been lost (Adams and Victor, 1993; Mark and Duvoisin, 1995). 

Early in the course of Parkinson’s disease, medical therapy is based on 
increasing stimulation of DA receptors in the striatum with DA agonists such 
as bromocriptine and pergolide; inhibiting breakdown of endogenous DA 
with selegiline (Deprenyl, a monoamine oxidase-b inhibitor); and the use of 
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anticholinergics. As symptoms worsen, L-dihydroxyphenylalanine (L-dopa) 
with carbidopa (a peripheral dopa-decarboxylase inhibitor) is added. L-dopa 
is converted to DA by remaining DA nerve terminals and other cells that 
express dopa-decarboxylase (also known as aromatic amino acid decarboxyl- 
ase, AADC) in the striatum. Side effects of the medications include tardive 
dyskinesia (involuntary movements), psychosis, and autonomic dysfunction. 
The “on-off” phenomenon develops in many patients, with rapid and unpre- 
dictable switching from a state of relative mobility to paralysis. While these 
medical therapies are effective in most patients for several years, continuing 
degeneration of DA neurons leads to disability in about 66% and 80% of 
patients within 5 and 10 years of onset, respectively (Adams and Victor, 1993). 

A variety of experimental therapies for Parkinson’s disease are in develop- 
ment (for review, see Mizuno et al., 1994). Surgical ablation of the ventropos- 
terior pallidum, which creates a compensatory lesion in basal ganglia circuitry, 
has resulted in improvement in patients for up to 18 months (Goetz and 
Diederich, 1996; Obeso et al., 1996). However, this approach creates an addi- 
tional lesion in the brain to compensate for an existing one and does not slow 
the continuing degeneration of DA neurons. Other approaches attempt to 
enhance striatal DA levels by grafting fetal ventral mesencephalon containing 
the DA neuron cell groups. Eventually, it may be possible to reconstruct 
the nigrostriatal pathway by grafting ventral mesencephalon tissue into the 
substantia nigra (SN) and stimulating fiber growth and innervation of the 
striatum. 

Animal Models Of Parkinson’s Disease 

Several well-characterized animal models of Parkinson’s disease are available 
for testing gene therapy approaches. The weaver mutant in mouse is an autoso- 
ma1 recessive trait that arose spontaneously and exhibits two pathological 
features: failure of proper cerebellar granule cell migration and partial degen- 
eration of DA neurons. The animals have ataxia and fine tremors. DA innerva- 
tion of the striatum occurs in a normal developmental pattern, but in the 
adult, striatal DA levels are reduced 75% and DA neuron numbers in the SN 
are reduced 70%. As in Parkinson’s disease, the mesolimbic DA system is 
relatively spared (Bankiewicz et al., 1993; Simon and Ghetti, 1994). 

The neurotoxin 6-hydroxydopamine (6-OHDA), when injected into the 
SN, striatum, or the medial forebrain bundle (MFB), which contains DA 
axons from the ventral tegmental area and SN, causes a specific loss of DA 
neurons and fibers. 6-OHDA is a dopamine analog that is specifically taken 
up by high-affinity DA transporters expressed on DA neurons. 6-OHDA 
undergoes auto-oxidation, generating hydroxyl radical (*OH), hydrogen per- 
oxide (H202), and superoxide anion (02-), which cause damage to various 
cellular compartments, including membranes, resulting in death of DA neu- 
rons (Bankiewicz et al., 1993; Cohen et al., 1974). When 6-OHDA is injected 
into the SN or MFB, DA neuron death occurs rapidly, within 48 h. However, 
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when 6-OHDA is injected into the striatum, progressive degeneration of the 
nigrostriatal system occurs over several weeks, with atrophy and decrease of 
TH preceding cell death (Sauer and Oertel, 1994). Unilateral 6-OHDA lesions 
lead to an imbalance in DA that can easily be quantified using the Ungerstedt 
drug-induced rotation test (Ungerstedt, 1971) as well as by assessing deficits 
in contralateral limb use in several spontaneous behaviors (Olsson et al., 1995; 
Schallert, 1995). The effects of experimental interventions on these behaviors, 
as well as on DA phenotypic characteristics, are commonly analyzed. 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is toxic to DA neu- 
rons of several species, including humans, following systemic administration. 
MPTP is oxidized by the monoamine oxidase system, generating the toxic 
molecule MPP’. In susceptible strains of mice, MPTP causes most TH-positive 
neurons to disappear, with SO%-95% reduction in striatal DA and DA uptake 
sites. The mice develop akinesia, but all of the above changes spontaneously 
recover over time. Thus, MPTP does not kill the DA neurons, but rather 
severely downregulates their phenotype or damages their terminals. Nonhu- 
man primates are also susceptible to damage by MPTP and following systemic 
administration develop many of the symptoms of Parkinson’s disease, includ- 
ing bradykinesia, resting tremor, and rigidity. An asymmetrical bilateral lesion 
can be made by combining unilateral internal carotid artery and systemic 
MPTP (Bankiewicz et al., 1993; Miletich et al., 1994). These well-characterized 
animal models of Parkinson’s disease with their sophisticated tests of behav- 
ioral recovery make Parkinson’s one of the diseases of choice for developing 
strategies to prevent, reverse, or compensate for neurodegeneration. 

Neurotrophic Factor Protein Infusion in Animal Models of 
Parkinson’s Disease 

Many experiments have demonstrated the efficacy of several neurotrophic 
factors for DA neurons in animal models of Parkinson’s disease. These studies 
have utilized infusion of the proteins into the striatum, near the SN, or into 
the lateral ventricles. Large quantities of proteins are infused in these studies 
(typically 10 JLcg or more), and repeated injections are typically required to 
maintain effects. For example, epidermal growth factor (EGF), acidic fibro- 
blast growth factor (aFGF), and basic fibroblast growth factor (bFGF) have 
been reported to promote moderate recovery of DA neurons in 6-OHDA 
lesioned rat and MPTP lesioned mice (Otto and Unsicker, 1994). bFGF is 
expressed in DA neurons in the ventral midbrain (Cintra et al., 1991) and 
1251-bFGF is retrogradely transported by DA neurons in the SN, suggesting 
that DA neurons have receptors for bFGF (Ferguson and Johnson, 1991). 
BDNF and, to a lesser extent, neurotrophin-3 (NT-3) delivered above the 
SN prevent induction of turning behavior following a unilateral injection of 

6-OHDA into the striatum (Altar et al., 1994b). BDNF also has been reported 
to increase DA turnover in the striatum, the electrical activity of DA neurons, 
and the function of grafted fetal mesencephalon (Altar et al., 1994a,b; Martin- 
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Iverson et al., 1994; Sauer et al., 1993; Shen et al., 1994; Shults et al., 1994; 
Yurek et al., 1996). DA neurons express both BDNF and NT-3 mRNAs, 
suggesting an autocrine role for these factors in DA neurons (Seroogy et al., 
1994). BDNF does not penetrate brain parenchyma following intracerebroven- 
tricular administration, likely due to the presence of truncated trkB receptors 
on ependymal cells that line the ventricles (Klein et al., 1990; Yan et al., 
1994b). Thus, BDNF must be delivered within brain parenchyma to reach 
DA neurons or terminals. In this regard, BDNF and NT-3 are retrogradely 
transported by DA neurons (DiStefano et al., 1992; Mufson et al., 1994). 
CNTF has also been reported to rescue axotomized DA neurons from cell 
death, but not to prevent the loss of TH (Hagg and Varon, 1993). 

GDNF, a member of the transforming growth factor-p (TGF-P) family, is 
the most potent neurotrophic factor for DA neurons described to date, with 
an EC50 for promoting DA uptake in embryonic ventral mesencephalon cul- 
tures in the range of 40 pg/ml (1 PM) compared with l-100 rig/ml for other 
classes of neurotrophic factors (Lin et al., 1993,1994), although other members 
of the TGF-P family have been reported to have comparable potency to 
GDNF (Poulsen et al., 1994). The highest levels of GDNF in the CNS are 
observed in the developing striatum (Choi-Lundberg and Bohn, 1995; 
StrijIllberg et al., 1993) and GDNF is transported retrogradely from the 
striatum by DA neurons (Tomac et al., 1995b). While most members of the 
TGF-P family signal through receptor serine-threonine kinases, the receptor 
for GDNF is a complex composed of the tyrosine kinase c-ret receptor and 
GDNF Family Receptor Alpha-l (GFRa-l), a glycosyl phosphatidylinositol 
membrane-linked receptor (Durbec et al., 1996; Treanor et al., 1996; Trupp 
et al., 1996). GDNF has been shown to protect and restore DA neurons in 
several animal models of Parkinson’s disease. In the rat, 60 pg GDNF, deliv- 
ered near the SN at 4 ,uglday beginning the day of MFB transection and 
continuing for 2 weeks, increased survival of DA neurons to 85% compared 
with 53% in control treated rats (Beck et al., 1995). In addition, 10 pg GDNF 
injected into the SN protected approximately 30% of DA neurons from 6- 
OHDA injected 24 h later into the SN or striatum (Kearns and Gash, 1995). 
Furthermore, 100 pg (but not 0.1-10 pg) GDNF injected into the SN 4 weeks 
following unilateral 6-OHDA injection into the MFB partially restored the 
DA phenotype. Although striatal DA and TH-immunoreactive (IR) levels in 
the SN remained depleted, GDNF normalized SN DA and induced TH-IR 
fiber sprouting. TH-IR neuron numbers were restored from 0.6% to 10% of 
control values by GDNF (Bowenkamp et al., 1995; Hoffer et al., 1994). GDNF 
also modestly protected and restored DA phenotypic characteristics, including 
striatal DA levels and TH-IR fiber density, from damage caused by MPTP 
(Hou et al., 1996; Tomac et al., 1995a). GDNF, but not TGF-P3, injected near 
the SN at a dose of 10 ,uglday every other day for 4 weeks beginning the 
day of intrastriatal 6-OHDA injection completely protected DA neuron cell 
number, TH phenotype, and cell size (Sauer et al., 1995). The protective and 
restorative effects of GDNF in rodent models of Parkinson’s disease have 
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recently been extended to nonhuman primates. GDNF delivered into the SN, 
caudate, or ventricles of MPTP lesioned monkeys resulted in improvements 
in bradykinesia, rigidity, posture, and balance lasting for 4 weeks. GDNF 
increased DA neuronal cell size, TH-IR processes, and DA levels in the SN, 
but did not affect striatal DA or DA metabolite levels (Gash et al., 1996). These 
results demonstrate the efficacy of neurotrophic factors, especially GDNF, to 
protect or restore DA neurons and their phenotypes in several animal models 
of Parkinson’s disease. With efficacy of infusion of large quantities of recombi- 
nant proteins thus established, it iS logical to evaluate 
trophic factors delivered by gene th erapy approaches. 

the effects of neuro- 

Neurotrophic Factor Gene Therapy in Animal Models of 
Parkinson’s Disease 

To date, published studies of neurotrophic factor gene therapy have been 
primarily limited to the use of ex vivo approaches (Table 4). In one study, 
BHK cells were transfected with an expression vector containing GDNF and 
encapsulated in a polymer. Conditioned medium from these cells increased 
survival and neurite outgrowth of embryonic ventral mesencephalon DA neu- 
rons, demonstrating release of bioactive GDNF. When implanted into the 
striatum of rats previously lesioned with 6-OHDA, the encapsulated cells 
survived for 90 days and induced ingrowth of TH-IR fibers into the capsules. 
However, behavioral effects were not observed (Lindner et al., 1995). GDNF- 
expressing fibroblasts but not control fibroblasts grafted near the SN protected 
c-ret positive (DA) neurons from 6-OHDA injected into the MFB (Trupp et 
al., 1996). Several studies have utilized fibroblasts genetically modified with 
retrovirus to produce BDNF. These fibroblasts secreted bioactive BDNF as 
demonstrated in bioassays of DA neurons in embryonic ventral mesencephalic 
cultures. Rat1 fibroblasts engineered to express BDNF and transplanted near 
the SN protected 83% - + 22% of DA neurons from a striatal injection of MPP+ 
compared with 35% zt 15% for control fibroblasts 7 days postlesion (Frim et 
al., 1994). Furthermore, DA levels in the SN were enhanced, although DA 
turnover was unaltered (Galpern et al., 1996). Primary rat fibroblasts modified 
to express BDNF and grafted into the striatum expressed BDNF mRNA for 
at least 2 weeks. Increased HVA/DA ratio, indicative of increased DA turn- 
over, and sprouting of TH-IR fibers were noted in normal rats grafted near 
the SN. However, BDNF fibroblasts grafted into the striatum or SN did not 
protect DA neurons from 6-OHDA injected into the MFB (Lucidi-Phillipi et 
al., 1995). Similarly transduced primary fibroblasts transplanted into the stria- 
turn prior to striatal 6-OHDA partially protected DA nerve terminals in the 
striatum and completely protected DA cell bodies in the SN 3 weeks after 

the lesion (Levivier et al., 1995). Neonatal astrocytes retrovirally transduced 
to express BDNF and transplanted to the striatum following a partial 6-OHDA 
lesion of the SN led to reduced apomorphine-induced rotational behavior 
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without significantly affecting the density of TH-IR fibers in the striatum 
(Yoshimoto et al., 1995). 

Three studies utilizing in vivo gene therapy approaches have demonstrated 
protective or restorative effects of GDNF on DA neurons in a rat model of 

PD developed by Sauer and Oertel (1994) (see Table 5). In one study, a 
subpopulation of DA neurons were prelabeled by bilateral intrastriatal injec- 
tion of the retrograde tracer fluorogold (FG). Rats received injections of 
Ad vectors encoding GDNF, a mutant form of GDNF (mGDNF) lacking 
bioactivity, la& or no injection dorsal to the SN 1 week prior to unilateral 
striatal6-OHDA. Six weeks following 6-OHDA lesion, 69% ? 3% of the FG- 
labeled DA neurons had degenerated on the lesioned side in the Ad-mGDNF, 
Ad-lacZ, and no injection groups compared with only 21% t 5% in rats 
receiving Ad-GDNF (Fig. 1). The protective effect of in vivo GDNF gene 
therapy observed in this study in which GDNF protein was biologically synthe- 
sized and secreted in the range of nanograms per day was comparable with 
that reported after injection of microgram quantities of recombinant GDNF 

TABLE 5 In Viva Gene Therapy With Neuroprotective Factors 

Paradigm 
Vector, 
Factor Biological Effects Reference 

Sympathetic neurons 
Axotomy HSV, NGF 

Dopaminergic neurons 
6-OHDA Ad, GDNF 

6-OHDA Ad, GDNF 

6-OHDA Ad, GDNF 

Cholinergic neurons 
Aged rats Ad, NGF 

Spiral ganglion (auditory) neuron 
Explant HSV, BDNF 

Telencephalic neurons 
Focal ischemia HSV, bcl-2 

Focal ischemia HSV, bcl-2 

Focal ischemia Ad, IL-lra 

Protection of TH 
phenotype 

Protection of soma 

Protection of soma, 
behavior 

Protection of soma, 
fiber density, 
behavior 

T Cell size 

T Neurite outgrowth 

Area of viable tissue 
around injection 
site 

Protection of 
transgene 
expressing cells 

Reduced infarct 
volume 

Federoff et al. (3 992) 

Choi-Lundberg et al. 
(1997) 

Choi-Lundberg et al. 
(1998) 

Bilang-Bleuel et al. 
(1997) 

Castel-Barthe, et al. 
(1996) 

Geschwind et al. 
(1996) 

Linnik et al. (1995) 

Lawrence et al. (1996) 

Betz et al. (1995) 
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FIGURE 1. In viva gene therapy with Ad GDNF prevents progressive degeneration 
of fluorogold (FG)-prelabeled DA neurons. Six weeks following intrastriatal6-OHDA, 
many large, FG-positive cells (DA neurons, arrows) are observed in the SN on the 
unlesioned side (A) and on the lesioned side of a rat treated with Ad GDNF (B). In 
contrast, fewer large FG-positive cells, but many small, secondarily labeled FG-positive 
cells (microglia and other non-neuronal cells, arrowheads) are noted in rats treated 
with Ad mGDNF (C) or untreated (D). Bars in A-D are 100 ,um and 50 ,ccm for the 
insets. Reprinted with permission from Choi-Lundberg et al., 1997. Dopaminergic 
neurons protected from degeneration by GDNF gene therapy. Science 275, 838-841. 
Copyright 1997 American Association for the Advancement of Science. 

protein (Choi-Lundberg et al., 1997; Sauer et al., 1995). Two additional studies 
demonstrated the protective effects of Ad-GDNF injected into the rat stria- 
turn, the site of DA nerve terminals and a more surgically accessible site than 
the SN in humans. Ad-GDNF decreased the loss of DA neuron soma, accessed 
by counts of FG-positive or TH-IR cells in the SN. In one of the studies, TH- 
IR fiber density in the striatum was partially protected (Bilang-Bleuel et 
al., 1997). Furthermore, Ad-GDNF prevented the development of limb use 
asymmetry during spontaneous movements along vertical surfaces and pre- 
vented amphetamine-induced rotation behavior, which occurred in control- 
treated, lesioned rats (Bilang-Bleuel et al., 1997, Choi-Lundberg et al., 1998). 

Other Gene Therapy Approaches for Parkinson’s Disease 

Enhancing striatal DA levels by introducing DA synthesizing enzymes by 
modifying host tissue or the transplantation of L-dopa or DA producing 
cells is an alternative gene therapy strategy. It is hypothesized that the local 

"permissions box"
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production of dopamine in a continuous fashion within the striatum may avoid 
the problems associated with oral L-dopa administration, especially the on-off 
phenomenon. DA is synthesized by a two-step process. First, tyrosine is con- 
verted to L-dopa by the rate-limiting enzyme TH, which requires the cofactor 

tetrahydrobiopterin (BH4). Next, L-dopa is decarboxylated to DA by the 
enzyme dopa-decarboxylase (or AADC). Cells that normally do not make 
L-dopa can be made to do so by the introduction of genes encoding TH. 
Providing exogenous BH4 or co-expressing GTP-cyclohydrolase 1 (GTP-CHl, 
an enzyme required for BH4 synthesis) may enhance L-dopa production, and 
co-expressing AADC may enhance DA production. 

EX vivo modification of fibroblast cell lines with a TH gene resulted in 
production and release of L-dopa in vitro and in vivo, which in some instances 
depended on exogenous biopterin or BH4 (Uchida et al., 1992; Wolff et al., 
1989). TH-expressing fibroblasts did not produce DA in vitro, but in vivo 
they released L-dopa that was subsequently converted to DA by host striatal 
AADC (Horellou et al., 1990). Co-culture of primary fibroblasts modified to 
express TH with fibroblasts modified to express AADC produced DA in vitro 
(Kang et al., 1993) and it would be expected that a fibroblast modified to 
express both TH and AADC would release DA as well. Transplantation of 
TH-fibroblast cell lines into the striatum of rats with unilateral 6-OHDA 
lesions resulted in a 34%-50% reduction in apomorphine-induced turning 
behaviors (Horellou et al., 1990; Uchida et al., 1992; Wolff et al., 1989). A 
study that demonstrated similar results with primary myoblasts transfected 
with a TH gene was retracted (Jiao et al., 1993; Jiao et al., 1996). In another 
approach, a temperature-sensitive immortalized neural cell line derived from 
embryonic day 14 mesencephalon was modified to produce additional TH by 
infection with a retrovirus or transfection with a plasmid DNA encoding a TH 
gene and shown to produce increased amounts of L-dopa in vitro. Following 
grafting into 6-OHDA lesioned rats and two immunosuppressed MPTP le- 
sioned monkeys, the TH-modified but not the parental cell line improved 
apomorphine-induced rotational behavior 43% in rats and 54% in monkeys 
(Anton et al., 1994). Astrocytes genetically engineered to express TH secreted 
L-dopa in vitro and 2 weeks after transplantation into the unilaterally 6-OHDA 
lesioned rat improved apomorphine-induced rotations by 50% (Lundberg et 
al., 1996). 

Long-term efficacy of direct in vivo modification of striatum by AAV and 
HSV vectors encoding the TH gene, but not lacZ, have been reported in rat 
models of Parkinson’s disease (During et al., 1994; Kaplitt et al., 1994b). 
Injection of AAV-1acZ resulted in expression in the striatum for at least 3 
months and AAV-TH for at least 4 months. AAV-TH improved apomorphine- 
induced rotational behavior by about 35% in unilateral 6-OHDA lesioned 
rats for 9 weeks. HSV-TH improved rotation rate 65% compared with HSV- 
1acZ and saline treatment from 2 weeks through 1 year following HSV injec- 
tion. In vivo microdialysis in these HSV-TH injected rats at 4 or 6 months 
after gene transfer showed 300% increase in DA levels compared with HSV- 
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1acZ and saline rats (although unlesioned controls had 1,150% higher levels 
of DA compared with lesioned controls). Thus, in vivo gene transfer of TH 
to the striatum led to increased DA production in 6-OHDA lesioned rats, 
which was manifested by partial behavioral recovery. Similarly, Ad-TH has 
also been observed to decrease sensorimotor asymmetry in rats following 
intracerebral injection (Horellou et al., 1994). 

Another in vivo gene therapy approach applicable to Parkinson’s disease 
is to modify DA receptor expression. An initial study toward this goal used 
Ad to deliver the gene encoding the D2 receptor to the striatum (Ikari et al., 
1995). Increased D2 receptor expression in the striatum was confirmed by 
autoradiographic analysis of “H-spiperone binding. 

MOTONEURON DEGENERATIVE DISORDERS 

ALS 

ALS (also known as Lou Gehrig’s disease or motoneuron disease) is character- 
ized by progressive degeneration of upper motoneurons (corticospinal neu- 
rons) and lower motoneurons in the spinal cord and brain stem, resulting in 
progressive weakness, with paralysis and death within 3-4 years of diagnosis 
on average. The annual incidence of ALS is 1 per 100,000. The only currently 
available therapy for ALS approved by the FDA is riluzole, a glutamate 
release inhibitor, which was shown to increase survival 17% and 14% at 12 
and 18 months, respectively, compared with placebo (discussed by Festoff, 
1996). Approximately 5%-10% of cases are transmitted as autosomal domi- 
nant mutations, and 25% of these contain mutations in CulZn superoxide 
dismutase (SODl), which catalyzes the conversion of two superoxide anions 
to hydrogen peroxide and molecular oxygen (Deng et al., 1993; Rosen et al., 
1993). Transgenic mice overexpressing mutant forms of SODl, but not wild- 
type SODl, demonstrate motoneuron degeneration (Gurney et al., 1994) 
suggesting a toxic gain of function rather than partial reduction in SOD1 
activity in the pathogenesis of ALS. Mutant forms of SOD1 promote apoptosis 
when expressed in a neural cell line (Rabizadeh et al., 1995). The mutant 
forms of SOD1 have increased peroxidase activity, which may lead to enhanced 
oxidation of cellular components with resultant death (Wiedau-Pazos et al., 
1996). Neurotrophic factors are able to modulate the oxidation-reduction 
potential of cells (Cheng and Mattson, 1995; Mattson et al., 1995; Spina et 
al., 1992) and may thus protect neurons from this mode of damage. 

In addition to mutant SOD1 transgenic animals, several other animal mod- 
els of motoneuron degeneration exist, demonstrating spontaneous degenera- 
tion of motoneurons and axons, including progressive motor neuronopathy 

(pmn/pmn), mnd, and wobbler mice. Other models for motoneuron degenera- 
tion include peripheral axotomy, which in the neonate results in death of a 
large percentage of axotomized motoneurons and in the adult results in a 



524 CHOI-LUNDBERG AND BOHN 

decrease of choline acetyltransferase (ChAT) expression. Several neuro- 
trophic factors for motoneurons have been tested in several of these models, as 
well as during developmentally programmed cell death. Increased motoneuron 
survival has been observed with BDNF (Chiu et al., 1994; Koliatsos et al., 

1993; Sendtner et al., 1992; Yan et al., 1994aj, NT-3 (Yan et al., 1993) NT- 
4/5 (Hughes et al., 1993b; Koliatsos et al., 1994) IGF-1 (Festoff et al., 1995; 
Hughes et al., 1993b), GDNF (Henderson et al., 1994; Li, L.X. et al., 1995; 
Oppenheim et al., 1995; Sagot et al., 1996; Yan et al., 1995) leukemia inhibitory 
factor (LIF) (Hughes et al., 1993b), and CNTF (Chiu et al., 1994; Forger et 
al., 1993; Sendtner et al., 1990), as well as with combined administration of 
CNTF or GDNF with BDNF (Mitsumoto et al., 1994; Vejsada et al., 1995). 
The protective effects of IGF-1 and CNTF on motoneurons have led to clinical 
trials in patients with ALS. A phase III clinical trial of Myotrophin (IGF-1) 
by Cephalon involving 266 patients has demonstrated slower progression of 
disease and improved function with 50 or 100 ,ug IGF-l/kg/day compared with 
placebo (Festoff, 1996; Walsh, 1995). In contrast, two large (570 and 730 
patients) phase III double-blind, placebo-controlled clinical trials with subcu- 
taneous injections of 0.5, 2, or 5 pg CNTF/kg/day, or 15 or 30 pg CNTF/kg 
three times per week, failed to show beneficial effects. Side effects included 
anorexia, weight loss, and cough, and in many patients they were severe 
enough to limit dosing (ALS CNTF Treatment Study Group, 1996; Miller et 
al., 1996). 

The severe side effects observed in the CNTF trials underscore the need to 
target delivery of neurotrophic factors to the cells of interest, while minimizing 
exposure to other systems. In addition, continuous delivery of trophic factor 
may be required. CNTF has a half life of 2-6 h in the human bloodstream 
(ALS CNTF Treatment Study [ACTS] Phase I-II Study Group, 1995) and 
daily or three times per week subcutaneous injections may not have been able 
to deliver adequate levels of CNTF to motoneurons. Gene therapy approaches 
have the potential to provide continuous release of neurotrophic factor tar- 
geted to cells of interest. In pmn/pmn mice, encapsulated cells engineered to 
express CNTF increased life span 40% and reduced motoneuron loss (Sagot 
et al., 1995b). Encapsulated BHK cells modified to express GDNF reduced 
motoneuron loss 50% in the facial nucleus; however, there were no beneficial 
effects on axon degeneration and life span of pmn/pmn mice (Sagot et al., 
1996). In six ALS patients, intrathecal implantation of encapsulated BHK 
cells engineered to produce about 0.5 pg CNTF/day resulted in 0.2-6 rig/ml 
CNTF in the CSF over 17 weeks and did not cause side effects observed in 
the systemic delivery trials (Aebischer et al., 1996). 

ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder, 
affecting 5%-10% of persons over age 65 and >20% over age 75. Persons 
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with A .D suffer progressively worsen ing demen tia, with deficits in memory, 
spatial orientation, problem-solving, judgment, and language. Pathological 
features of AD brains include atrophy due to w  idespread neurona .I loss, espe- 
cially in the hippocampus, association cortex, entorhinal cortex, basal fore- 
brain, and locus coeruleus. Cholinergic neurons of the basal forebrain are 
affected early in the disease. The neuropathological hallmarks of AD are 
neurofibrillary tangles composed of paired helical filaments of hyperphosphor- 
ylated tau protein and neuritic plaques containing depositions of amyloid. At 
present, the only FDA-approved drug for AD is tacrine, a cholinesterase 
inhibitor, which modestly improves cognitive function in a subpopulation of 
AD patients. Observational epidemiological studies have suggested a role for 
anti-inflammatory drugs in delaying the age of onset of AD. 

Approximately 5%-10% of AD cases are inherited in an autosomal domi- 
nant fashion. Mutations in three genes have been identified. The first gene 
identified encodes amyloid precursor protein (APP) (Yankner, 1996). APP 
is a precursor of AP, the main constituent of neuritic plaques. The identifica- 
tion of mutations in APP has led to the development of animal models that 
exhibit some of the neuropathological features of AD. For example, mice 
overexpressing a mutation of APP (V717F) develop amyloid plaques and 
diffuse synaptic and dendritic loss, although neurofibrillary tangles are not 
observed (Games et al., 1995). These and other related models may be useful 
for testing the efficacy of therapies and unraveling the pathogenesis of AD. 
The other two AD genes identified are presenilin 1 (S182) and presenilin 2 
(STM2), which are related seven transmembrane spanning domain proteins 
(Yankner, 1996). A partial clone of the mouse homolog of presenilin 2, desig- 
nated ALG-3 (apoptosis-linked gene), was recent!y identified by a “death 
trap” assay, based on its ability to rescue a T-cell hybridoma from T-cell 
receptor crosslinking induced apoptosis (Vito et al., 1996). This finding sug- 
gests that the presenilins may be involved in signaling pathways in programmed 
cell death. Alternatively, they may be important in protein trafficking and 
might affect APP processing based on homology with the Caenorhabditis 
elegans protein SPE-4, which functions in the Golgi apparatus to segregate 
membrane proteins (Yankner, 1996). As the roles these proteins play in the 
normal brain and in the pathogenesis of AD are elucidated, they may become 
targets for gene therapy approaches. 

Cholinergic neurons of the basal forebrain (medial septum, vertical limb 
of the diagonal band of Broca, and nucleus basalis of Meynert) that project 
to the hippocampus and cortex undergo extensive degeneration in AD, and 
the degree of cholinergic cell loss correlates with cognitive decline. In addition, 
learning deficits in aged animals are correlated with decreases in acetylcholine 
and can be reversed by treatment with cholinergic agonists or cholinesterase 
inhibitors. Loss of cholinergic neurons can be induced by transection of the 

fimbria-fornix, which contains projection axons from cholinergic cell groups 
in the basal forebrain to the hippocampus. Numerous studies have demon- 
strated the efficacy of nerve growth factor (NGF) in rescuing cholinergic 
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neurons from degeneration, atrophy, and downregulation of neurotransmitter 
phenotype following axotomy in rodents and primates (for example, see Hefti, 
1986; Tuszynski et al., 1990; Williams et al., 1986) and improvements in 
memory tasks have been noted as well in aged rodents (Fischer et al., 1987). 

An AD patient has been infused intraventricularly with 6.6 mg NGF over 3 
months (75 pglday). While some potentially beneficial effects were observed, 
including increased nicotine-binding sites in the cortex, increased cerebral 
blood flow and improvement on a verbal memory test (although other tests 
were unchanged), side effects including weight loss, pain, and sleep distur- 
bances were noted (Olson et al., 1992, 1994). 

EX vivo gene therapy approaches, using a variety of cell types genetically 
modified by classic transfection or retroviral infection methods to express 
NGF are also effective in protecting rodent and primate cholinergic neurons 
from damage induced by fimbria-fornix transection or ibotenic acid lesion. 
They also enhance function and increase cell size in aged rats. Cells trans- 
planted in these studies include fibroblast tumor cell lines 208F (Hoffman et 
al., 1993; Rosenberg et al., 1988) and BHK (Emerich et al., 1994b; Winn et al., 
1994) primary fibroblasts (Dekker et al., 1994; Kawaja et al., 1992; Tuszynski 
et al., 1996b), and conditionally immortalized neural progenitors (Martinez- 
Serrano et al., 1995a,b). In the majority of the studies, the NGF gene, under 
the Moloney murine leukemia virus long terminal repeat (MMLV-LTR) pro- 
moter, was delivered via retroviral infection, although CaP04 transfection of 
NGF under the metallothionein promoter was also used (Emerich et al., 1994b; 
Winn et al., 1994). Cells were grafted into the basal forebrain, the fimbria- 
fornix lesion cavity, or lateral ventricle. Prior to transplantation, the cells 
secreted l-135 ng NGF/lO’ cells/day as determined by ELISA. In two studies 
in which encapsulated cells were used, capsules were retrieved at the time of 
sacrifice, and NGF secretion fell from 27 to 5 ng NGF/capsule/day 3 weeks 
post-transplantation in the rat (Winn et al., 1994) and from 21 to 9 ng NGF/ 
capsule/day 5 weeks post-transplantation in the monkey (Emerich et al., 
1994b). Three or 6 months following transplantation into the unlesioned stria- 
turn, capsules released 3-22 ng NGF/capsule/day, suggesting long-term expres- 
sion is possible with the metallothionein promoter (Winn et al., 1994). Animals 
were sacrificed at 2-4 weeks, or in some cases at 6-10 weeks, following 
lesioning and grafting. In fimbria-fornix models, the biological effect studied 
was the percentage of septal cholinergic neurons on the lesioned side compared 
with the unlesioned side, with septal cholinergic neurons identified by ~75 
(low-affinity NGF receptor) or (ChAT) immunoreactivity. NGF-secreting cells 
maintained 68%-93% of cholinergic neurons, compared with 14%-49% in 
control cell grafts. In aged and ibotenic acid lesioned rats, NGF-secreting cells 
improved deficits in spatial learning (water maze task) and reversed cholinergic 
neuron atrophy (Dekker et al., 1994; Martinez-Serrano et al., 1995a). 

Modest effects on atrophied basal forebrain cholinergic neurons also have 
been noted with an in vivo gene therapy approach in aged rats. An Ad 
vector encoding NGF under control of the Rous sarcoma virus LTR promoter 
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injected into the nucleus basalis magnocellularis increased the cell soma area 
of cholinergic neurons 3 weeks after injection. Aged rats receiving 2 X lo6 
or 5 x lo6 pfu of Ad-NGF had acetylcholinesterase-positive neurons that 
were 6.7%-11.1% or 6%-23% larger than neurons on the contralateral side, 
respectively, compared with -7.4%-1.6% for animals injected with 2 x lo6 
pfu of Ad-1acZ (Castel-Barthe et al., 1996). 

These studies demonstrate the efficacy of NGF delivered via gene therapy 
approaches to protect cholinergic neurons of the basal forebrain from 
axotomy-induced degeneration, as well as to improve spatial learning in aged 
rats. Although cholinergic neurons are severely affected in AD, many other 
neuronal populations are affected as well, and it is unclear if protecting cholin- 
ergic neurons alone will be adequate to prevent or reverse the progressive 
dementia of AD. Additional trophic factors aimed at other neuronal popula- 
tions, including cortical, hippocampal, and noradrenergic locus coeruleus neu- 
rons, might also be required. 

CAG TRINUCLEOTIDE REPEAT EXPANSION DISORDERS 

Several progressive neurodegenerative diseases, including Huntington’s dis- 
ease (HD), spinal and bulbar muscular atrophy (SBMA, or Kennedy’s dis- 
ease), spinocerebellar ataxia type 1 (SCAl), Machado-Joseph disease (MJD), 
dentatorubral-pallidoluysian atrophy (DRPLA), and Haw River syndrome 
(HRS) are caused by CAG repeat expansions that encode polyglutamine 
within proteins (Paulson and Fischbeck, 1996; Sharp and Ross, 1996). Except 
for DRPLA and HRS, each disease is caused by a mutation in a distinct gene. 
The proteins encoded by the mutated genes are as follows: HD, huntingtin; 
SBMA, androgen receptor; SCAl, ataxin-1; MJD, MJDl gene product; and 
DRPLA and HRS, atrophin. The normal numbers of CAG repeats in these 
genes range from 6 to 40, while 36 to 121 repeats are associated with disease. 
Longer CAG expansions are associated with earlier onset and more rapid pro- 
gression. 

Although each disease shares the common genetic mechanism of CAG 
expansion, the pattern of neuronal degeneration, symptoms, and signs differs. 
In SBMA, degeneration of lower motoneurons (LMNs) in the spinal cord 
and brain stem leads to LMN signs, including muscle atrophy, weakness, 
fasciculations, and hyporeflexia. Patients also have androgen insensitivity. 
SCAl is characterized by neuronal loss in the cerebellum, especially Purkinje 
neurons, as well as in various nuclei in the brain stem, resulting in ataxia, 
dysarthria, paralysis of eye muscles, and weakness. In DRPLA and HRS, 
degeneration occurs in the globus pallidus, dentatorubral system, and subtha- 
lamic nucleus, leading to ataxia, choreathetosis, and myoclonus, as well as 

dementia and epilepsy. In MJD, spinocerebellar systems degenerate, resulting 
in ataxia. HD is the most common of the polyglutamine expansion disorders. 
Degeneration in the striatum, especially GABAergic medium spiny neurons, 
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typically occurs first, and later involves widespread areas of cortex and cerebel- 
lum. Clinical signs include involuntary movements (chorea and dystonia), as 
well as cognitive, emotional, and behavioral disturbances. 

With the exception of SBMA, which is X-linked, inheritance is autosomal 
dominant, suggesting a toxic gain of function. As the causative genes have no 
significant homology to each other, and all result in progressive neurodegener- 
ation, albeit in different neuronal populations, it has been proposed that the 
expanded polyglutamine repeats may interact with a related set of proteins, 
possibly interfering with their function. Two proteins that preferentially in- 
teract with expanded polyglutamine repeats have been described. In a 
yeast two-hybrid screening system, the huntingtin protein interacts with a 
protein designated HAP-l (huntingtin-associated protein), and HAP-l binds 
to polyglutamine-expanded huntingtin with greater affinity than normal 
huntingtin (Li et al., 1995). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), an enzyme in the glycolysis pathway, binds a 60-glutamine peptide 
(representing a mutant, expanded CAG repeat), but not a 20-glutamine pep- 
tide (representing normal). Furthermore, both atrophin and huntingtin bind 
GAPDH (Burke et al., 1996). In addition, expanded glutamine repeats reduce 
GAPDH activity (Roses, 1996). This finding is particularly interesting, as 
persons with an HD mutant allele, even those not yet showing clinical signs, 
have decreased glucose metabolism in the striatum, suggesting an impairment 
in energy generation. Furthermore, striatal degeneration similar to that seen 
in HD patients can be created in animals by injection of mitochondrial toxins, 
such as malonate and 3-nitropropionic acid (3-NPA) (Sharp and Ross, 1996). 

Transgenic animals overexpressing or heterozygous for the mutant genes 
with expanded CAG repeats should be good animal models for these diseases 
and should assist in elucidating pathogenesis and testing therapies. A possible 
gene therapy approach would be to deliver a gene encoding an antisense 
sequence to the expanded polyglutamine stretch to prevent its translation 
while not interfering with translation of the normal allele. This may prove 
technically challenging as the normal allele has from 6 to 40 CAG repeats 
and the disease allele 36 to 121, and such an antisense RNA might bind both 
transcripts. Additionally, such a gene would have to be expressed in a large 
percentage of at-risk neurons. Another possibility would be to target those 
proteins interacting with polyglutamine. 

Other animal models of HD induce striatal degeneration by the injection 
of excitotoxins, such as the glutamate agonist quinolinic acid (QA), or mito- 
chondrial toxins, including 3-NPA. NGF protects cholinergic striatal neurons 
from degeneration induced by QA. Infusion of NGF (1 pg/day) for 1 week 
into the striatum beginning the day of QA lesion decreased the loss of ChAT- 
IR neurons from 40% to 6%. ChAT mRNA per neuron was increased 180% 
in NGF-treated animals compared with a 40% decline in controls. However, 
GABAergic neurons were not protected (Venero et al., 1994). In a similar 
QA lesion paradigm, intravenous injection of 20 pglday NGF conjugated to 
OX-26 (an antibody to the transferrin receptor, allowing passage across the 
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blood-brain barrier) beginning 2 days before QA lesion and continuing for 
2 weeks modestly protected cholinergic neurons (24% cell loss in NGF-OX- 
26-treated animals vs. 40% in controls), while somatostatin and NADPH- 
diaphorase neurons were unaffected (Kordower et al., 1994). 

Ex vivs gene therapy with NGF-secreting cells protects cholinergic and, 
in some cases, NADPH-diaphorase striatal neurons from QA- and/or 3- 
NPA-induced degeneration. Rat1 fibroblasts, modified to express 4 ng NGF/ 
10” cells/day by retroviral infection and implanted 1 week before QA, quisqua- 
late, or 3-NPA lesion reduced the lesion size 60%-80% compared with control 
Rat1 fibroblasts. In QA and quisqualate, but not 3-NPA lesioned rats, choliner- 
gic neurons within the lesioned area were protected (Frim et al., 1993a,b; 
Schumacher et al., 1991). Polymer-encapsulated BHK cells, modified to ex- 
press 34 ng NGF/capsule/day by transfection of NGF under the metallothio- 
nein promoter, protected cholinergic and NADPH diaphorase neurons and 
reduced lesion size, although no quantitative analysis was performed. NGF- 
treated rats also rotated less following apomorphine injection, suggesting a 
preservation of striatal neurons with dopamine receptors (Emerich et al., 
1994a). In the intact striatum, polymer-encapsulated BHK cells expressing 
NGF under the metallothionein promoter induced hypertrophy of cholinergic 
and neuropeptide Y striatal neurons, but not GABAergic neurons, 1, 2, and 
4 weeks post grafting, with the hypertrophy reversible following removal of 
implants (Kordower et al., 1996). While these studies clearly demonstrate the 
ability of NGF to protect cholinergic neurons of the striatum, GABAergic 
medium spiny neurons, which are the most severely affected in HD, were not 
protected. Future studies to identify trophic factors for these neurons, as well 
as cortical and cerebellar neurons, which also degenerate in HD, and to 
demonstrate protective effects in vivo are needed before neurotrophic factor 
therapy can be applied to HD. 

STROKE AND APOPTOSIS 

The lack of blood flow in ischemic stroke results in hypoxic and hvpoglycemic 
conditions in the neuronal environment, resulting in reduced energy produc- 
tion. With reduced energy available, ionic gradients are not maintained. Ele- 
vated levels of intracellular calcium play a key role in neuronal damage and 
death. A variety of neurotrophic factors protect neurons from hypoglycemic 
and hypoxic conditions in vitro (Mattson and Cheng, 1993). Infusion of several 
neurotrophic factors, including BDNF (Beck et al., 1994) bFGF (Koketsu et 
al., 1994), insulin, and IGF-I (Zhu and Auer, 1994), into the brain has been 
shown to reduce lesion size following experimental ischemia. Ex vivo gene 

therapy with Rat1 fibroblasts, modified by retroviral vector to produce NGF 
and implanted into the hippocampus 7 days prior to four-vessel occlusion, 
protected 61% of CA1 neurons from damage within 400 ,urn of the graft. In 
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contrast, in rats that received control Rat1 fibroblasts or no grafts, 97% of 
CA1 neurons were damaged (Pechan et al., 1995). 

There is a growing body of evidence that apoptosis plays a role in neuronal 
death in the penumbra region of strokes (Bredesen, 1995). In vivo gene therapy 
designed to interfere with the expression of pro-apoptotic genes by directing 
expression of an antisense message or overexpressing anti-apoptotic genes 
may thus protect neurons from degeneration. Transgenic animals over express- 
ing bcl-2, an antiapoptotic protein, were found to have a 50% reduction in 
infarct volume after experimentally induced ischemia (Martinou et al., 1994). 
Using an in vivo gene therapy approach, Linnik and colleagues (1995) injected 
an HSV amplicon vector directing the expression of bcl-2 24 h prior to focal 
ischemia in rats. There was an area of viable tissue around the injection site 
with HSV-bcl-2, whereas HSV-lac had no effect. In another experiment, HSV 
vectors encoding a bicistronic 1acZ and bcl-2 or a bicistronic 1acZ and a 
truncated, nonfunctional bcl-2 (designated bst) were injected into the striatum 
6 h before middle cerebral artery occlusion. At 48 h after ischemia, the percent- 
age of 1acZ expressing cells on the lesioned side compared with the unlesioned 
side was 107% ? 17% for lacZ-bcl-2 and 64% ? 11% for lacZ-bst, suggesting 
some protection of neurons expressing bcl-2; however, there was no effect on 
total lesion volume (Lawrence et al., 1996). Gene therapies designed to inter- 
fere with the interleukin-lb-converting enzyme (ICE) proteases, which are 
pro-apoptotic, may also prevent degeneration (Milligan et al., 1995). 

Delivery of interleukin-1 receptor antagonist (IL-lra) protein into the CNS 
reduces ischemic brain damage (see Betz et al., 1995). In vivo gene therapy 
with an Ad vector encoding IL-lra injected into the rat lateral ventricle 5 
days before 24 h of middle cerebral artery occlusion reduced infarct volume 
64% compared with Ad-1acZ (Betz et al., 1995). In this study, rats injected 
with Ad IL-lra had cerebrospinal fluid and brain levels of IL 
50- and 5-fold higher than Ad-1acZ rats, respectively. 

NEURODEGENERATIVE DISEASES AND APOPTOSIS 

lra that were 

aaanlon IO 11s role m stroKe, apoptosls may De mvolvea m neuronal death 
in neurodegenerative diseases (Bredesen, 1995). Overexpression of the anti- 
apoptotic gene bcl-2 under control of the neuron-specific enolase promoter in 
mice protected neurons in several models of neurodegeneration. For example, 
these transgenic mice exhibited no motor neuron cell death following neonatal 
peripheral nerve axotomy, whereas in wild-type mice, 77% of neurons degener- 
ated (De Bilbao and Dubois-Dauphin, 1996; Dubois-Dauphin et al., 1994). 
Similarly, optic nerve transection caused a 50% reduction in the total number 
of retinal ganglion cells (RGC) 24 h after transection in wild-type mice, 
whereas no significant RGC loss occurred in bcl-2 transgenic mice. The number 
of pyknotic RGC cells was reduced 94% in bcl-2 transgenic compared with 
wild-type mice (Bonfanti et al., 1996). Additionally, overexpression of bcl-2 
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in pmn/pmn mice, obtained by crossing pmn/pmn mice with bcl-2 transgenic 
mice, prevented loss of motoneuron soma, but not axonal degeneration (Sagot 
et al., 1995a). These studies were performed in mice overexpressing bcl-2 in 
neurons and represent a germ line gene therapy. Future studies will need to 
address somatic gene therapy with bcl-2 or other apoptosis-related proteins 
using in vivo modification of host tissue. 

Some persons with autosomal recessive spinal muscular atrophy (SMA, not 
to be confused with the autosomal dominant trinucleotide repeat expansion 
disorder spinal and bulbar muscular atrophy, SBMA) have mutations in the 
naip (neuronal apoptosis inhibitor protein) gene, suggesting that loss of func- 
tion of an anti-apoptotic gene can lead to motoneuron degeneration (Roy et 
al., 1995). Overexpressing naip or other anti-apoptotic genes in motoneurons 
by gene therapy approaches might prevent motoneuron loss in these patients. 
The development of naip knockout mice should be helpful in understanding 
the pathogenesis and testing therapies of this disease. 

DISORDERS OF THE PERIPHERAL NERVOUS SYSTEM 

There are numerous disorders of the peripheral nervous system (PNS) with 
diverse etiologies, including inflammatory demyelination and neuropathies 
caused by injury, compression, diabetes, or other endocrine abnormalities, 
toxic agents (including some pharmaceutical agents), leprosy, and inherited 
neuropathies. Neuropathy is a frequent complication of diabetes, and its 
chronic, progressive nature makes it a potential target for gene therapy ap- 
proaches. Metabolic abnormalities and damage to the vasa nervorum (blood 
vessels supplying nerves) likely contribute to peripheral nerve damage in 
diabetes. In addition, decreased expression of trkA, the high-affinity NGF 
receptor, by nociceptive sensory neurons and decreased expression of NGF 
in target organs, such as skin, contribute to degeneration and dysfunction of 
sensory neurons (Anand, 1996; Tomlinson et al., 1996). Administration of NGF 
has been shown to prevent behavioral and biochemical changes associated with 
streptozocin-induced diabetes in rats (Apfel et al., 1994). However, local or 
systemic injection of NGF is associated with hyperalgesia in rodents and 
humans (McMahon, 1996). Modifying tissues to produce modest amounts of 
NGF by gene therapy approaches could potentially prevent these toxic side 
effects. Neurotrophic factors can prevent PNS damage induced by some thera- 
peutic agents. For example, NT-3 protected large sensory neurons from 
cisplatin-induced neuropathy (Gao et al., 1995) and spiral ganglion auditory 
neurons from aminoglycoside-induced degeneration (Ernfors et al., 1996). In 
addition, explant cultures of spiral ganglion infected with HSV BDNF exhib- 
ited robust neurite outgrowth (Geschwind et al., 1996). Injection of HSV 

NGF, but not HSV lacZ, into the superior cervical ganglion prevented the 
decline in TH activity that normally occurs following axotomy (Federoff et 
al., 1992). 
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SPINAL CORD TRAUMA 

Spinal cord trauma can damage ascending sensory pathways, descending motor 
pathways, local connections, and neurons. Axonal regrowth in the spinal cord 
is inhibited by glial scar formation, myelin-associated inhibitors of neurite 
outgrowth, lack of growth-promoting extracellular matrix and cell surface 
molecules, and perhaps a limited supply of trophic support. Grafts of fibro- 
blasts genetically modified to secrete neurotrophic factors promote neurite 
growth into grafts. For example, primary fibroblasts modified to express NGF 
by a retroviral vector and grafted into the unlesioned or dorsal hemisected 
spinal cord promoted robust ingrowth of sensory and noradrenergic fibers, 
limited ingrowth of motor fibers in lesioned cord only, and no ingrowth of 
serotonergic fibers (Tuszynski et al., 1994, 1996a). Transgene expression, ana- 
lyzed by RT-PCR, was still detectable at 14 months after grafting (Tuszynski 
et al., 1996a). Sensory neurites were also observed to penetrate grafts of 
fibroblasts expressing NT-3 and bFGF, but not BDNF (Nakahara et al., 1996). 
In another ex vivo gene therapy study, fibroblasts genetically modified to 
express PDGF and injected into the cisterna magna increased the number of 
O-2A progenitors in the adult rat cervical spinal cord (Ijichi et al., 1996). For 
regeneration to occur in the spinal cord or brain, several strategies will likely 
be required in addition to providing neurotrophic factors, such as expression 
of substrates that promote axon outgrowth or block the action of inhibitory 
molecules. 

CONCLUSIONS AND FUTURE GOALS 

The potential clinical application of gene therapy to neurological disorders is 
promising, but presently limited by lack of technological advances at three 
levels. The first level is common to the goals of gene therapy in general, 
regardless of tissue type (see Table 6). The most important of these goals 
is to develop vectors or DNA transfer techniques that result in long-term 
sustainable expression. While advances in vector design may enhance the 
durability of transgene expression, this might also be enhanced through the 
use of cell-specific promoters. The cellular complexity of the nervous system 
presents unique challenges to gene therapy technology and is an ideal tissue 
for studying the incorporation of cell-specific promoters on the duration of 
transgene expression. The cellular context of transgene also may be a contrib- 
uting factor to cellular and immune reactions to vector. Although cell-specific 
promoters have been tried in several studies in neural tissue in vitro and in 
vivo (Andersen et al., 1992; Jin et al., 1996; Kaplitt et al., 1994a; Lu and 
Federoff, 1995) this remains an area ripe for investigation, especially for 
making rigorous, side-by-side comparisons on level and duration of transgene 
expression with specific cellular promoters and different viral vectors. 
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TABLE 6 Clinical Application of Gene Therapy to the Nervous System: 
Goals to be Met 

Level 1: Vector development in general 
High titer, low particle ratio, or absence of helper virus 
Low cytotoxicity 
High, sustained levels of transgene expression 
Regulatable expression 
Modulation of immune responses 
Vector safety 

Level 2: Vector development specific to the nervous system 
Specific cell targeting 

Viral capsid or fiber modification 
Cell specific promoters 
Retrograde transport 
Route of administration 

Focal vs. widespread distribution of vectors in brain 
Comparative testing in viva 

Level 3: Biological issues of neurotrophic/neuroprotective factor gene therapy 
Differential effects of factors on embryonic, adult, aged, and diseased neurons 
Identify novel molecules that promote or repress survival and growth of specific 

classes of neurons 
Determine the optimal cell type(s) for gene targeting 
Identify optimal vector(s) 
Improve animal models of progressive degeneration 
Design more sophisticated behavioral tests of neuronal recovery 
Interfere directly with apoptosis program in neurons 

Ideally, the therapeutic gene should be delivered to the site where its 
product can mimic, substitute, or block endogenous mechanisms in a specific 
class of neurons and not produce deleterious side effects in nontargeted neu- 
rons. There are several strategies for targeted delivery. The cell type to be 
targeted could be the diseased or injured neuron itself where the factor would 
act in an autocrine or paracrine manner. Alternatively, the vector could target 
the cells upon which the diseased or injured neuron normally synapses where 
the factor would be released, taken up by neuronal terminals, and be retro- 
gradely transported or act through terminal transduction mechanisms. Finally, 
the vector could be targeted to glial cells, such as astrocytes, oligodendrocytes, 
or microglia. These cells would then release the factor and increase its level 
in the micromileu of the diseased neuron. The particular strategy employed 
would be based on the biological nature of the neuronal system to be treated 
and on the molecular mechanisms involved. 

Another issue is the route of delivery to the CNS. A single injection of 

virus in microliter quantities into rat brain produces a focal region of infected 
cells. Slow perfusion of virus into brain parenchyma has been reported to give 
fairly widespread distribution with up to 9 mm reported for Ad and 14 mm 
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for HSV (Davidson et al., 1993; Muldoon et al., 1995). Another method for 
focal delivery would be to utilize retrograde transport. Combining retrograde 
transport with a cell-specific promoter driving transgene expression would 
give this approach an even higher degree of specificity. One study applying this 
approach has demonstrated specific expression of transgene in DA neurons in 
the SN following injection of an HSV amplicon vector harboring 1acZ driven 
by the TH promoter into the striatum (Jin et al., 1996). Such focal delivery 
might be optimal for diseases affecting a single group of cells such as in 
Parkinson’s disease, whereas other diseases or injuries to the CNS might best 
be served by a more global delivery of vector. For example, vector could be 
delivered fairly noninvasively through injection into cerebral vessels following 
disruption of the blood-brain barrier or injection into the cerebrospinal fluid. 
Transient osmotic disruption of the blood-brain barrier results in a larger 
spread of transduced cells following administration of Ad or HSV, with labeled 
cells found throughout the disrupted cerebral cortex (Doran et al., 1995; 
Muldoon et al., 1995; Neuwelt et al., 1991). Viral vectors have also been 
injected into the cisterna magna and lateral ventricle with transgene expression 
observed in ependymal cells, leptomeninges, and cells lining cerebral vessels 
(Bajocchi et al., 1993; Ooboshi et al., 1995). Again, the optimal route of 
delivery would depend on the disease or injury to be targeted. 

Another goal should be the use of regulatable promoters so that transgene 
expression can be induced or eliminated. In some instances, such as in stroke, 
transient production of transgene might be sufficient to offer protection to 
neurons, whereas long-term expression might not be needed or might be 
deleterious. In other instances, long-term expression might be theoretically 
suitable. However, side effects, such as affective, cognitive, and behavioral 
disorders produced by long-term transgene expression in the human, might 
not be predicted from animal studies. The incorporation of a regulatable 
promoter would be advantageous if such side effects were to occur. To date, 
only preliminary studies on the use of regulatable promoters in neural cells 
have been done (Emerich et al., 1994a,b; Paulus et al., 1996; Winn et al., 1994). 

The third level of consideration for applying gene therapy to the CNS 
involves issues basic to neurobiology and behavior. The more fundamental 
knowledge we have on the molecular mechanisms involved in development, 
aging, and disease of specific neuronal systems, the more genes will be identi- 
fied as candidates for gene therapy. Likewise, means for acting on downstream 
pathways involved in apoptosis and neurotrophic factor action through gene 
therapy are likely to be fruitful areas of investigation. The development of 
animal models that more closely mimic the morphological, neurochemical, 
and behavioral consequences of neurological diseases in humans are also 
critically important to evaluating preclinical gene therapy studies. Finally, it 
is important to include nonhuman primates in the preclinical studies before 
gene therapy is applied to the human CNS. 
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