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1. ABSTRACT

The human immunodeficiency virus (HIV)
infects primarily the hematopoietic and immune systems.
At the onset of infection, an initial activation of the
immune system occurs, with a subsequent suppression
thereafter due to direct viral infection of cells, inhibitory
effects of HIV proteins, an altered microenvironment with
cytokine imbalance, and increased apoptosis of both
infected and non-infected cells.  The CD34+ hematopoietic
stem cell, however, remains free of infection. Novel
methods in gene therapy utilize viral vectors that can
introduce genes with good efficiency into the non-dividing
stem cell.  Therefore, HIV-resistance genes can be
introduced into stem cells using these vectors.  This confers
resistance to infection to their respective progeny, and
concurrently allows for repopulation of the immuno-
hematopoietic repertoire.  Applications of this technology
to the patient infected with HIV are discussed in the context
of myeloablative therapy and stem cell rescue.

2. INTRODUCTION

The study of HIV has made a significant
contribution to the increased understanding of human
immune responses, and in particular the role of chemokines
and their receptors in these responses (1-3).  As most
patients with HIV also exhibit other hematologic
abnormalities, it has also lead to a greater appreciation for
the bone marrow microenvironment, and the cytokines
responsible for its homeostasis (4).  Furthermore, gene
therapy with lentiviral vectors, now a mainstay for the
transfection of quiescent hematopoietic stem cells (HSC), is
likely a consequence of the understanding of mechanisms
of HIV infection and propagation (5).

This work attempts to unite these concepts and
offer a picture of the disruption in the hematopoietic and
immune homeostatic mechanisms which occur in HIV.
Using these concepts, options for treatment using gene
therapy for HIV are discussed.

3.  HIV AND HEMATOPOIESIS, AN OVERVIEW

The hematopoietic system is the primary target of
HIV infection, and as such, reflects the course of the
disease.  More severe cytopenias are seen in patients with
more advanced disease (6, 7).  Some degree of anemia,
thrombocytopenia, lymphocytopenia, neutropenia, and/or
monocytopenia is present in most patients with HIV
infection. These effects can be either from chemotherapy
for HIV itself and its related conditions, opportunistic and
intercurrent infections, or from direct effects of the virus on
the different components of the blood and bone marrow.
Recently it has become evident that viral infection in and of
itself has devastating consequences on hematopoietic and
immunologic homeostatic mechanisms (4, 8).

In the blood, isolated thrombocytopenia is often
the first sign of HIV-1 infection, with anemia and
granulocytopenia occurring later in the disease (9, 10).
Many infected patients with low platelet counts harbor
normal or increased megakaryocytes in the bone marrow,
and elevated levels of anti-platelet antibodies, typical of
idiopathic thrombocytopenic purpura (ITP) (9).  HIV
infected patients also display an increased incidence of
autoimmune disorders (2). The increase in polyclonal
autoantibody production due to B-cell hyperstimulation is
evident in bone marrow examinations by an increase in
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Figure 1: The hematopoietic microenvironment and hiv infection.  Lineage commitment from the hematopoietic stem cell (HSC) and
hematopoietic progenitor cell (HPC) is shown with the respective surface receptor expression relevant to states of HIV infection and
hematopoietic ontogeny.  Solid black arrows represent progressive lineage commitment, whereas lightening-bolt black arrows represent
HIV viral entry into cells.  Yellow triangles show HIV proteins, such as Vpr, and gp-120, which affect cell functions, and black Y-
figures denote antibodies which are produced in increased amount due to B-cell hyperstimulation.  The antibodies shown are for platelets
and erythrocytes, leading to increased destruction and sequestration in HIV, and for gp-120, required for crosslinking to occur on the
target cell for either inhibitory or stimulatory effects to occur as indicated by the (-) and (+) signs, as well as by the dotted blue arrows.
Some of these viral proteins do not require crosslinking with antibodies, again denoted by the dotted blue arrows and the (-) and (+)
signs.  Inhibitory signals in the form of cytokines are represented by the solid blue arrows and the (-) sign.  Fas/FasL signalling with
resultant apoptosis is shown by the double solid blue arrows. See text for more details.

plasma cells and lymphoid aggregates (9).  However, this
immune stimulation is countered by immune inactivation
due to direct HIV infection of CD4+ T cells and antigen
presenting cells.  The outcome is a shift in immune
homeostasis from Th1-type responses, producing interferon
(IFN)-γ, interleukin (IL)-2, IL-12, IL-15, and IL-18, to
Th2-type which upregulate the cytokines IL-4, IL-5, IL-6,
IL-10, and IL-13 (3).  This immune dysregulation
compounds the direct viral pathogenic mechanisms
responsible for the ineffective hematopoiesis seen in HIV
(2-4, 9, 10).

The mechanisms responsible for the
hematopoietic abnormalities and dysfunction which occur
in patients with HIV infection are multifactorial.  Apart
from the opportunistic infections, malignancies, vitamin
and mineral deficiencies and myelosuppressive

pharmacotherapy common in this population, HIV itself
causes dysregulation of bone marrow function:

1. HIV infection of bone marrow stroma and supporting
structures provides a hostile environment for the
maintenance and differentiation of the hematopoietic stem
cell.
2. Once infected, committed progeny undergo apoptosis, or
programmed cell death, due to upregulation of the Fas/Fas
Ligand (Fas/FasL) pathway.
3. Stimulation of autoantibody production targets and
destroys normal platelets, erythrocytes, and neutrophils.
4. HIV proteins themselves, apart from infection,
inappropriately inhibit and/or stimulate normal cell
functions.

These issues are discussed below and in figure 1
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in the context of the different components which constitute
the bone marrow space, and with respect to their relevance
in gene therapy.

4. HIV AND THE BONE MARROW
MICROENVIRONMENT

4.1. CD34+ Stem Cells
Although much controversy still exists regarding

the ontogeny of the HSC (11), the clinically relevant
research in stem cells and, in particular stem cell transplant,
assumes that the earliest HSC bears the CD34 marker, lacks
CD38, and is in the out-of-cycle G0 state (12-16). The
hematopoietic progenitor cell (HPC) is a CD34+ cell able
to produce colonies of committed cells of all lineages yet is
unable to provide long-term repopulation (14,16).

Early reports indicated that HIV infected the
HSC resulting in decreased colony growth (17,18).
However, more recent data shows that the CD34+/CD38-,
G0 HSC remains free of infection, and that decreased
colony growth is due to HIV infection of the
microenvironment (4).  The apparently conflicting evidence
for infection of the HSC and HPC with HIV can be
explained.  The method of CD34+ cell isolation, the level
of purity obtained, and the exclusion of possible
contaminating cells that are CD34+ but are not necessarily
HSC or HPC, such as endothelial cells, can explain much
of the disparity (17-37).  If HSC/HPCs purified from the
bone marrow samples of HIV infected individuals are
plated in low density and their respective colonies contain
cells which express or contain viral elements at any stage,
and none which do not harbor virus, only then can these
cells be considered infected progenitors (4). However, even
in studies which did not use such strict criteria to define
infected progenitors, those that did report HIV infection of
CD34+ cells did so only at a very low level, and not one
that could explain the hematopoietic derangements that
occur in these patients (4, 9, 17-37).  Furthermore, the
multilineage suppression that occurs with HIV infection
can be reversed with combination antiretroviral therapy,
showing that the HSC/HPC is preserved (27).

In attempts to infect the CD34+ HSC ex vivo
from normal bone marrow, the same controversy exists.
This disparity may be due to the difference in viral isolates
used for infection, or due to the difference in the conditions
of the culture (4, 9, 18, 28, 32, 38-43). In single cell culture
studies with saturating amounts of growth factors, exposure
to HIV results in a low degree of infected colonies (less
than 25%) (44).  More importantly, however, the capacity
of the infected progenitor to undergo differentiation is not
affected.  Therefore, even if the HPC is able to be infected
by HIV, either in vitro or in vivo, the degree of infection is
not such that would limit the growth potential of the
progenitor, and, given this data, is not likely to cause
apoptosis directly.

When specific subsets of progenitor and
precursor cells are evaluated for their infectability and
capacity to harbor HIV infection, a clearer picture emerges.
For better definition, cells are sorted based on their surface

markers and expression of chemokine receptors as well as
their capacity as long-term culture initiating cells (LTCIC).
The CD34+/CD38- population of HSCs is not able to be
infected with HIV-1 or HIV-2 in vitro and does not harbor
virus in LTCIC assays (45).  However, both strains of HIV
do infect the more committed CD34+/CD38+ cells,
correlating also with the upregulation of CD4, CCR5, and
CXCR4 on their surface (45). Furthermore, functional
separation of the CD34+/CD38- subset into G0, non-
cycling cells, again shows that these cells are free of HIV-1
infection both in vivo and in vitro, even though all subsets
of CD34+ cells express CXCR4 at high frequencies (46,
47).  A small subpopulation of these cells are also CD4+,
and are still resistant to HIV infection at the level of viral
entry.  This suggests a third, undefined, coreceptor
necessary for HIV infection absent from the HSC (46) or
that receptor/coreceptor ratios on the surface of the HSC
are inadequate for viral entry at this stage.

Although it is clear that the frequency of HPCs in
the bone marrow and peripheral blood decreases as the
disease progresses, this is not a consequence of direct viral
infection (4, 9, 48).  Rather, inhibitory effects of T-cells
(34, 50) and other accessory cells (23, 37) through cytokine
signaling or upregulated Fas/FasL apoptotic signals (3),
inhibitory HIV membrane and regulatory proteins (29, 49),
and a still ill-defined inherent defect in the HSC/HPC itself
(9, 22, 37, 48) seem to be responsible.  This inherent defect
may be due to defective or absent cell surface proteins
resulting from an altered bone marrow microenvironment.

The inhibitory effect of HIV on the hematopoietic
environment in the absence of active infection plays an
important role in the dysregulation of progenitor and stem
cell homeostasis (37, 40, 41).  The interaction between the
viral envelope glycoprotein and the cell membrane (52), and
the activity of the regulatory genes, tat and nef (29), is
sufficient to produce defects in growth either directly or
through the upregulation of inhibitory cytokines (9).
Furthermore, the crosslinking of gp120 with antibodies
against gp120 found in patient sera, enhances the growth
inhibitory effects and apoptosis (52, 53).

Thus, in HIV disease, the evidence supports that
the CD34+ HSC/HPC is not infected in vivo in early
disease. Rather, the inhibitory effects at the progenitor cell
level occur as a result of viral protein-membrane
interaction, and secondary inhibition from infected
accessory cells in the bone marrow microenvironment
(figure 1).

4.1. Bone Marrow Stromal Elements
The bone marrow microenvironment is

composed of various elements arranged in a lattice-like
scaffolding upon and with which the complex interactions
of hematopoiesis take place (54, 55).  An important
component of the microenvironment is the bone marrow
stroma composed of fibroblasts, adipocytes, endothelial
cells, macrophages, and extracellular matrix (55).  Not only
does the stroma act as a support structure for important
interactions to occur, but it also provides humoral
(cytokines) and cellular (adhesion proteins and receptors)
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signaling vital to normal bone marrow growth, regulation,
and function (54, 55).

In HIV infection, the bone marrow stroma could
be affected directly with cytopathic consequences, or
through altered cytokine profiles and responses leading to
dysregulated hematopoiesis (9).  Similar to the studies
examining the HSC/HPC in HIV infection, controversy
exists with regard to the infectability of bone marrow
stroma with HIV and whether this impacts hematopoiesis
(4, 9).  This disparity lies in the HIV isolates used, the
culture conditions set, and the type of cells studied in the
culture (25, 41, 56-61).  Those studies which utilize
culturing techniques favoring a fibroblast monolayer
generally do not show any deleterious effects of in vitro
HIV infection on hematopoiesis, and indeed, do not show
infection at all in in vivo studies of HIV infected patients
(9, 58).   However, those culture techniques which favor
the overgrowth of a microvascular endothelial cell (MVEC)
layer alone or in addition to fibroblasts, do show significant
impact of HIV infection resulting in dysregulated
hematopoiesis (4, 60, 61).  Given the dynamic nature of the
microenvironment, the latter of the two types of culture,
although still very artificial, is more representative of the in
vivo state.

In HIV-1 infected patients, bone marrow MVECs
are found to be infected (60) even in early disease, whereas,
fibroblasts are not (9). These MVEC enhanced stromal
cultures constitutively produce the growth factors IL-4, IL-
6, granulocyte-colony stimulating factor (G-CSF),
granulocyte-macrophage colony stimulating factor (GM-
CSF), tumor necrosis factor (TNF)-α, transforming growth
factor (TGF)-β, and steel factor normally. However, when
exposed to IL-1α, they are unable to produce appropriate
amounts of G-CSF and IL-6 in response (60). Hence, HIV-
1 infected stromal cell layers with only a very minor
amount of MVECs and monocytes/macrophages (2% of
each), cannot support hematopoiesis and infection results in
a decline in clonogenic progenitor cells (61).  However,
stroma which is genetically modified with a decoy to HIV
and therefore resistant to infection, does not show the same
hematopoietic dysregulation (61). This indicates that even
early in HIV disease, bone marrow MVECs are infected
and can act as a reservoir for the virus. Furthermore,
MVECs are unable to respond appropriately to humoral
signaling within the microenvironment during times of
stress, such as in response to inflammatory stimuli or to
enable recovery from myelosuppression. Thus,
inappropriate cytokine signaling and responses between
infected and uninfected cells (that is, between MVECs and
fibroblasts) may result in a microenvironment hostile to
progenitor growth and differentiation (4).

Since the bone marrow stroma and
microenvironment is a complex three-dimensional system,
the full impact of HIV infection of the stroma on
hematopoeisis cannot be understood until suitable ex vivo
culture conditions can emulate bone marrow dynamics and
structure (62, 63).  However, the current available culture
methods and data strongly suggest that HIV infection of
elements of the bone marrow stroma results in an altered

response pattern to signals important in progenitor cell
maintenance, growth and differentiation, and can in part
explain the decrease in progenitors seen in later disease.

4.3 Committed Hematopoietic Lineages
Even with the relative sparing of the HSC,

infection of more mature CD34+/CD38+ progenitor cells
with HIV can still result in infected progeny of all lineages
(see section 4.1 above).   Despite this “primary” route of
infection, “secondary” infection can occur once cells have
committed to their respective lineages, as long as the
necessary HIV receptor (CD4) and chemokine coreceptors
(mainly CCR5 and CXCR4) are present and function
normally to allow for HIV entry (64).  It is now well
established that the coreceptor CXCR4 is required for entry
of T-tropic strains of virus, or those HIV-1 strains which
mainly infect T-cell lines, and CCR5 is required for the M-
tropic strain of HIV-1, which infects primary monocytes
and macrophages.  There are, as well, dual-tropic strains
which can utilize both coreceptors for viral entry to infect
both macrophages and T-cell lines (64).  Other chemokine
receptors which mediate fusion of HIV-1 by functioning as
coreceptors include CCR2b, CCR3, CCR8, STRL33,
GPR1, CX3CR1, ChemR23, APJ and GPR15 (47, 64).

Chemokine receptor analysis on committed
hematopoietic progeny shows that, aside from the known
presence of CCR5 on monocytes and macrophages and
CXCR4 on T-cells, both CCR5 and CXCR4 coreceptors, in
addition to CD4, are present on megakaryocytes and
granulo-macrophage cells. However, only T-tropic viruses
(using the CXCR4 coreceptor) can infect megakaryocytes
and M-tropic viruses (using the CCR5 coreceptor) can
infect granulo-macrophage cells (47).  This “selective”
tropism, despite both coreceptors being present, may result
from the differential affinity for receptor/ligand and their
interactions, the CD4-coreceptor density and ratio on the
surface of the cells in question, as well as post-viral entry
determinants (47, 65).  Dendritic cells can be infected by
both M-tropic and T-tropic HIV viruses in vitro as they
express numerous chemokine receptors on their surface
(66).

Regardless of the type of HIV strain able to infect
megakaryocytes and granulo-macrophage cells, the fact
that they are susceptible to infection is evidence for a
primary cause of their respective cytopenias.  In particular,
the etiology of thrombocytopenia in HIV+ patients can now
be attributed to primary HIV infection of the
megakaryocytes in the bone marrow as well as inhibitory
signals from an infected microenvironment, with resultant
ineffective thrombopoiesis (67).  This is compounded by
anti-platelet antibodies and early destruction/decreased
survival time in the periphery (10, 67) from a dysregulated
immune system.  Also, HIV-1 infection upregulates Fas
and FasL in infected monocytes (68), macrophages and
lymphocytes (8) and provides apoptotic signals to both
infected and uninfected cells expressing Fas on their
surface, such as monocytes, dendritic cells, lymphocytes,
and possibly progenitor cells (4, 8).  Whereas Th1 cells are
more susceptible to apoptosis, Th2 cells are more
susceptible to HIV infection (8).  Thus, in general,
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accelerated death of Th1 cells from an infected
microenvironment due to Fas/FasL signaling shifts the
immunologic paradigm to Th2, which in turn leads to total
T-cell depletion due to primary HIV infection and T-
progenitor cell depletion (69).

Cells of the erythroid lineage express
predominantly CCR2, low levels of CD4, and no CXCR4
or CCR5 receptors, and are therefore unable to be infected
by either M- or T- tropic strains of virus (47).  This
indicates that direct HIV infection of erythroid cells with
these strains of virus likely does not occur and is not a
major cause of HIV-related anemia.  However, it remains
to be seen whether more restricted virus strains impact in
the pathogenesis of erythroid infection with HIV using the
CCR2 coreceptor, although the low levels of CD4 on their
surface is likely insufficient for viral membrane fusion
(65).  The etiology of HIV-related anemia is more likely a
secondary effect from the dysregulated bone marrow
microenvironment and immune system. Moreover, HIV-1
Vpr protein expression, without active HIV infection,
induces erythrophagocytosis prematurely by cellular
binding with mononuclear phagocytes (70).  Thus,
inhibitory signals from the infected stroma and other
accessory cells (figure 1), as well as anti-erythrocyte
antibodies from hyperactivated B-cells and HIV
extracellular proteins, such as Vpr, act in synergy to
suppress and destroy both erythroid precursors and mature
cells (4, 10, 70).

4.4. Cytokines
The cytokine milieu at cellular interfaces

determines the type, degree, and longevity of a particular
immune response and provides growth and differentiation
signals for hematopoiesis.  An acute or chronic shift in this
cytokine pattern, either from a distance from infected
lymphoid tissues, or within the local microenvironment,
can result in profound immuno-hematologic dysregulation
as seen in HIV disease.

When leukocytes from HIV-infected
individuals are stimulated in vitro, they exhibit a
cytokine profile low in IL-2, Interferon (IFN)-γ, and IL-
12, but increased in IL-4 and IL-10 (8), consistent with
a Th1 to Th2 cytokine shift.  Furthermore, increased
production of GM-CSF, IL-3, IL-4, and IL-10 can result
in bone marrow hyperplasia and lymphoid aggregates
characteristic of the initial myeloid and B-lymphocyte
stimulation seen in early HIV infection (9).  Also, IFN-γ
upregulates the expression of CXCR4 on a
subpopulation of granulo-monocytic precursors (47),
and CCR5 is upregulated by IL-10 (71) but down-
regulated by GM-CSF (72) and IFN-β (73).
Mononuclear cells infected with HIV-1 in vitro
upregulate TNF-α (74), TGF-β1 (75), which both
suppress hematopoiesis, and IL-6 (76) that can enhance
colony growth and stimulate B-cells. Therefore, HIV
infection of cells in the bone marrow microenvironment
causes a disorganization of cytokine signals which, in
addition to causing primary dysregulation, can also
regulate chemokine receptor expression and thereby
modulate HIV replication in vivo.

Aside from infection per se, HIV proteins gp120
and Tat affect hematopoietic cells by the upregulation of
cytokines.  HIV-1 gp120 can stimulate monocytes to
release TNF-α, IL-1β, IL-6, and GM-CSF (77, 78).  A
similar cytokine profile of increased TGF-β1 (51), TNF-α
(79), TNF-β (80), and IL-6 (81) levels is seen with
exposure to HIV-1 Tat.

It is difficult and impractical to separate the
cytokine signals and examine them in isolation from one
another as the implications of affecting any one of them can
only be analyzed in the context of the milieu in the bone
marrow microenvironment. However, generally, in HIV
infection, the cytokine pattern results in a polyclonal B-cell
stimulation early in disease as a result of heightened Th2
responses.  Once HIV viral load increases, the
pathogenicity of the infection itself along with the effects
of HIV proteins cause a cytokine profile conducive to
dysplasia of the marrow and a reduced capacity to support
hematopoiesis due to inhibitory signals.  In late disease, a
decline in Th2 cytokines with further immune
dysregulation due to the dwindling T cell population from
primary infection results in bone marrow hypoplasia and
fibrosis (9).

5. GENE THERAPY FOR HIV

Since the primary sites of HIV infection are the
hematopoietic and immune systems, gene therapy targeting
these sites for control and eradication of the virus is an
active area of study.  The approaches entail the use of
suicide genes, activated by HIV infection, or by genes
rendering cells HIV-resistant by intracellular “anti-HIV”
mechanisms.  In either case, the target cell is the HSC due
to its relative HIV-free status, and its ability to reconstitute
the immuno-hematopoietic repertoire (82) with potential
for long-term efficacy.  The purpose of this section is to
provide a brief overview of gene therapeutic approaches in
HIV and the use of the CD34+ HSC in this context.

 5.1. Strategies for HIV Resistance
Different strategies for anti-HIV gene therapy

exist based on antagonizing viral replication at various
points in its life cycle.  RNA-based inhibitors to viral
replication, integration and propagation are not as
immunogenic as their protein-based counterparts and can
be expressed at high levels without interfering with normal
cellular functions (83).  They include ribozymes (84-86),
anti-sense RNA (87), and RNA decoys (88).  Ribozymes
and anti-sense RNA are very specific to their respective
targets.  This can be advantageous as it confers specificity
of the interaction and flexibility in that a variety of different
messages can be targeted (83-87).   Furthermore, ribozymes
can cleave their targets diminishing the requirement for
abundant expression of anti-sense message.  Alternatively,
RNA decoys compete for the same binding sites on nascent
viral RNA as normal regulatory sequences, thereby
preventing transcription and splicing signals required for
viral propagation (83, 88).  The advantage of RNA decoys
lies in the fact that they target highly conserved areas of the
genome and therefore are unaffected by subtle variations in
the virus.  If the sites at which the decoys compete are
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altered, the virus is unable to bind the normal regulatory
sequences and therefore is already replication deficient
(83).  Protein-based strategies for HIV resistance depend on
the alteration of HIV genes to produce proteins with a
transdominant mutant phenotype, which hinder viral
replication due to ineffective transcription, splicing, or
assembly (83, 89-91).  It is not clear at this time which
approach, if any, is best for anti-HIV therapy, although all
are effective at least in vitro.  However, one study
comparing a few of the different strategies targeting the
Rev transcript or protein directly shows that the
transdominant mutant protein (Rev M10) confers more
anti-HIV activity than an RNA-decoy (Rev Response
Element [RRE]-decoy) or a hammerhead ribozyme able to
cleave two different transcripts (tat and rev) (91). Although
the protein-based form of therapy may be superior, it is also
likely to be more immunogenic (89, 90).  Perhaps a more
important concept inherent to all of these strategies, is the
fact that monocytes, macrophages, and T-cells matured
from HSCs transduced with the gene of interest reliably
express the respective product after commitment, without
altering normal cell function, and are thereby resistant to
HIV infection (83-91).

5.2. Methods for Gene Delivery
Retroviral vectors, such as Moloney murine

leukemia virus (Mo-MuLV), and adeno-associated viral
(AAV) vectors can both be used for insertion of the gene of
interest into hematopoietic cells (83, 92).  Although
generally both prefer the dividing cell for entry, AAV can
also integrate into non-dividing cells, such as HSCs (5).
Ironically, a promising method for the introduction of
genes into the non-cycling HSC, is by the use of lentiviral
vectors (in the retrovirus family), of which HIV is a
member (5, 84, 92-98).  These vectors can be used to target
both CD4+ cells in vivo, thereby restoring the immune
system, as well as the HSC for immuno-hematopoietic
reconstitution (5, 93-100).

Typically, for delivery of gene therapy to affected
patients, bone marrow is harvested, enriched for CD34+
HSCs, and manipulated ex vivo.  The HSCs are stimulated
with cytokines into cell cycle, which allows for viral vector
entry into the cells with the gene of interest.  To increase
the yield of transfected cells, they can be selected for the
presence of the transduced gene (82) prior to reinfusion
into the patient.  This brings attention to several issues.
First, enriching for CD34+ cells per se is not sufficient for
isolation of the HSC that is free of infection.  A further step
of identifying the CD34+ (CD38-), non-cycling HSC is
necessary for the introduction of HIV resistance genes into
a cell which is virus-free in late disease and capable of
immuno-hematopoietic repopulation.  This also provides a
method of purging the HIV infected cells from the stem cell
product.  Although this in theory may be optimal, it is
likely not realistic, as the length of time required for
engraftment and proliferation of the modified HSC will put
the patient at increased risk if a myeloablative conditioning
regimen is used for an in vivo purge of infected cells. If
cells are collected in early HIV disease, the progenitors, as
well as the HSCs, may not be infected and still amenable to

the transfer of HIV resistance genes, allowing for a better
reinfusion product (101).

Second, stimulation of the HSC into cycle with
cytokines to allow for transduction is problematic as this
limits its multipotential capacity (102).  Ideally, therefore,
viral vectors not requiring cell division, such as AAV or the
lentiviridae, are preferred for long-lasting reconstitution of
the hematopoietic repertoire bearing HIV-resistance genes
(5, 93, 103, 104).

Third, selection for the transduced cells may no
longer be necessary as more efficient gene transfer
techniques and detection methods show a 20-100%
transduction efficiency and no adverse effects on colony
formation of the transduced cells (82, 84, 86, 91, 93, 99).
This eliminates the need for a marker gene and the extra
post-transduction selection and purification steps prior to
reinfusion.

Fourth, more recent methods of obtaining a stem
cell product include peripheral blood stem cell (PBSC)
mobilization (86, 91, 101, 104, 105), which also allows for
quicker engraftment, or cord blood collection (85).  Both
methods are more easily accessible than a bone marrow
harvest, are less cumbersome for the donor, and contain more
primitive HSCs.  Furthermore, patients who are HIV+ can be
mobilized with G-CSF safely, without an increase in viral
burden or disease flare, and their mobilized product is
comparable to that collected from non-infected individuals (86,
91, 101, 104, 105).  Moreover, the HSCs from this product can
be transfected with HIV resistance genes and their progeny
show not only normal colony growth and development, but
resistance to HIV upon exposure (86, 91, 101).

With these considerations in mind, trials in gene
therapy for HIV disease can be a reality with the appropriate
precautions.  Infusion of CD4+ lymphocytes transfected ex
vivo with a transdominant mutant Rev protein reveals a
survival advantage compared to control transfected cells in
HIV+ patients (106). However, this approach of modifying
only the T cell population ignores other hematopoietic
reservoirs in the HIV infected patient.  In order to attack this
issue directly, the viral burden needs to be decreased, infected
cells purged, and HSCs harboring HIV resistance genes given
back to the patient for immuno-hematopoietic reconstitution.

6.   STEM CELL TRANSPLANT IN HIV:
CONSIDERATIONS FOR THERAPY AND CURE?

Current therapeutic approaches utilizing highly
active antiretroviral therapy (HAART), which usually
entail a triple drug therapy regimen to combat HIV
infection, are very effective in suppressing HIV viral load
in a large portion of the HIV+ population to whom it is
available.  Although this provides effective suppression for
certain patients for an unknown period of time, the
resurgence of resistant strains after prolonged treatment
cannot be predicted and the necessity for protracted therapy
places patients at risk for drug effects and interactions.
Gene therapy in HIV disease gives the option of not only
effectively treating those patients who are refractory to
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Figure 2:  Gene therapy for HIV.  As the CD34+ stem cell
is virtually free of HIV infection, it can be manipulated ex
vivo with genes that will not only resist HIV infection, but
that will remain in the genome.  After stem cell
mobilization, the HIV-infected patient would therefore
undergo high-dose chemotherapy and stem cell rescue, or,
depending on the type of myeloablative therapy used, a
series of mini-transplants, with the ex vivo manipulated
stem cells. See text for greater detail.

treatment or cannot be treated with usual regimens, but also
the opportunity to engender cells with HIV resistance as
they mature.  This can be accomplished with stem cell
transplant of genetically modified HSCs.

In considering gene therapy and stem cell
transplant for HIV disease, there are several premises with
which to start, most of which are described in previous
sections:

1. There is a more profound suppression of the
hematopoietic repertoire with increased HIV viral burden.
This is due to HIV infection of the cells themselves, HIV
suppressive proteins, and an altered cytokine milieu caused
by HIV.
2. The CD34+ HSC, and HPC in early disease, are spared
from HIV infection.
3.CD34+ HSC/HPCs can be safely mobilized from HIV
infected individuals, and their progeny produce colonies
normally.
4. Using appropriate vectors, HIV-resistance genes can be
introduced into the CD34+ HSC/HPC safely, without
adverse effects on normal cellular function, and confer
resistance to their progeny upon exposure to virus.
5. The bone marrow microenvironment, and in particular,
bone marrow stromal elements are likely infected with HIV
and act as a reservoir for virus.
6. After stem cell transplant, bone marrow stromal elements
may become donor in origin (54), and transduced CD34+
cells are detected for at least 1-3 years after transplant (107,
108).
7. CD34+ cells mobilized form HIV+ patients can be safely
stored in liquid nitrogen without losing their susceptibility
to retroviral transduction or ability to differentiate (86).
8. HAART can effectively suppress HIV for an
indeterminate period of time.
9. At least 10% of the stem cell product reinfused should be
phenotypically modified for effective therapy of most

inherited and acquired disorders.  Without prior
myeloablation, competitive repopulation of the stem cells
occurs after reinfusion, reducing the amount of transduced
stem cells able to engraft effectively (92).
10. Previous attempts at autologous and allogeneic
transplants for HIV-related conditions in infected
individuals show that the myeloablative regimen is well
tolerated, and produces a transient decline in the viral
burden, even though the patients died from recurrent
lymphoma, AIDS or other infections (86, 109, 110).

Based on these premises, one can envision a
method of gene therapy in HIV using a modified stem cell
product after a degree of myeloablation of the host tissues
(figure 2).  This could be in the form of one transplant or a
series of “mini-transplants” with more mild conditioning
regimens. HAART needs to be utilized throughout the pre-
mobilization, mobilization, conditioning and transplant
phases to effect a condition of low viral burden, akin to the
minimal residual disease (MRD) state in malignant
diseases, and, ideally, patients with early disease should be
chosen for the procedure.  This will ensure the procurement
of a product with the lowest viral burden possible, and an
appropriate milieu for engraftment.  The myeloablative
regimen should effect an in vivo purge of infected cells in
addition to suppressing competition for the graft.
Thereafter, transduced HSC/HPC can reconstitute the
immuno-hematopoietic repertoire, and perhaps eventually
even replace the bone marrow stromal elements.  This will
allow for effective in vivo HIV-resistance and normal
hematopoiesis and immune function to be restored, with a
possibility for hematologic cure.  Other reservoirs for HIV
will still remain a problem, unless the disease is caught
prior to their infection.

7.  ACKNOWLEDGEMENTS

We wish to thank Dr. Jane L. Liesveld, and Dr.
Athanassios Mantalaris for helpful discussions and critical
review of the manuscript.

8. REFERENCES

1. Luster AD: Chemokines – chemotactic cytokines that
mediate inflammation. New Engl J Med 338, 436-445
(1998)
2. Haynes BF: Immune responses to human
immunodeficiency virus infection.  In  “AIDS, etiology,
diagnosis, treatment and prevention” Fourth Edition. Eds:
VT DeVita Jr., S Hellman, & SA Rosenberg, Lippincott-
Raven Publishers, Philadelphia, PA 89-99 (1997)
3. Shearer GM: HIV-induced immunopathogenesis.
Immunity 9, 587-593 (1998)
4. Moses A, Nelson J, & Bagby GC Jr.: The influence of
human immunodeficiency virus-1 on hematopoiesis. Blood
91, 1479-1495 (1998)
5. Poeschla E, Corbeau P, & Wong-Staal F: Development
of HIV vectors for anti-HIV gene therapy. Proc Natl Acad
Sci 93, 11395-11399 (1996)
6. Zon LI, Arkin C, & Groopman JE: Haematologic
manifestations of human immunodeficiency virus (HIV).
Br J Haematol 66, 251-256 (1987)



HIV and Hematopoeisis

464

7. Perkocha LA & Rodgers GM: Hematologic aspects of
human immunodeficiency virus infection: laboratory and
clinical considerations. Am J Hematol 29, 94-105 (1988)
8. Shearer GM: HIV-induced immunopathogenesis.
Immunity 9, 587-593 (1998)
9. Davis BR, & Zauli G: Effect of human
immunodeficiency virus infection on haematopoiesis.
Bailliere Clin Haematol 8, 113-130 (1995)
10. Harbol AW, Liesveld JL, Simpson-Haidaris PJ, &
Abboud CN: Mechanisms of cytopenia in human
immunodeficiency virus infection. Blood Rev 8, 241-251
(1994)
11. Bhatia M, Bonnet D, Murdoch B, Gan OI, & Dick JE:
A newly discovered class of human hematopoietic cells
with SCID-repopulating activity. Nature Med 4, 1038-1045
(1998)
12. Orlic D & Bodine D: What defines a pluripotent
hematopoietic stem cell (PHSC): Will the real PHSC please
stand up.  Blood 84, 3991-3994 (1994)
13. Lord BI: Biology of the haemopoietic stem cell.  In,
“Stem Cells”. Ed: CS Potten. Academic Press Ltd, La
Vergne, TN 401-422 (1997)
14. Terstappen LWWM, Huang S, Safford M, Lansdorp
PM, & Loken MR: Sequential generations of hematopoietic
colonies derived from single nonlineage-committed
CD34+CD38- progenitor cells. Blood 77, 1218-1227
(1991)
15. Huang S, & Terstappen LW: Formation of
haematopoietic microenvironmental and haematopoietic
stem cells from single human bone marrow stem cells.
Nature 360, 745-749 (1992)
16. Huang S & Terstappen LW: Lymphoid and myeloid
differentiation of single human CD34+, HLA-DR+, CD38-
hematopoietic stem cells. Blood 83, 1515-1526 (1994)
17. Stanley S, Kessler S, Justement J, Schnittman S,
Greenhouse J, Brown C, Musongela L, Musey K, Kapita B,
& Fauci A: CD34+ bone marrow cells are infected with
HIV in a subset of seropositive individuals. J Immunol 149,
689-697 (1992)
18. Steinberg HN, Crumpacker CS, & Chatis PA: In vitro
suppression of normal human bone marrow progenitor cells
by human immunodeficiency virus. J Virol 65, 1765-1769
(1991)
19. Neal TF, Holland K, Baum CM, Villinger F, Ansari
AA, Saral R, Wingard JR, & Fleming WH: CD34+
progenitor cells from asymptomatic patients are not a major
reservoir for human immundeficiency virus-1. Blood 86,
1749-1756 (1995)
20. Sloand EM, Young NS, Tadatwugu S, Kumar P, Kim
S, Weichold FF, & Maciejewski JP: Secondary colony
formation after long-term bone marrow culture using
peripheral blood and bone marrow of HIV-infected
patients. AIDS 11, 1547-1553 (1997)
21. Davis BR, Schwartz DH, Marx JC, Johnson CE, Berry
JM, Lyding J, Merigan TC, Zander A: Absent or rare
human immunodeficiency virus infection of bone marrow
stem/progenitor cells in vivo. J Virol 65, 1985-1990  (1991)
22. De Luca A, Teofili L, Antinori A, Iovino MS,
Mencarini P, Visconti E, Tamburrini E, Leone G, & Ortona
L: Haemopoietic CD34+ progenitor cells are not infected
by HIV-1 in vivo but show impaired clonogenesis. Br J
Haematol 85, 20-24 (1993)

23. Donahue RE, Johnson MM, Zon LI, Clark SC, &
Groopman JE: Suppression of in vitro haematopoiesis
following human immunodeficiency virus infection. Nature
326, 200-203  (1987)
24. Ganser A, Ottmann OG, Von Briesen H, Volkers B,
Rubsamen-Waigmann H, & Hoelzer D: Changes in the
haematopoietic progenitor cell compartment in the acquired
immunodeficiency syndrome. Res Virol 141, 185-193
(1990)
25. Kaczmarski RS, Davison F, Blair E, Sutherland S,
Moxham J, McManus T, & Mufti GJ: Detection of HIV in
haemopoietic progenitors. Br J Haematol 82, 764-769
(1992)
26. Kearns K, Bahner I, Bauer G, Wei S, Valdez P,
Wheeler S, Woods L, Miller R, Casciato D, Galpin J,
Church J, & Kohn DB: Suitability of bone marrow from
HIV-1-infected donors for retrovirus-mediated gene
transfer. Human Gene Ther 8, 301-311  (1997)
27. Koka PS, Fraser JK, Bryson Y, Bristol GC, Aldrovandi
GM, Daar ES, & Zack JA: Human immunodeficiency virus
inhibits multilineage hematopoiesis in vivo. Journal Virol
5121-5127 (1998)
28. Kojouharoff G, Ottmann OG, Von Briesen H, Geissler
G, Rubsamen-Waigmann H, Hoelzer D, & Ganser A:
Infection of granulocyte/monocyte progenitor cells with
HIV1. Res Virol 142, 151-157  (1991)
29. Louache F, Henri A, Bettaieb A, Oksenhendler E,
Raguin G, Tulliez M, & Vainchenker W: Role of human
immunodeficiency virus replication in defective in vitro
growth of hematopoietic progenitors. Blood 80, 2991-2999
(1992)
30. Lunardi-Iskandar Y, Georgoulias V, Bertoli AM,
Augery-Bourget Y, Ammar A, Vittecoq D, Rosenbaum W,
Meyer P, & Jasmin C: Impaired in vitro proliferation of
hemopoietic precursors in HIV-1-infected subjects. Leuk
Res 13, 573-581  (1989)
31. Marandin A, Katz A, Oksenhendler E, Tulliez M,
Picard F, Vainchenker W, & Louache F: Loss of primitive
hematopoietic progenitors in patients with human
immunodeficiency virus infection. Blood 88, 4568-4578
(1996)
32. Molina JM, Scadden DT, Sakaguchi M, Fuller B,
Woon A, & Groopman JE: Lack of evidence for infection
of or effect on growth of hematopoietic progenitor cells
after in vivo or in vitro exposure to human
immunodeficiency virus. Blood 76, 2476-2482  (1990)
33. Slobod KS, Bennett TA, Freiden PJ, Kechle AM,
Howlett N, Flynn PM, Head DR, Srivastava DK, Boyett
JM, Brenner MK, & Garcia JV: Mobilization of CD34+
progenitor cells by granulocyte colony-stimulating factor in
human immundeficiency virus type 1-infected adults.
Blood 88, 3329-3335 (1996)
34. Stella CC, Ganser A, & Hoelzer D: Defective in vitro
growth of the hemopoietic progenitor cells in the acquired
immunodeficiency syndrome. J Clin Invest 80. 286-293
(1987)
35. Von Laer D, Hufert FT, Fenner TE, Schwander S,
Dietrich M, Schmitz H, & Kern P: CD34+ hematopoietic
progenitor cells are not a major reservoir of the human
immunodeficiency virus. Blood 76, 1281-1286  (1990)
36. Zauli G, Re MC, Davis B, Sen L, Visani G, Gugliotta
L, Furlini G, & La Placa M: Impaired in vitro growth of



HIV and Hematopoeisis

465

purified (CD34+) hematopoietic progenitors in human
immunodeficiency virus-1 seropositive thrombocytopenic
individuals. Blood 79, 2680-2687  (1992)
37. Zauli G, Re MC, Visani G, Furlini G, Mazza P, Vignoli
M, & La Placa M: Evidence for a human
immunodeficiency virus type 1-mediated suppression of
uninfected hematopoietic (CD34+) cells in AIDS patients.
J Infect Dis 166, 710-716  (1992)
38. Folks TM, Kessler SW, Orenstein JM, Justement JS,
Jaffe ES, & Fauci AS: Infection and replication of HIV-1 in
purified progenitor cells of normal human bone marrow.
Science 242, 919-922 (1988)
39. Kitano K, Abboud CN, Ryan DH, Quan SG, Baldwin
GC, & Golde DW: Macrophage-active colony-stimulating
factors enhance human immunodeficiency virus type 1
infection in bone marrow stem cells.  Blood  77, 1699-1705
(1991)
40. Zauli G, Re MC, Furlini G, Giovannini M, LaPlaca M:
Human immunodeficiency virus type 1 envelope
glycoprotein gp 120-mediated killing of human
haematopoietic progenitors (CD34+ cells). J Gen Virol 73,
417-421  (1992)
41. Cen D, Zauli G, Szarnicki R, & Davis BR: Effect of
different human immunodeficiency virus type-1(HIV-1)
isolates on long-term bone marrow haematopoiesis. Br J
Haematol 85, 596-602 (1993)
42. Zauli G, Re MC, Giovannini M, Bagnara GP, Furlini
G, Ranieri S, & La Placa M: Effects of human
immunodeficiency virus type 1 on CD34+ cells.  Ann NY
Acad Sci 628, 273-278 (1991)
43. Zauli G, Re MC, Visani G, Furlini G, & La Placa M:
Inhibitory effect of HIV-1 envelope glycoproteins gp120
and gp160 on the in vitro growth of enriched (CD34+)
hematopoietic progenitor cells. Arch Virol 122, 271-280
(1992)
44. Chelucci C, Hassan HJ, Locardi C, Bulgarini D, Pelosi
E, Mariani G, Testa U, Federico M, Valtieri M, & Peschle
C: In vitro human immunodeficiency virus-1 infection of
purified hematopoietic progenitors in single-cell culture.
Blood 85, 1181-1187 (1995)
45. Weichold FF, Zella D, Barabitskaja O, Maciejewski JP,
Dunn DE, Sloand EM, & Young NS: Neither human
immunodeficiency virus-1 (HIV-1) nor HIV-2 infects most-
primitive human hematopoietic stem cells as assessed in
long-term bone marrow cultures. Blood 91, 907-915 (1998)
46. Shen H, Cheng T, Preffer FI, Dombkowski D,
Tomasson MH, Golan DE, Yang O, Hofmann W, Sodroski
JG, Luster AD, & Scadden DT: Intrinsic human
immunodeficiency virus type 1 resistance of hematopoietic
stem cells despite coreceptor expression. Journal Virol 73,
728-737 (1999)
47. Lee B, Ratajczak J, Doms RQ, Gewirtz AM, &
Ratajczak MZ: Coreceptor/chemokine receptor expression
on human hematopoietic cells: Biological implications for
human immunodeficiency virus-type 1 infection. Blood 93,
1145-1156 (1999)
48. Zauli G, & Capitani S: HIV-1-related mechanisms of
suppression of CD34+ hematopoietic progenitors.
Pathobiol 64, 53-58 (1996)
49. Leiderman IZ, Greenberg ML, Adelsberg BR, & Siegel
FP: A glycoprotein inhibitor of in vitro granulopoiesis
associated with AIDS. Blood 70, 1267-1272 (1987)

50. Balleari E, Timitilli S, Puppo F, Gaffuni L, Mussell C,
Rizzo F, Indivieri F, & Ghio R: Impaired in vitro growth of
peripheral blood hematopoietic progenitor cells in HIV-
infected patients: Evidence for an inhibitory effect of
autologous T lymphocytes. Ann Hematol 63, 320-325
(1991)
51. Zauli G, Davis BR, Re MC, Visani G, Furlini G, & La
Placa M: Tat protein stimulates production of transforming
growth factor-beta 1 by marrow macrophages: A potential
mechanism for HIV-1 induced hematopoietic suppression.
Blood 80, 3036-3043 (1992)
52. Zauli G, Vitale M, Re MC, et al: In vitro exposure to
human immunodeficiency virus type 1 induces apoptotic
cell death of the factor-dependent TF-1 hematopoietic cell
line. Blood 83, 167-175 (1994)
53. Kornfel H: Identification of HIV-1 envelope
glycoprotein in the serum of AIDS and ARC patients.
Journal of AIDS 5, 251-256 (1992)
54. Clark BR, & Keating A: Biology of bone marrow
stroma. Ann NY Acad Sci 770, 70-78 (1995)
55. Abboud CN, & Lichtman MA: Structure of the
marrow. In “Williams Hematology”. Fifth Edition. Eds: E
Beutler, MA Lichtman, BS Coller, & TJ Kipps, McGraw-
Hill, Inc., New York 25-38 (1995)
56. Calenda V, Sebahoun G, & Chermann JC: Modulation
of normal human erythropoietic progenitor cells in long
term liquid cultures after HIV-1 infection. AIDS Res Hum
Retrovir 8, 61-67 (1992)
57. Scadden DT, Zeira M, Woon A, Wang Z, Schieve L,
Ikeuchi K, Lim B, & Groopman JE: Human
immunodeficiency virus infection of human bone marrow
stromal fibroblasts. Blood 76, 317-322 (1990)
58. Marandin A, Canque B, Coulombel L, Gluckman JC,
Vainchenker W, & Louache F: In vitro infection of bone
marrow-adherent cells by human immunodeficiency virus
type 1 (HIV-1) does not alter their ability to support
hematopoiesis. Virology 213, 245-248 (1995)
59. Gill V, Shattock RJ, Scopes J, Hayes P, Freedman AR,
Griffin GE, Gordon-Smith EC, & Gibson FM: Human
immunodeficiency virus infection impairs hemopoiesis in
long-term bone marrow cultures: nonreversal by nucleoside
analogues. J Infect Dis 176, 1510-1516 (1997)
60. Moses AV, Williams S, Heneveld ML, Strussenberg J,
Rarick M, Loveless M, Bagby G, & Nelson JA: Human
immunodeficiency virus infection of bone marrow
endothelium reduces induction of stromal hematopoietic
growth factors. Blood 87, 919-925 (1996)
61. Bahner I, Kearns K, Coutino S, Leonard EH, & Kohn
DB: Infection of human marrow stroma by human
immunodeficiency virus-1 (HIV-1) is both required and
sufficient for HIV-1-induced hematopoietic suppression in
vitro: Demonstration by gene modification of primary
human stroma. Blood 90, 1787-1798 (1997)
62. Wang TY, Brennan JK, & Wu JH: Multilineal
hematopoiesis in a three-dimensional murine long-term
bone marrow culture. Exp Hematol 23, 26-32 (1995)
63. Mantalaris A, Keng P, Bourne P, Chang AY, & Wu JH:
Engineering a human bone marrow model: a case study on
ex vivo erythropoiesis. Biotechnol Prog 14, 126-133 (1998)
64. Lee B, Doranz BJ, Ratajczak MZ, & Doms RW: An
intricate web: Chemokine receptors, HIV-1 and
hematopoiesis. Stem Cells 16, 79-88 (1998)



HIV and Hematopoeisis

466

65. Platt EJ, Wehrly K, Kuhman SE, & Kabat D: Effects of
CCR5 and CD4 cell surface concentrations for infections
by primary and laboratory-adapted isolates of human
immunodeficiency virus type 1. J Virol 72, 2855-2864
(1998)
66. Rubbert A, Combadiere C, Ostrowski M, Arthos J,
Dybul M, Machado E, Cohn MA, Hoxie JA, Murphy PM,
Fauci AS, & Weissman D: Dendritic cells express multiple
chemokine receptors used as coreceptors for HIV entry. J
Immunol 160, 3933-3941 (1998)
67. Cole JL, Marzec UM, Gunthel CJ, Karpatkin S,
Worford L, Sundell IB, Lennox JL, Nichol JL, & Harker
LA: Ineffective platelet production in thrombocytopenic
human immunodeficiency virus-infected patients. Blood,
91, 3239-3246 (1998)
68. Badley AD, McElhinny JA, Leibson PJ, Lynch DH,
Alderson MR, & Paya CV: Upregulation of Fas ligand
expression  by human immunodeficiency virus in human
macrophages mediates apoptosis of uninfected T
lymphocytes. J Virol 70, 199-206 (1996)
69. Jenkins M, Hanley MB, Moreno MB, Wieder E, &
McCune JM: Human immunodeficiency virus-1 infection
interrupts thymopoiesis and multilineage hematopoiesis in
vivo. Blood 91, 2672-2678 (1998)
70. Kulkosky J, Laptev A, Shetty S, Srinivasanm A,
BouHamdan M, Prockop DJ, & Pomerantz RJ: Human
immunodeficiency virus type 1 Vpr alters bone marrow cell
function. Blood 93, 1906-1915 (1999)
71. Sozzani S, Ghezzi S, Iannolo G, Luini W, Borsatti A,
Polentarutti N, Sica A, Locati M, Mackay C, Wells TNC,
Biswas P, Vicenzi E, Poli B, & Mantovani A: IL-10
increases CCR5 expression and HIV infection in human
monocytes. J Exp Med 187, 439-444 (1998)
72. Di Marzio P, Tse J, & Landau NR: Chemokine receptor
regulation and HIV type 1 tropism in monocyte-
macrophages. AIDS Res Human Retroviruses 14, 129-138
(1998)
73. Cremer I, Vieillard V, & De Maeyer E: Interferon-beta-
induced human immunodeficiency virus resistance in
CD34(+) human hematopoietic progenitor cells: correlation
with a down-regulation of CCR-5 expression. Virology 20,
241-249 (1999)
74. Matsuyama T, Kovayashi N, & Yamamoto N:
Cytokines and HIV infection: is AIDS a tumour necrosis
factor disease? AIDS 5, 1405-1417 (1991)
75. Kekow J, Wachsman W, McCutchan JA, Cronin M,
Carson DA, & Lotz M: Transforming growth factor β and
non-cytopathic mechanisms of immunodeficiency in
human immunodeficiency virus infection. Proc Nat Acad
Sci 87, 8321-8325 (1990)
76. Breen EC, Rexai AR, Nakajima K, Beall GN,
Mitsuyasu RT, Hirano T, Kishimoto T, & Martinez-Maza
O: Infection with HIV is associated with elevated IL-6
levels and production. J Immunol 144, 480-484 (1990)
77. Clouse KA, Cosention LM, Weih KA, Pyle SW,
Robbins PB, Hochstein HD, Natarajan V, & Farrar WL:
The HIV-1 gp120 envelope protein has the intrinsic
capacity to stimulate monokine secretion. J Immunol, 2892-
2901 (1991)
78. Reickmann P, Poli G, Fox CH, Kehrl JH, & Fauci AS:
Recombinant gp120 specifically enhances tumor necrosis
factor-α production and Ig secretion in B lymphocytes

from HIV-infected individuals but not from seronegative
donors. J Immunol, 2922-2927 (1991)
79. Buonaguro L, Barillari G, Chang HK, Bohan CA, Kao
V, Morgan R, Gallo RC, & Ensoli B: Effects of the human
immunodeficiency virus type 1 tat protein on the
expression of inflammatory cytokines. J Virol 66, 7159-
7167 (1992)
80. Sastry KJ, Reddy HR, Pandita R et al: HIV-1 tat gene
induces tumor necrosis factor-beta (lymphotoxin) in a
human B-lymphoblastoid cell line. J Biol Chem, 20091-
20093 (1990)
81. Zauli G, Furlini G, Re MC, Milano DC, Capitani S, &
La Placa M: Human immunodeficiency virus type 1 (HIV-
1) tat protein stimulates the production of interleukin-6 (IL-
6) by peripheral blood monocytes. New Microbiol 16, 115-
120 (1993)
82. Paillard F: The use of peripheral blood hematopoietic
progenitors for human immunodeficiency virus gene
therapy. Human Gene Therapy 8, 2170-2171 (1997)
83. Gilboa E, & Smith C: Gene therapy for infectious
diseases: The AIDS model. Trends Gen 10, 139-144 (1994)
84. Rosenzweig M, Marks DF, Hempel D, Heusch M,
Kraus G, Wong-Staal F, & Johnson RP: Intracellular
immunization of rhesus CD34+ hematopoietic progenitor
cells with a hairpin ribozyme protects T cells and
macrophages from simian immunodeficiency virus
infection. Blood 90, 4822-4831 (1997)
85. Yu M, Leavitt MC, Maruyama M, Yamada O, Young
D, Ho AD, & Wong-Staal F: Intracellular immunization of
human fetal cord blood stem/progenitor cells with a
ribozyme against human immunodeficiency virus type 1.
Pro. Nat. Acad  Sci 92, 699-703 (1995)
86. Gervaix A, Schwarz L, Law P, Ho AD, Looney D,
Lane T, & Wong-Staal F: Gene therapy targeting peripheral
blood CD34+ hematopoietic stem cells of HIV-infected
individuals. Human Gene Therapy 8, 2229-2238 (1997)
87. Rosenzweig M, Marks DF, Hempel D, Lisziewicz J, &
Johnson RP: Transduction of CD34+ hematopoietic
progenitor cells with an antitat gene protects T-cell and
macrophage progeny from AIDS virus infection. J Virol 71,
2740-2746 (1997)
88. Bahner I, Kearns K, Hao Q-L, Smogorzewska EM, &
Kohn DB: Transduction of human CD34+ hematopoietic
progenitor cells by a retroviral vector expressing an RRE
decoy inhibits human immunodeficiency virus type 1
replication in myelomonocytic cells produced in long-term
culture. J Virol 70, 4352-4360 (1996)
89. Su L, Lee R, Bonyhadi M, Matsuzaki H, Forestell S,
Escaich S, Böhnlein E, & Kaneshima H: Hematopoietic
stem cell-based gene therapy for acquired
immunodeficiency syndrome: Efficient transduction and
expression of RevM10 in myeloid cells in vivo and in vitro.
Blood 89, 2283-2290 (1997)
90. Bonyhadi ML, Moss K, Voytovich A, Auten J,
Kalfoglou C, Plavec I, Forestell S, Su L, Böhnlein E, &
Kaneshima H. J Virol 71, 4707-4716 (1997)
91. Bauer G, Valdez P, Kearns K, Bahner I, Wen SF, Zaia
JA, & Kohn DB: Inhibition of human immunodeficiency
virus-1 (HIV-1) replication after transduction of
granulocyte colony-stimulating factor-mobilized CD34+
cells from HIV-1-infected donors using retroviral vectors
containing anti-HIV-1 genes. Blood 89, 2259-2267 (1997)



HIV and Hematopoeisis

467

92. Stocking C, & Baum C: Gene transfer into
haemopoietic cells. Bailliere’s Clin Haematol 10, 445-465
(1997)
93. Miyoshi H, Smith KA, Mosier DE, Verma IM, &
Torbett BE: Transduction of human CD34+ cells that
mediate long-term engraftment of NOD/SCID mice by HIV
vectors. Science 283, 682-686 (1999)
94. Douglas J, Kelly P, Evans JT, & Garcia JV: Efficient
transduction of human lymphocytes and CD34+ cells via
human immunodeficiency virus-based gene transfer
vectors. Human Gene Therapy 10, 935-945 (1999)
95. Schilz AJ, Brouns G, Knoss H, Ottmann OG, Hoelzer
D, Fauser AA, Thrasher AJ, & Grez M: High efficiency
gene transfer to human hematopoietic SCID-repopulating
cells under serum-free conditions. Blood 92, 3163-3171
(1998)
96. Uchida N, Sutton RE, Friera AM, He D, Reitsma MJ,
Chang WC, Veres G, Scollay R, & Weissman IL: HIV, but
not murine leukemia virus, vectors mediate high efficiency
gene transfer into freshly isolated G0/G1 human
hematopoietic stem cells. Proc Natl Acad Sci 95, 11939-
11944 (1998)
97. Marandin A, Dubart A, Pflumio F, Cosset FL, Cordette
V, Chapel-Fernandes S, Coulombel L, Vainchenker W, &
Louache F: Retrovirus-mediated gene transfer into human
CD34+38low primitive cells capable of reconstituting long-
term cultures in vitro and nonobese diabetic-severe
combined immunodeficiency mice in vivo. Hum Gene Ther
9, 1497-1511 (1998)
98. Case SS, Price MA, Jordan CT, Yu XJ, Wang L, Bauer
G, Haas DL, Xu D, Stripecke R, Naldini L, Kohn DB, &
Crooks GM: Stable transduction of quiescent
CD34(+)CD38(-) human hematopoietic cells by HIV-1-
based lentiviral vectors. Proc Natl Acad Sci 96, 2988-2993
(1999)
99. Cheng L, Du C, Lavau C, Chen S, Tong J, Chen BP,
Scollay R, Hawley RG, & Hill B: Sustained gene
expression in retrovirally transduced, engrafting human
hematopoietic stem cells and their lympho-myeloid
progeny. Blood 92, 83-92 (1998)
100. Li X, Mukai T, Young D, Frankel S, Law P, &
Wong-Staal F: Transduction of CD34+ cells by a vesicular
stomach virus protein G (VSV-G) pseudotyped HIV-1
vector. Stable gene expression in progeny cells, including
dendritic cells. J Hum Virol 1, 346-352 (1998)
101. Junker U, Moon JJ, Kalfoglou CS, Sniecinski I,
Forman SJ, Zaia JA, Kaneshima H, & Böhnlein E:
Hematopoietic potential and retroviral transduction of
CD34+Thy-1+ peripheral blood stem cells from
asymptomatic human immunodeficiency virus type-1-
infected individuals mobilized with granulocyte colony-
stimulating factor. Blood 89, 4299-4306 (1997)
102. Young JC, Varma A, DiGusto D, & Backer MP:
Retention of quiescent hematopoietic cells with high
proliferative potential during ex vivo stem cell culture.
Blood 87, 545-556 (1996)
103. Naldini L, Blömer U, Gallay P, Ory D, Mulligan R,
Gage FH, Verma IM, & Trono D: In vivo gene delivery
and stable transduction of nondividing cells by a lentiviral
vector. Science 272, 263-267 (1996)
104. Nolta JA, Smogorzewska EM, & Kohn DB: Analysis
of optimal conditions for retroviral-mediated transduction

of primitive human hematopoietic cells. Blood 86, 101-110
(1995)
105. Law P, Lane TA, Gervaix A, Looney D, Schwarz L,
Young D, Ramos S, Wong-Staal F, Recktenwald D, & Ho
AD: Mobilization of peripheral blood progenitor cells for
human immunodeficiency virus-infected individuals. Exp
Hematol 27, 147-154 (1999)
106. Woffendin C, Ranga U, Yang ZH, Xu L, & Nabel
GJ: Expression of a protective gene prolongs survival of T
cell in human immunodeficiency virus-infected patients.
Proc Natl Acad Sci 93, 2889-2894 (1996)
107. Dunbar CE, Cottler-Fox M, O’Shaughnessy JA,
Doren S, Carter C, Berenson R, Brown S, Moen RC,
Greenblatt AJ, Stewart FM, Leitman SF, Wilson WH,
Cowan K, Young NS, & Nienhuis AW: Retrovirally
marked CD34-enriched peripheral blood and bone marrow
cells contribute to long-term engraftment after autologous
transplantation. Blood 85, 3048-3057 (1995)
108. Kohn DB, Weinberg KI, Nolta JA, Heiss LN,
Lenarski C, Crooks GM, Hanley ME, Annett G, Brooks JS,
El-Khoureiy A, Lawrence K, Wells S, Shaw K, Moen RC,
Bastisn J, Williams-Herman DE, Elder M, Wara D, Bowen
T, Hershfield MS, Mullen CA, Blaese RM, & Parkman R:
Engraftment of gene-modified cells from umbilical cord
blood in neonates with adenosine deaminase deficiency.
Nature Med 1, 1017-1026 (1995)
109. Aboulafia D, Mitsuyasu R, & Miles S: Bone marrow
transplantation in an HIV positive thalassemic child
following therapy with azidothymidine. Haematologica 75,
285-287 (1991)
110. Holland HK, Saral R, Rossi JJ, Donnenberg AD,
Burns WH, Beschorner WE, Farzadegan H, Jones FJ,
Quinnan GV, Vogelsang GB, Vriesendorp HM, Wingard
JR, Zaia JA, & Santos GW: Allogeneic bone marrow
transplantation, zidovudine, and human immunodeficiency
virus type 1 (HIV-1) infection. Ann Intern Med 111, 973-
981 (1989)

Key Words:  HIV, Hematopoiesis, Bone Marrow, CD34+,
Gene Therapy

Send correspondence to: Nicki Panoskaltsis, M.D., c/o Camille
N. Abboud, M.D., The University of Rochester Medical Center,
Hematology/Oncology Unit, 601 Elmwood Ave, Box 610,
Rochester, NY  14642, U.S.A., Tel:716-275-4099, Fax:716-275-
5590,E-mail: Camille_Abboud@urmc.rochester.edu

Received 4/13/99 Accepted 4/20/99


