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Abstract: Over the past 15 years we have been investigating an alternative approach to
treating HIV-1/AIDS, based on the creation of a disease-resistant immune system through
transplantation of autologous, gene-modified (HIV-1-resistant) hematopoietic stem and
progenitor cells (GM-HSPC). We propose that the expression of selected RNA-based
HIV-1 inhibitors in the CD4+ cells derived from GM-HSPC will protect them from HIV-1
infection and results in a sufficient immune repertoire to control HIV-1 viremia resulting in a
functional cure for HIV-1/AIDS. Additionally, it is possible that the subset of protected
T cells will also be able to facilitate the immune-based elimination of latently infected cells if
they can be activated to express viral antigens. Thus, a single dose of disease resistant GMHSPC could provide an effective treatment for HIV-1+ patients who require
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(or desire) an alternative to lifelong antiretroviral chemotherapy. We describe herein the
results from several pilot clinical studies in HIV-1 patients and our strategies to develop
second generation vectors and clinical strategies for HIV-1+ patients with malignancy who
require ablative chemotherapy as part of treatment and others without malignancy. The
important issues related to stem cell source, patient selection, conditioning regimen and postinfusion correlative studies become increasingly complex and are discussed herein.
Keywords: HIV-1; stem cells; gene therapy; non-ablative conditioning; transplantation

1. Introduction
Acquired immunodeficiency syndrome (AIDS) is the disease caused by infection with the human
immunodeficiency virus type 1 (HIV-1). According to the World Health Organization (WHO), there
were 34 million people living with AIDS, with 2.7 million new cases and 1.8 million deaths worldwide
in the year 2010 [1]. Contemporary therapeutic intervention is aimed at controlling viral replication and
preserving immune function through the use of a cocktail of antiretroviral drugs known as combination
antiretroviral therapy (cART). However, patients with well controlled viremia on cART (<50 infectious
units/mm3 of blood) are known to harbor a latent viral reservoir in resting CD4+
T cells [2-5]. When cART is interrupted, latently infected cells produce infectious virus that
can be rapidly followed by a loss of peripheral blood CD4+ T cells and progression towards
immunodeficiency. Additionally, the prolonged use of cART is associated with other clinical sequelae,
including neural, renal, hepatic and cardiovascular toxicity, diabetes, lipodystrophy and other metabolic
abnormalities [6-10]. Moreover, the widespread use of cART and a lack of patient compliance with
drug treatment schedules have resulted in the development of viral variants (escape mutants) that are
drug resistant. Together, these limitations of cART emphasize the need for a more comprehensive
approach to HIV-1 therapy.
Allogeneic Stem Cell Protection from HIV-1. One method for achieving an HIV-1 resistant immune
system is to transplant patients with allogeneic hematopoietic stem and progenitor cells (HSPC) that are
naturally resistant to HIV-1 infection. Individuals with a homozygous (32 base pair) deletion in the
coding region of the CCR5 gene (CCR5∆32/∆32), the co-receptor for (R5) tropic HIV-1 viral entry
produce CD4+ progeny that are resistant to R5 tropic HIV-1 infection [11]. Using this approach, Hutter
et al. described a patient with acute myeloid leukemia, who was cured of AIDS following a bone
marrow transplant from an HLA-matched, unrelated donor (URD) with a CCR5∆32/∆32 genotype. It is
not clear whether it was the CCR5 mutational status alone or some additional elements of the transplant
procedure, e.g., use of anti-T cell therapy for graft vs. host disease (GVHD) prophylaxis or the GVHD,
that contributed to this cure. Nevertheless, there is general consensus that the treatment conferred longterm control of HIV-1 replication as the patient has been off cART for over 4 years without detectable
HIV-1 [12,13]. Of interest, subsequent observations of apparent HIV-1 control following allogeneic
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HSPC transplantation from URD with wild-type CCR5 genotype, have suggested that the allogeneic
effect contributes to the cure, analogous to the graft vs. leukemia effects in these same patients [14].
From a practical standpoint, the difficulty in identifying HLA-matched, CCR5∆32/∆32 donors for
transplantation, the significant risks associated with GVHD, the co-morbidities of myeloablative
allogeneic transplant, and the cost preclude the general application of this approach. Moreover, based
on a review of anecdotal use of allogeneic HSPC transplantation in AIDS
patients [15], there are other concerns with this strategy such as (a) the need for chronic
immunosuppression for GVHD-prophylaxis when the AIDS patient is already immunodeficient;
(b) the pharmacologic interactions of cART during conditioning therapy or with the GVHD
immunosuppressant medications; and (c) the potential that late-stage HIV-1 infection will enhance the
rate of transplant-related complications, including graft failure or inability to establish immune
reconstitution. We hypothesize that a more practical approach to control of viremia and restoration of
healthy levels of immune function in HIV-1+ patients may be achieved through transplantation of gene
modified (HIV-1 resistant) autologous HSPC. Several groups (including our own) have “engineered”
resistance to HIV-1 through inhibiting viral entry, transcription, transport of viral RNA and other
HIV-1 specific mechanisms (reviewed in [16]).
Autologous Stem Cell Protection from HIV-1. Proof of concept for the creation of an HIV-1-resistant
immune system has been repeatedly demonstrated using several different “humanized” mouse models
and cord blood or fetal liver HSPC [17-21], but only a few clinical studies have been conducted. In
early clinical studies performed in pediatric patients, autologous HSPC were genetically modified using
a retroviral vector that expressed either a RRE decoy [22] or transdominant Rev (RevM10) [23] and
then transplanted without myelosuppressive conditioning. The safety of the procedure was
demonstrated in the first (RRE Decoy) study, but the level of engraftment of gene-marked cells in the
peripheral blood was transient, lasting only a few months in most patients and well below the level of
quantification (10−4–10−5 copies/cell). In the second (RevM10) study, gene expression was also
transient and too low to quantify after the first three months. Gene marking in two pediatric patients
returned to detectable levels following suspension of anti-retroviral therapy and an episode of acute
viremia, suggesting that viral recrudescence can lead to enrichment of HIV-1-resistant cells. In a
similar series of studies in adult patients, HSPC were transduced with a retroviral vector encoding a
ribozyme directed against the HIV-1 vpr and tat sequences and also transplanted without prior marrow
conditioning [24]. The first 10 patients were all successfully engrafted and had detectable gene marking
in the peripheral blood for up to 3 years, although the levels were again in the 10 −4–10−5 copies/cell
range and (in general) not quantifiable. In a follow-up (Phase II) trial, 74 patients
received either anti-HIV-1 ribozyme or placebo gene therapy, again without any myelosuppressive
conditioning [25]. While the primary endpoints were not reached in this study (control of viral load 47–
48 weeks after transplant), a decrease in the viral load and transient improvements in CD4 count (as
assessed by total weighted area under the curve) were observed in the ribozyme treated but not the
control group upon analytical treatment interruption (ATI) of cART. These two studies demonstrate
that HSPC (and their progeny) can be isolated, genetically-modified and used to engraft patients in
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the absence of myelosuppressive conditioning. However, the low levels of engraftment preclude
realization of sufficient clinical benefit to warrant long-term suspension of cART.
2. Results and Discussion
2.1. Initial Trial Using Lentiviral Vectors and Ablative Conditioning
Figure 1. Sustained engraftment and expression of anti-HIV genes in the peripheral blood
of patients for up to three years after transplantation. (A) Level of gene marking expressed
as number of copies of vector (WPRE) per 100 blood cells analyzed over time. Unique
patient identifiers are listed in the upper right hand corner of graph. Limits of
quantification (stippled) and limits of detection (diagonal lines) values were determined for
each amplification reaction and typically were in the range of 0.05% (500 cells/million)
and 0.01% (100 cells/million), respectively. (B) Expression of shRNA against tat/rev
sequences in the blood and marrow of UPN0306 at 36 months. Results expressed as copies
of shRNA per 8 ng of total RNA. PBMC—peripheral blood mononuclear cells,
PBGC—peripheral blood granulocytic cells, BMMC—bone marrow mononuclear cells,
BMGC—bone marrow granulocytic cells. Bar height in B is mean of triplicates ± SEM.

We previously reported a “first in human” clinical trial to assess the safety and feasibility of lentivirustransduced autologous stem cell gene therapy for HIV-1 in patients undergoing autologous stem cell
transplantation for AIDS related lymphoma [26]. We reasoned that (a) transplanting patients who require
high-dose (marrow ablative) chemotherapy as part of their lymphoma therapy would result in a higher
level of engraftment of the gene-modified cells; and (b) the risk:benefit ratio in these patients was
favorable for first in human studies. CD34+ HSPC from 5 patients were genetically modified using a
lentiviral vector encoding a short hairpin RNA (shRNA) targeting HIV-1 tat and rev gene sequences, a
nucleolar localizing TAR decoy and a CCR5-specific hammerhead ribozyme [27]. We were successful in
preparing GM-HSPC products for infusion in four of five patients and all patients transplanted had
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detectable gene marking and expression at one or more time points for up to two years. In one patient
(UPN0306), we have now observed long-term (>3 years) quantifiable gene marking and expression of
anti-HIV-1 siRNA in peripheral blood cells (Figure 1).
Unfortunately, the initial gene marking level of the more primitive hematopoietic stem cells was low
(~1% as estimated by PCR analysis of cells from 5-week stromal cell co-cultures). Furthermore, the GMHSPC were infused with a 50–100 fold excess of unmanipulated HSPC (as a safety measure in this first in
human trial), which resulted in a low frequency of gene-modified progeny cells
(0.1%–0.3%) in the peripheral blood and marrow of these patients. However, the level of gene marking
was significantly higher (10−3–10−4) than the previously described studies using retroviral vectors with no
marrow conditioning and demonstrates the utility of lentiviral vectors and marrow ablation in enhancing
the levels of gene-modified cells obtained in vivo. Patient UPN0306 also underwent ATI to assess the
control of viremia and potential for preserving CD4 cell counts in the absence of cART. We observed a
rapid spike of virus four days after suspension of cART followed by a sharp decline in CD4 levels to
below 200 cells/mm3 (Figure 2).
Figure 2. Monitoring of viral loads, CD4 counts and gene marking during structured treatment
interruption. (A) HIV copies/mL of patient plasma (red circles, left Y axis) and CD4
counts/mm3 (green triangles, right Y axis) during treatment interruption. (B) Gene marking
expressed as copies of vector (WPRE) per 100 blood cells analyzed over time. Arrow indicates
time of resumption of cART.

The patient was placed back on cART 21 days into the treatment interruption and CD4 levels
recovered to >600/mm3 while viral load dropped to below the level of detection. Similar to the RevM10
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study described above, we also observed a transient increase in the level of gene modified cells in the
peripheral blood from ~0.125% to ~0.225% during this period, which did not reach statistical
significance. Analysis of vector integration 5 weeks after initiation of ATI (2 weeks after resumption of
cART) revealed that although 10 independent integration sites were identified, two clones accounted
for virtually all of the gene marking seen in this patient at this time (Table 1). The first clone had vector
integrated in an intronic region of the uncharacterized protein gene (KIAA1683) and the second clone,
equally represented, had vector integrated in an intron of a C2H2 type zinc finger protein gene
(ZNF559). The integration patterns of all identified sites are consistent with previous findings for
integration of lentiviral vectors in largely non-coding regions (introns) of actively transcribed genes or
intergenic regions [28]. Thus, we were able to demonstrate the safety, long-term engraftment and
sustained expression of our anti-viral constructs, but there were still insufficient
HIV-1-resistant blood cells in these patients to expect to see a clinical benefit.
Table 1. Integration site analysis of blood from UPN0306 during ATI.
Chromosome
chr19
chr19
chr21
chr19
chr2
chr1
chr19
chr19
chr19
chr19

Start
End
# of Sequence Reads
Gene
Relative Location
18,384,645 18,384,747
1,690,418
KIAA1683
intron
9,442,260
9,442,322
1,049,697
ZNF559-ZNF177
intron
15,383,973 15,384,065
211
ANKRD20A11P
intergenic (3’)
324,134
324,282
84
MIER2
intron
20,368,493 20,368,580
60
SDC1
intergenic (5’)
121,485,117 121,485,410
56
EMBP1
intergenic (5’)
323,958
324,045
48
MIER2
intron
324,378
324,465
43
MIER2
intron
18,384,488 18,384,578
34
KIAA1683
intron
18,384,347 18,384,404
21
KIAA1683
intron

2.2. Second Generation Anti-HIV-1 Constructs
2.2.1. Improved RNA Expression
In our previous trials we used a lentiviral vector that expressed high levels of three anti-HIV-1 RNAs
from strong, independent RNA polymerase III promoters (U6 and VA1) [27]. It is possible that one reason
for the low level of gene marking is the toxicity and loss of HSPC or their progeny due to high levels of
expression of RNA from the U6 promoters [29]. In order to optimize small RNA expression and minimize
the potential toxicity from the over-expression of small RNAs, we evaluated RNA expression from a U1
promoter in the context of a naturally occurring micro-RNA cluster platform (MCM7), which ensures
multiplexing and reduces the level of expression of the small RNAs. Northern blot analysis demonstrated
a significant reduction in the level of the shRNAs expressed from the U1 promoter (compared to the U6
promoter), although we still observed potent inhibition of HIV-1 infection using a standard in vitro HIV-1
infectivity assay [30]. Among the constructs showing the greatest efficacy was one that contained
combinations of 3 short hairpin RNAs (shRNAs) targeting HIV-1 tat and rev sequences.
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2.2.2. Selective Enrichment of Gene-Modified Cells
In order to further enhance the level of genetically-modified (HIV-1-resistant) peripheral blood cells
in these patients, we propose that selective enrichment of gene-modified cells via drug selection is a
more practical approach than relying on viral selective pressure during ATI. A cellular protein, methylguanine methyl-transferase (MGMT), repairs alkylating agent damage in cells, but is sensitive to the
inhibitory effects of O6 benzylguanine (O6BG). Thus, treatment of cells with O6BG and BCNU results
in the death of the cells. The P140 mutant of MGMT (MGMT P140) is resistant to inhibition
with O6 benzylguanine [31] and thus, cells expressing MGMTP140 will survive O6BG and BCNU
treatment [32-36]. Perhaps the most compelling evidence for the efficacy of this approach was
demonstrated in a recent study by Younan and colleagues [37], who transplanted pigtail macaques with
autologous HSPC modified to express an HIV-1 entry inhibitor (mC46) plus MGMT p140. Animals were
conditioned with total body irradiation and the progeny of GM-HSPC were enriched to approximately
20% of all white blood cells with O6BG and BCNU treatment. After recovery, animals were infected
with simian HIV (SHIV) and followed for SHIV viral loads, CD4 T-cell count and immune function.
An animal that received mC46/MGMTp140-modified HSPC demonstrated selective survival of genemodified CD4+ T cells in the blood, gastrointestinal tract and lymph nodes, reaching >90% of all
CD4+ T cells at one point. A monkey receiving identical treatments, but whose HSPC were transduced
with a (negative) control vector, had progressive SHIV infection and loss of CD4+
T cells. A two-to-three log reduction of SHIV viral load was observed in the mC46/MGMT p140expressing animal, and the frequency of T-cell responses to HIV-1 Gag and Pol peptides was
dramatically enhanced vs. the control animal. A similar increase in humoral responses to SHIV antigens
was also observed. Importantly, the presence of gene-modified T cells afforded protection to the nonmodified T cells in the same animal and resulted in a substantial recovery of immune function,
including anti-HIV-1 responses in both the protected (gene modified) and unprotected CD4+ cell
populations. These results indicate that protection of only a fraction (~20%) of T cells from HIV-1
infection may be sufficient to maintain an anti-HIV-1 immune response, control viremia and maintain
CD4+ T-cell counts. Thus, transfer of autologous GM-HSPC has the potential to produce an
HIV-1-resistant immune system that can prevent disease progression, even in cases where significantly
fewer than 100% of the blood cells are protected. In addition, the use of the MGMT p140 was
demonstrated to facilitate in vivo drug selection and enrichment of gene modified cells. We have thus
included MGMTp140 gene in our second generation lentiviral vectors and are currently testing the ability
to enrich for GM-HSPC (and their progeny) in vivo using a “humanized” mouse
transplant model.
2.3. Patient Selection
HSPC transplantation requires concomitant cytotoxic therapy to permit engraftment of new stem cells.
This is associated with toxicity, depending on the dose intensity of the cytotoxic therapy. AIDS patients
having a therapeutic need for such therapy for other reasons are ideal candidates for early phase studies of
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this type, and it is for this reason that the first use of lentivirus stem cell therapy was performed in
patients receiving high dose chemotherapy and autologous stem cell transplantation for AIDS-related
lymphoma [26]. Even if the safety and feasibility of transplanting GM-HSPC in HIV-1 lymphoma patients
can be established and we can develop safe methods that address the major issues of prolonged gene
expression, level of engraftment, and selection of the genetically-modified progeny cells, the question is:
how can this high-risk approach be moved into the non-malignant HIV-1/AIDS population? For the field
to progress, one must design a study in HIV-1/AIDS that observes the appropriate risk: benefit
requirements and give considerable consideration to such analysis for the population under study. Such
risk: benefit analyses are strongly supported by the Food and Drug Administration (FDA), which provides
Guidance that encourages use of reasonable assumptions and the development of risk-management plans
[38]. In addition, the goal must be a therapy with reasonable likelihood that if successful, could become
available to the group which endured the risks of testing. Thus, for example, the use of GM-HSPC in
impoverished countries is so unlikely at this time, that including patients in such areas would not be
appropriate for this study design. In today’s world, with rapidly increasing cost of medical care, this is as
important as the risk considerations.
2.3.1. Risk:Benefit Considerations
The analysis of the appropriate target population always involves the view of the sponsor, the treating
physician, and the patient [39] (see also the FDA-sponsored seminar on the Patient Perspective in HIV-1
Cure Research [40]). For most HSPC-based gene therapies currently being tested and developed, the
ultimate goal is to offer at least control of HIV-1 infection without concurrent cART, a so-called
“functional” cure. It is even possible that this treatment will eradicate the HIV-1 reservoir and result in a
“sterilizing” cure of the HIV-1 infection. However, early development and testing of such gene therapies
is normally initiated in the patient group where the balance between risk and benefit does not place
patients in a situation where foreseeable risks are higher than benefit. In later stages of therapeutic
development, when safety of HSPC-based gene therapy approaches has been confirmed in the early Phase
I studies, the target population can be changed so that efficacy can be tested for an approvable indication.
As the relative risks and benefits are weighed, one can assume that (a) all HIV-1 infected patients
would optimally be managed per current guidelines; and (b) the research treatment would not alter
standard of care procedure [41]. Thus, newly diagnosed patients would not be eligible, and only those
patients on cART and those having some intolerance related to that treatment would be eligible for early
stage GM-HSPC trials. As shown in Table 2, the disease spectrum of HIV-1/AIDS can thus be roughly
broken into 6 patient groups, including: (1) healthy non-viremic patients on cART;
(2) asymptomatic patients who stop cART because of intolerable side-effects or “treatment fatigue”; (3)
the non-viremic patients on cART who have an incomplete immune recovery of CD4 count to protect
them from progressive AIDS-related syndromes; (4) patients who fail to control the HIV-1 levels on
cART; (5) the patients with treated lymphoma or another cancer who are in remission; and (6) the patients
with lymphoma or another cancer requiring salvage therapy, including chemotherapy plus autologous
stem cell transplantation. In Group 1, the healthy AIDS patients who control HIV-1 viremia while on
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cART are unlikely to be an initial target of HSPC transplantation, as the risks associated with the
conditioning procedure are higher, as currently understood, than the benefit of continuing cART. In
contrast, Group 2 patients, who cannot tolerate current cART, could benefit from use of an alternative
therapy, and thus could be eligible for GM-HSPC strategies. However, some could argue that this group
also needs an optimized cART-based treatment alternative before being exposed to the risks associated
with conditioning and transplantation. The Group 3 non-viremic patients who are limited by an
incomplete recovery of the CD4 count on cART and have limited therapeutic options is an obvious
population
for
new
treatment.
These
patients
have
a
CD4
count
<500 cells/µL, and ideally an HIV-1/AIDS patient should achieve a count of 500 cells/L since this
represents a level of immune restoration with morbidity and mortality similar to HIV-1-negative
individuals [42]. In this group, despite control of HIV-1 plasma levels, patients are at risk for poor
outcome [43-45]. This patient group varies based on the duration of cART treatment, CD4 count at onset
of cART treatment, presence of inflammatory markers, and other factors [44]. Nevertheless, there is no
specific approved treatment for any of these patients, and attempts to replace some of the antiretroviral
medications in the cART regimen or treat them with IL2 and other immune enhancing agents have proven
mostly unsuccessful
(reviewed
in
[44]).
Thus,
based
on ethical
considerations,
this population of HIV-1 infected patients balances the risks and benefits associated with a
reduced-intensity conditioning regimen and GM-HSPC transplantation. Group 4, patients who have failed
cART, would seemingly qualify for GM-HSPC clinical trials. However, as shown by studies that have
closed during attempts to target this group, recruitment of these patients has become an increasingly
difficult task, as cART improves. In addition, this group may have advanced disease, which limits the
ability to mobilize HSPC and would create difficulties in generating a product sufficient for successful
immune reconstitution [46].
Finally, the targeting of patients with recurrent or refractory lymphoma or other cancers (Group 6) has
already been shown to be ideal for early gene therapy studies, since for these patients, ablative
chemotherapy may already be indicated. However, the baseline risk for serious adverse events, such as
secondary malignancy and myelodysplastic syndrome, estimated to be 10%–15% [47] could obscure the
effects of the research procedure. In addition, the added conditioning therapy could further enhance this
risk. These patients are also present in small number, and their robust recruitment to clinical trials is
difficult. Most importantly, targeting this group begs the question of how will the derived data be relevant
to the eventual application to the HIV-1/AIDS patient. Thus, although recruitment of patients from Group
6 can be justified in early phase GM-HSPC trials, such study design is limited.
2.4. Stem Cell Number and Quality
2.4.1. HSPC Collection
The harvest and in vitro manipulation of HSPC from HIV-1+ patients must take into consideration that
HIV-1 infection, cART treatment duration and co-morbidities are likely to have an effect on the number
and quality of HSPC in these patients [48-51]. It is well established that HSPC from HIV-1+ patients have
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deficiencies in erythropoiesis, myelopoiesis and lymphopoiesis, but it is not clear which defects
originate in the marrow stroma, HSPC or both [50,52-54]. Other studies do suggest that HIV-1 patients
engraft stem cells at the same rate as HIV-1 negative transplant patients [55,56]. As described above,
patients in our prior trial received high dose (marrow ablative) chemotherapy for their lymphoma prior to
stem cell transplant [26]. In this first-in-human experience, safety considerations dictated that a fully
engrafting dose of unmanipulated “backup” HSPC (>2 × 106 CD34+ HSPC/kg) be infused immediately
following the infusion of the gene-modified cells. With increased demonstration that lentivirus-transduced
HSPC engraft well, current studies may require a “backup product,” that would only be infused only if
patients fail to recover hematologically from the conditioning therapy. Thus, at present, it is recommended
to collect ≥7.5 × 106 CD34+ HSPC/kg from each patient to ensure that there are sufficient cells for
producing both experimental and backup transplant products. This could be a problem depending on the
group of HIV-1/AIDS patient targeted; for example, it has been shown that G-CSF mobilization can be
limited in some AIDS patients [57]. Thus, we have elected to include plerixafor (AMD3100) in our stem
cell mobilization protocols to enhance stem cell harvests from patients with lymphoma or multiple
myeloma who fail to mobilize sufficient HSPC with standard G-CSF mobilization protocols [58].
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Table 2. Framework for risk-benefit analysis for HIV-1-infected patient populations that could be targeted with HSPC-based gene therapy.
No.

1

2

3

HIV/AIDS
Subpopulation
HIV/AIDS pts on
cART (controlled
viremia and CD4
counts >500/µL)
AIDS pts off cART
(side effects to cART
or cART “fatigue”)

Current Rx Options
for HIV-1 infection

cART

Symptomatic Rx if
cART not tolerable

AIDS pts on cART,
cART
with incomplete
Treatment as indicated
immune recovery with
for infections
suboptimal CD4 levels

4

AIDS pts who do not
respond to cART

5

cART
ARL pts in remission
Treatment as indicated
following frontline Rx
for infections

6

ARL pts on salvage
therapy (transplant)

Research therapy with
new antivirals

cART
Treatment as indicated
for infections

Aspects of SOC Rx for
HIV-1 infection

Potential Benefit of
Research Rx
Minimal to no potential
benefit since virus control
and CD4 counts
are adequate

Real or Potential Risks of
Risk:Benefit Analysis
Research Rx
Transient myeloid dysfunction
<10% treatment failure
Unfavorable; first in human
Unknown effects of genetic
Outcome expectations
trial cannot be justified in this
modification & HSPC
excellent
group
mobilization
Transient myeloid dysfunction Favorable but conditioning
Heightened potential for
Unknown effects of genetic adds unnecessary risk in these
Improved control of HIV-1
AIDS progression
modification & HSPC
patients who are already drug
mobilization
adverse
Transient myeloid dysfunction
Expansion of CD4 count
Unknown effects of genetic
Poor expected outcome
Potential for improved
Favorable
modification & HSPC
control of HIV-1
mobilization
Transient myeloid dysfunction
Unknown effects of genetic
Favorable but limitation of
Poor expected outcome Improved control of HIV-1
modification & HSPC
subject availability
mobilization
Less favorable due to
Remission stable
Minimal to no potential
Transient myeloid dysfunction
potential for
Outcome expectations
benefit IF virus control and
Unknown effects of
myelo-dysplasia
very good; concern for
CD4 counts are adequate
genetic modification
post-chemotherapy
risk of myelodysplasia
and conditioning
Less favorable due to
Outcome expectations
Minimal to no potential
Transient myeloid dysfunction
10%–20% potential for
good; concern for
benefit IF virus control and
Unknown effects of
myelodysplasia
myelodysplasia risk
CD4 counts are adequate
genetic modification
post-transplant and
conditioning

Abbreviations: Rx = treatment; cART = combination antiretroviral therapy; SOC—standard of care; ARL = AIDS-related lymphoma.
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2.4.2. HSPC and HIV-1 Infection
In addition to potential limitations in the hematopoietic potential of the HSPC from patients with
long-standing HIV-1 infection, several groups have now reported that HSPC can be infected with
HIV-1 and may in fact harbor a latent reservoir of virus [59-61] although other evidence suggests that
this may not be the case [62]. In one study, 6 of 11 patients on long-term cART had evidence of
integrated provirus in HSPC even after 8 years of no detectable virus in blood samples [63]. The
presence of proviral HIV-1 sequences in HSPC was more pronounced in patients who were more
recently diagnosed, but who remained below the limit of detection of virus in the blood. If true, this
raises significant concerns for the use of autologous stem cells for transplantation of HIV-1+ patients.
However, the hematopoietic potential and extent of latent virus in more primitive HSPC in individuals
on long-term cART is unclear. Since the success of the transduction, engraftment and lineage
development is critically dependent on the hematopoietic potential of these cells, further investigation
is warranted. Finally, it is not known if gene modified (HIV-1 resistant) T cells will have normal
immune function or will exhibit an “exhausted” phenotype as is seen in chronically infected patients
on cART [54,64]. A similar case can be made for the function of CD4+ monocytes and dendritic cells,
as all three cell types may also harbor latent virus. Thus, additional work is needed to ensure the
biological function of HIV-1-resistant blood cell populations.
2.5. Preparation for Transplantation
Current clinical reports for HSPC-based gene therapy demonstrate that patients require either
myeloablative or reduced intensity (non-ablative) conditioning of the bone marrow to create “space”
for the GM-HSPC to engraft. Risk management of this complication is based on close monitoring for
fever and early use of antibiotics. However, the long-term risk of malignancy associated with any
chemotherapy needs to be weighed carefully in healthy HIV-1 patients. Regarding the potential for
genotoxicity associated with gene-therapy, risk has to be evaluated for each specific case and taken
into account in the risk:benefit analysis. Furthermore, risks associated with stem cell mobilization,
apheresis and transplantation weigh differently in each of the patient groups analyzed, depending on
the therapeutic needs, existing condition, and accumulated risks. Severe toxicity is possible for patients
concurrently receiving ritonavir-based (boosted-PI) therapy and the immunosuppressive agents,
antifungals and high dose chemotherapy. Patients receiving ritonavir throughout conditioning are
managed differently than those who are not. This is due to the potent inhibition of CYP3A4 and
P-glycoprotein by ritonavir, resulting in the delayed metabolism and consequently higher serum levels
of certain chemotherapeutic agents and antifungals. This is of particular importance in the setting of
high-dose, ablative therapy, where the therapeutic/toxic window is narrow.
Two recent reports on HSPC gene therapy for metachromatic leukodystrophy [65] and
Wiskott-Aldrich syndrome [66] employed myeloablative conditioning and reduced intensity
myeloablative conditioning, respectively, prior to infusion of GM-HSPC. Patients in the
leukodystrophy trial received a targeted 4200–5600 µg/L*hour (AUC adjusted) busulfan from day −4
to day −1 prior to transplantation. Although the conditioning regimen was well tolerated, patients
experienced neutropenia (absolute neutrophil count < 500/µL) from as early as day +9 up to +45 after
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transplantation. Reduced-intensity conditioning with chemotherapy is also expected to have transient
side effects [67], and there is likely to be a period of neutropenia during which the risk of infection is
increased. In the Wiskott-Aldrich trial, patients received a reduced intensity conditioning regimen of
7.6–10.1 mg/kg intravenous busulfan plus 60 mg/m2 of fludarabine and monoclonal antibody to CD20
(RituximabTM). These patients also experienced neutropenia (ANC < 500/µL) lasting from 12–19 days,
but ultimately recovered without the use of backup HSPC products. It is thus questionable whether the
risk of using these levels of busulfan is acceptable for HIV-1/AIDS patients who have a significantly
better prognosis than the patients in these trials.
Non-myeloablative busulfan-based conditioning regimens have been used prior to hematopoietic
cell transplant in chronic myelogenous leukemia [68,69], but have more recently been used for
autologous transplant and GM-HSPC transfer approaches in non-malignant diseases, including
immunodeficiencies (T and B cell), -thalassemia, X-linked adrenoleukodystrophy, and chronic
granulomatous disease [67,70-73]. Results of a recent clinical study of gene therapy for
adenosine-deaminase-deficient severe combined immune deficiency (ADA-SCID) demonstrated that
non-myeloablative pre-transplant conditioning with low-dose busulfan (65–90 mg/m2) had a positive
impact on achieving therapeutic benefits with gene-therapy for ADA-SCID [67]. The 10 patients
enrolled in the study were between 15 months and 20 years old. The study directly compared two
different approaches to gene therapy for ADA-SCID: the first cohort of 4 patients did not receive
cytoreductive conditioning before infusion of transduced CD34+ cells and continued to have
ADA-enzyme replacement therapy (ERT), whereas the following 6 patients had non-myeloablative
conditioning with busulfan and had ERT withdrawn. Long-term presence of gene-containing blood
cells expressing ADA activity was demonstrated only in the cohort with busulfan conditioning and
withdrawal of ERT. The authors argued that conditioning with busulfan was responsible for this
success, although it is difficult to quantify the selective impact of ERT withdrawal. All patients
who received busulfan experienced transient neutropenia (without any adverse consequences),
thrombocytopenia, and elevation of liver enzymes. After 3–5 years, 3 patients were well without ERT.
Two other studies provide supporting data on the use of low-dose busulfan for conditioning prior to
gene-therapy product infusion [70,71]. Children (0.6 to 5.6 year old) received CD34+ cells transduced
with an ADA-containing retroviral vector after a non-myeloablative conditioning with 2 mg/kg/day on
days 3 and 2 before gene therapy [70]. After a median duration of follow-up of 4 years, busulfan
conditioning and gene therapy were not associated with serious adverse events. Nine of the 10 patients
had the immune function restored and were protected against severe infection. The authors concluded
that use of the non-myeloablative regimen and withdrawal of PEG-ADA (to allow for natural selection
of gene corrected cells) was a crucial factor in the success of the trial. Conditioning with busulfan was
also used at a total dose of 8 mg/kg (liposomal busulfan, intravenous) in a GM-HSPC trial of X-linked
chronic granulomatous disease [74]. Gene marking in peripheral blood leukocytes was detected at
sustained levels between 10% and 30% for the first 3–4 months after transplantation, without
busulfan-related significant adverse events other than a Grade 1 mucositis episode. Thus, despite some
variability in the busulfan dosing strategies, all of which were below the ablative threshold of 9 mg/kg,
numerous examples of the efficacy of non-myeloablative conditioning in promoting engraftment
of GM-HSPC in non-malignant patients supports the concept of its use in the HIV-1/AIDS
patient population.
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2.6. Getting to Market
In order for a stem cell based therapy to make its way to standard of care for HIV-1/AIDS, it
must demonstrate two fundamental properties. First, the cell therapy must demonstrate a significant
improvement in slowing or preventing disease progression (relative to standard of care treatment) or
provide a cure (functional or sterilizing). Second, the therapy must reduce the overall cost of treatment
to be economically viable. To address the first point, it is logical to propose the use of surrogate
endpoints, such as control of viremia and recovery of CD4 counts as surrogate study endpoints for
licensure trials. The use of surrogate endpoints is critical for the development of HIV-1 therapeutics
since (a) unlike cancer, the course of disease in AIDS has been prolonged by the use of antiretroviral
drugs; and (b) traditional endpoints, such as overall survival and disease free survival, are not
obtainable in a reasonable timeframe for drug development. Instead, as outlined in 210 CFR 601
Subpart E (Accelerated Approval of Biological Products for Serious or Life-Threatening Illnesses)
“FDA may grant marketing approval for a biological product on the basis of adequate and
well-controlled clinical trials establishing that the biological product has an effect on a surrogate
endpoint that is reasonably likely, based on epidemiologic, therapeutic, pathophysiologic, or other
evidence, to predict clinical benefit or on the basis of an effect on a clinical endpoint other than
survival or irreversible morbidity.” Drug approval under these conditions is likely to play a major role
in the development of a first generation HIV-1 gene therapy product, as it satisfies concerns for
investors on time to market and creates a pathway for cell based therapies that accepts that cell
products are unique and should not be regulated like drugs for cancer or other acute life threatening
diseases. Thus, in addition to following the level of gene marking in the blood, lymph nodes and rectal
mucosa before and after drug selection, our proof of concept studies will include surrogate endpoint
measurements, such as viral load and CD4 T-cell counts, as likely indicators of efficacy. In addition,
we will use ATI as a clinical indicator that cell-based control of virus and rebound of CD4 T-cell
counts result in the immunological clearance of latent viral reservoirs.
The economic viability of stem cell gene therapy has been called into question and has been
shunned by many as not a plausible alternative to drug therapy [75], but realistic estimates of the
potential economic impact of successful gene therapy for HIV-1 suggest that this type of treatment
could be cost effective [76]. For example, the cost of an autologous bone marrow transplant ranges
from $40,000 to upwards of $90,000, depending on patient status and complications following
infusion [77]. When adding the costs for genetic modification and required product release testing, we
estimate a cost of goods (COG) ranging from $120,000–$150,000. It is reasonable to assume
a 100% mark-up in costs to deliver the product to market, resulting in a final cost of
$250,000–$300,000/patient. By comparison, the cost of lifelong cART therapy has been estimated to
be as high as €320,000–€575,000 ($420,000–$755,000) with 73% of the cost going towards
cART drugs [78]. The conversion to generic first line combination cART drugs (1-pill
efavirenz-emtricitabine-tenofovir) is estimated to only reduce costs about $42,000 per patient [79].
Thus, the proposition that a one-time intervention with stem cell gene therapy is not outside of
economic reality in developed countries. Success in these areas may lead to COG savings related to
volume, and thus the therapy may also be able to reach affordability in more economically
challenged areas.
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3. Experimental Section
Analysis of vector marking and gene expression. DNA and RNA were isolated from the peripheral
blood of patients at the indicated time points and analyzed for gene marking and RNA expression as
previously described [26].
Analytical Treatment interruption. One subject (UPN0306) was aviremic by standard of care assay
(<50 gc/mL) with CD4 counts > 500 cells/µL and had detectable lentiviral vector sequences cells
(by WPRE PCR assay) within the peripheral blood and underwent an ATI after informed consent
according to City of Hope Institutional Review Board approved protocols. The anti-retroviral
treatment was discontinued and the subject was examined every other week with collection of
laboratory samples during the entire treatment interruption. cART was resumed at 21 days after
initiation of ATI following viremia >100,000 HIV copies/mL and CD4 counts < 200 cells/µL.
Integration site analysis. Peripheral blood was collected from UPN0306 at 5 weeks after the
initiation of ATI and DNA was extracted using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia,
CA, USA). Analysis of integration site was performed as previously described [80]. Briefly, single
strand DNA amplicons were produced from genomic DNA from a WPRE-specific primer by ssPCR.
A random ssDNA primer was then ligated to the 3’ end of the extended DNA and 100 cycles of nested
PCR was run to produce template for sequencing analysis. Sequence analysis was performed using
HiSeq methods as previously described [81]. The sequences generated from Illumina’s base calling
pipeline that passed default filters were kept for further analysis. Sequences were then aligned to hg19
genome with Bowtie v0.12.8 using default settings. Further analysis was done using R and
Bioconductor packages. The regions that were covered by at least 10 reads were identified and
annotated to refseq genes downloaded on 11 September 2012 from UCSC genome database with
“ChIPpeakAnno” package.
4. Conclusions
In summary, several early stage clinical trials have demonstrated the safety and feasibility of stem
cell gene therapy for HIV-1/AIDS, but none have resulted in objective improvement of disease state.
The data presented suggests that pre-conditioning of the marrow space is required for long term
engraftment of gene modified cells, but in vivo enrichment of these cells may be needed to reach
therapeutic levels of engraftment. We have developed a new generation of viral vectors and a clinical
strategy to test this hypothesis and move this treatment into proof of concept studies and commercial
product development. This strategy is intended to complement current treatment modalities (drugs,
vaccines) and, where appropriate, to replace current therapy altogether with single treatment cell
therapy resulting in a functional or sterilizing cure to HIV-1/AIDS.
Acknowledgments
We would like to thank Drs. Paula Cannon, Michael Homes, Philip Gregory, Steven Forman and
Joseph Alvarnas for helpful discussion and Ms. Amira Ahmed for technical assistance in assembling
the manuscript. We would also like to thank Xiwei Wu of the City of Hope Integrative Genomics Core
for integration site analysis. Research reported in this publication was partially supported by the

Viruses 2013, 5

2913

National Cancer Institute of the National Institutes of Health under award number P30CA33572. The
content is solely the responsibility of the authors and does not necessarily represent the official views
of the National Institutes of Health. Funding: The authors acknowledge support from NIH grants
AI42552 and HL07470 (JJR), NIH P50 CA107399 (Lymphoma SPORE), P30 CA33572-26 (CCSG)
(SJF), NIH AI61839 (JAZ) and GCRC grant M01 RR00043 (JAZ). A grant from Benitec Ltd.
supported vector manufacture, process development, and a portion of the clinical trial.
Conflicts of Interest
The authors declare no conflicts of interest.
References
1.

World Health Organization. Global HIV/AIDS response - epidemic update and health sector
progress towards universal access: Progress report 2011.
Available online:
http://whqlibdoc.who.int/publications/2011/9789241502986_eng.pdf (accessed on 20 November
2013).
2. Chun, T.W.; Stuyver, L.; Mizell, S.B.; Ehler, L.A.; Mican, J.A.; Baseler, M.; Lloyd, A.L.; Nowak,
M.A.; Fauci, A.S. Presence of an inducible HIV-1 latent reservoir during highly active
antiretroviral therapy. Proc. Natl. Acad. Sci. U S A 1997, 94, 13193-13197.
3. Finzi, D.; Blankson, J.; Siliciano, J.D.; Margolick, J.B.; Chadwick, K.; Pierson, T.; Smith, K.;
Lisziewicz, J.; Lori, F.; Flexner, C.; et al. Latent infection of CD4+ T cells provides a mechanism
for lifelong persistence of HIV-1, even in patients on effective combination therapy. Nat. Med.
1999, 5, 512-517.
4. Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.; Chaisson, R.E.; Quinn, T.C.;
Chadwick, K.; Margolick, J.; Brookmeyer, R.; et al. Identification of a reservoir for HIV-1 in
patients on highly active antiretroviral therapy. Science 1997, 278, 1295-1300.
5. Wong, J.K.; Hezareh, M.; Gunthard, H.F.; Havlir, D.V.; Ignacio, C.C.; Spina, C.A.; Richman,
D.D. Recovery of replication-competent HIV despite prolonged suppression of plasma viremia.
Science 1997, 278, 1291-1295.
6. Calza, L. Renal toxicity associated with antiretroviral therapy. HIV Clin. Trials 2012, 13, 189211.
7. Domingo, P.; Estrada, V.; Lopez-Aldeguer, J.; Villaroya, F.; Martinez, E. Fat redistribution
syndromes associated with HIV-1 infection and combination antiretroviral therapy. AIDS Rev.
2012, 14, 112-123.
8. Hester, E.K. HIV medications: An update and review of metabolic complications. Nutr. Clin.
Pract. 2012, 27, 51-64.
9. Jones, M.; Nunez, M. Liver toxicity of antiretroviral drugs. Semin. Liver Dis. 2012, 32, 167-176.
10. Lipshultz, S.E.; Mas, C.M.; Henkel, J.M.; Franco, V.I.; Fisher, S.D.; Miller, T.L. HAART to
heart: Highly active antiretroviral therapy and the risk of cardiovascular disease in HIV-infected
or exposed children and adults. Expert Rev. Anti-Infect. Ther. 2012, 10, 661-674.

Viruses 2013, 5

2914

11. Hutter, G.; Nowak, D.; Mossner, M.; Ganepola, S.; Mussig, A.; Allers, K.; Schneider, T.;
Hofmann, J.; Kucherer, C.; Blau, O.; et al. Long-term control of HIV by CCR5 delta32/delta32
stem-cell transplantation. N. Engl. J. Med. 2009, 360, 692-698.
12. Allers, K.; Hutter, G.; Hofmann, J.; Loddenkemper, C.; Rieger, K.; Thiel, E.; Schneider, T.
Evidence for the cure of HIV infection by CCR5delta32/delta32 stem cell transplantation. Blood
2011, 117, 2791-2799.
13. Yukl, S.A.; Boritz, E.; Busch, M.; Bentsen, C.; Chun, T.W.; Douek, D.; Eisele, E.; Haase, A.; Ho,
Y.C.; Hutter, G.; et al. Challenges in detecting HIV persistence during potentially curative
interventions: A study of the Berlin patient. PLoS Pathog. 2013, 9, e1003347.
14. Henrich, T.J.; Hu, Z.; Li, J.Z.; Sciaranghella, G.; Busch, M.P.; Keating, S.M.; Gallien, S.; Lin,
N.H.; Giguel, F.F.; Lavoie, L.; et al. Long-term reduction in peripheral blood HIV-1 reservoirs
following reduced-intensity conditioning allogeneic stem cell transplantation. J. Infect. Dis. 2013,
207, 1694-1702.
15. Hutter, G.; Zaia, J.A. Allogeneic haematopoietic stem cell transplantation in patients with human
immunodeficiency virus: The experiences of more than 25 years. Clin. Exp. Immunol. 2011, 163,
284-295.
16. Burnett, J.C.; Zaia, J.A.; Rossi, J.J. Creating genetic resistance to HIV. Curr. Opin. Immunol.
2012, 24, 625-632.
17. Holt, N.; Wang, J.; Kim, K.; Friedman, G.; Wang, X.; Taupin, V.; Crooks, G.M.; Kohn, D.B.;
Gregory, P.D.; Holmes, M.C.; et al. Human hematopoietic stem/progenitor cells modified by
zinc-finger nucleases targeted to CCR5 control HIV-1 in vivo. Nat. Biotechnol. 2010, 28, 839847.
18. Hur, E.M.; Patel, S.N.; Shimizu, S.; Rao, D.S.; Gnanapragasam, P.N.; An, D.S.; Yang, L.;
Baltimore, D. Inhibitory effect of HIV-specific neutralizing IgA on mucosal transmission of HIV
in humanized mice. Blood 2012, 120, 4571-4582.
19. Joseph, A.; Zheng, J.H.; Chen, K.; Dutta, M.; Chen, C.; Stiegler, G.; Kunert, R.; Follenzi, A.;
Goldstein, H. Inhibition of in vivo HIV infection in humanized mice by gene therapy of human
hematopoietic stem cells with a lentiviral vector encoding a broadly neutralizing anti-HIV
antibody. J. Virol. 2010, 84, 6645-6653.
20. Ringpis, G.-E.E.; Shimizu, S.; Arokium, H.; Camba-Colón, J.; Carroll, M.V.; Cortado, R.; Xie,
Y.; Kim, P.Y.; Sahakyan, A.; Lowe, E.L.; et al. Engineering HIV-1-resistant T-cells from shorthairpin RNA-expressing hematopoietic stem/progenitor cells in humanized BLT mice. PLoS One
2012, 7, e53492.
21. Vatakis, D.N.; Bristol, G.C.; Kim, S.G.; Levin, B.; Liu, W.; Radu, C.G.; Kitchen, S.G.; Zack, J.A.
Using the BLT humanized mouse as a stem cell based gene therapy tumor model. J. Vis. Exp.
2012, (70), e4181. doi:10.3791/4181.
22. Kohn, D.B.; Bauer, G.; Rice, C.R.; Rothschild, J.C.; Carbonaro, D.A.; Valdez, P.; Hao, Q.; Zhou,
C.; Bahner, I.; Kearns, K.; et al. A clinical trial of retroviral-mediated transfer of a rev-responsive
element decoy gene into CD34(+) cells from the bone marrow of human immunodeficiency virus1-infected children. Blood 1999, 94, 368-371.
23. Podsakoff, G.M.; Engel, B.C.; Carbonaro, D.A.; Choi, C.; Smogorzewska, E.M.; Bauer, G.;
Selander, D.; Csik, S.; Wilson, K.; Betts, M.R.; et al. Selective survival of peripheral blood

Viruses 2013, 5

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

2915

lymphocytes in children with HIV-1 following delivery of an anti-HIV gene to bone marrow
CD34(+) cells. Mol. Ther. 2005, 12, 77-86.
Amado, R.G.; Mitsuyasu, R.T.; Rosenblatt, J.D.; Ngok, F.K.; Bakker, A.; Cole, S.; Chorn, N.;
Lin, L.S.; Bristol, G.; Boyd, M.P.; et al. Anti-human immunodeficiency virus hematopoietic
progenitor cell-delivered ribozyme in a phase I study: Myeloid and lymphoid reconstitution in
human immunodeficiency virus type-1-infected patients. Hum. Gene Ther. 2004, 15, 251-262.
Mitsuyasu, R.T.; Merigan, T.C.; Carr, A.; Zack, J.A.; Winters, M.A.; Workman, C.; Bloch, M.;
Lalezari, J.; Becker, S.; Thornton, L.; et al. Phase 2 gene therapy trial of an anti-HIV ribozyme in
autologous CD34+ cells. Nat. Med. 2009, 15, 285-292.
DiGiusto, D.L.; Krishnan, A.; Li, L.; Li, H.; Li, S.; Rao, A.; Mi, S.; Yam, P.; Stinson, S.; Kalos,
M.; et al. RNA-based gene therapy for HIV with lentiviral vector-modified CD34(+) cells in
patients undergoing transplantation for AIDS-related lymphoma. Sci. Transl. Med. 2010, 2, 1-8.
Li, M.J.; Kim, J.; Li, S.; Zaia, J.; Yee, J.K.; Anderson, J.; Akkina, R.; Rossi, J.J. Long-term
inhibition of HIV-1 infection in primary hematopoietic cells by lentiviral vector delivery of a
triple combination of anti-HIV shRNA, anti-CCR5 ribozyme, and a nucleolar-localizing TAR
decoy. Mol. Ther. 2005, 12, 900-909.
Ustek, D.; Sirma, S.; Gumus, E.; Arikan, M.; Cakiris, A.; Abaci, N.; Mathew, J.; Emrence, Z.;
Azakli, H.; Cosan, F.; et al. A genome-wide analysis of lentivector integration sites using targeted
sequence capture and next generation sequencing technology. Infect. Genet. Evol. 2012, 12, 13491354.
An, D.S.; Qin, F.X.; Auyeung, V.C.; Mao, S.H.; Kung, S.K.; Baltimore, D.; Chen, I.S.
Optimization and functional effects of stable short hairpin RNA expression in primary human
lymphocytes via lentiviral vectors. Mol. Ther. 2006, 14, 494-504.
Chung, J.; Zhang, J.; Li, H.; Ouellet, D.L.; DiGiusto, D.L.; Rossi, J.J. Endogenous MCM7
microRNA cluster as a novel platform to multiplex small interfering and nucleolar RNAs for
combinational HIV-1 gene therapy. Hum. Gene Ther. 2012, 23, 1200-1208.
Davis, B.M.; Roth, J.C.; Liu, L.; Xu-Welliver, M.; Pegg, A.E.; Gerson, S.L. Characterization of
the P140K, PVP(138-140)MLK, and G156A O6-methylguanine-DNA methyltransferase mutants:
Implications for drug resistance gene therapy. Hum. Gene Ther. 1999, 10, 2769-2778.
Beard, B.C.; Trobridge, G.D.; Ironside, C.; McCune, J.S.; Adair, J.E.; Kiem, H.P. Efficient and
stable MGMT-mediated selection of long-term repopulating stem cells in nonhuman primates. J.
Clin. Invest. 2010, 120, 2345-2354.
Chinnasamy, D.; Fairbairn, L.J.; Neuenfeldt, J.; Treisman, J.S.; Hanson, J.P., Jr.; Margison, G.P.;
Chinnasamy, N. Lentivirus-mediated expression of mutant MGMTP140K protects human CD34+
cells against the combined toxicity of O6-benzylguanine and 1,3-bis(2-chloroethyl)-nitrosourea or
temozolomide. Hum. Gene Ther. 2004, 15, 758-769.
Gori, J.L.; Beard, B.C.; Ironside, C.; Karponi, G.; Kiem, H.P. In vivo selection of autologous
mgmt gene-modified cells following reduced-intensity conditioning with BCNU and
temozolomide in the dog model. Cancer Gene Ther. 2012, 19, 523-529.
Jansen, M.; Sorg, U.R.; Ragg, S.; Flasshove, M.; Seeber, S.; Williams, D.A.; Moritz, T.
Hematoprotection and enrichment of transduced cells in vivo after gene transfer of
MGMT(P140K) into hematopoietic stem cells. Cancer Gene Ther. 2002, 9, 737-746.

Viruses 2013, 5

2916

36. Neff, T.; Beard, B.C.; Peterson, L.J.; Anandakumar, P.; Thompson, J.; Kiem, H.P. Polyclonal
chemoprotection against temozolomide in a large-animal model of drug resistance gene therapy.
Blood 2005, 105, 997-1002.
37. Younan, P.M.; Polacino, P.; Kowalski, J.P.; Peterson, C.W.; Maurice, N.J.; Williams, N.P.; Ho,
O.; Trobridge, G.D.; Von Laer, D.; Prlic, M.; et al. Positive selection of mC46-expressing CD4+
T cells and maintenance of virus specific immunity in a primate AIDS model. Blood 2013, 122,
179-187.
38. Food and Drug Administration. Structured approach to benefit-risk assessment in drug regulatory
decision-making. Draft PDUFA V Implementation Plan - February 2013; Fiscal Years 20132017. Available online: http://www.fda.gov/downloads/ForIndustry/UserFees/PrescriptionDrug
UserFee/UCM329758.pdf (accessed on 20 November 2013).
39. Coplan, P.M.; Noel, R.A.; Levitan, B.S.; Ferguson, J.; Mussen, F. Development of a framework
for enhancing the transparency, reproducibility and communication of the benefit-risk balance of
medicines. Clin. Pharmacol. Ther. 2011, 89, 312-315.
40. Food and Drug Administration. Public meeting on HIV patient-focused drug development and
HIV cure research. 2013. Available online: http://www.fda.gov/ForIndustry/UserFees/
PrescriptionDrugUserFee/ucm348598.htm (accessed on 20 November 2013).
41. National Institutes of Health. AIDSinfo. Federally approved HIV/AIDS medical practice
guidelines. 2013. Available online: http://aidsinfo.nih.gov/guidelines (accessed on 20 November
2013).
42. Lewden, C.; Chene, G.; Morlat, P.; Raffi, F.; Dupon, M.; Dellamonica, P.; Pellegrin, J.L.;
Katlama, C.; Dabis, F.; Leport, C.; et al. HIV-infected adults with a CD4 cell count greater than
500 cells/mm3 on long-term combination antiretroviral therapy reach same mortality rates as the
general population. J. Acquir. Immune Defic. Syndr. 2007, 46, 72-77.
43. Engsig, F.N.; Gerstoft, J.; Kronborg, G.; Larsen, C.S.; Pedersen, G.; Roge, B.; Jensen, J.; Nielsen,
L.N.; Obel, N. Long-term mortality in HIV patients virally suppressed for more than three years
with incomplete CD4 recovery: A cohort study. BMC Infect. Dis. 2010, 10, 318.
44. Gaardbo, J.C.; Hartling, H.J.; Gerstoft, J.; Nielsen, S.D. Incomplete immune recovery in HIV
infection: Mechanisms, relevance for clinical care, and possible solutions. Clin. Dev. Immunol.
2012, 2012, 670957.
45. Piketty, C.; Weiss, L.; Thomas, F.; Mohamed, A.S.; Belec, L.; Kazatchkine, M.D. Long-term
clinical outcome of human immunodeficiency virus-infected patients with discordant
immunologic and virologic responses to a protease inhibitor-containing regimen. J. Infect. Dis.
2001, 183, 1328-1335.
46. Re, A.; Cattaneo, C.; Skert, C.; Balsalobre, P.; Michieli, M.; Bower, M.; Ferreri, A.J.; Hentrich,
M.; Ribera, J.M.; Allione, B.; et al. Stem cell mobilization in HIV seropositive patients with
lymphoma. Haematologica 2013, 98, 1762-1768.
47. Krishnan, A.; Bhatia, S.; Slovak, M.L.; Arber, D.A.; Niland, J.C.; Nademanee, A.; Fung, H.;
Bhatia, R.; Kashyap, A.; Molina, A.; et al. Predictors of therapy-related leukemia and
myelodysplasia following autologous transplantation for lymphoma: An assessment of risk
factors. Blood 2000, 95, 1588-1593.

Viruses 2013, 5

2917

48. Agarwal, D.; Chakravarty, J.; Chaube, L.; Rai, M.; Agrawal, N.R.; Sundar, S. High incidence of
zidovudine induced anaemia in HIV infected patients in Eastern India. Indian J. Med. Res. 2010,
132, 386-389.
49. Costantini, A.; Giuliodoro, S.; Mancini, S.; Butini, L.; Regnery, C.M.; Silvestri, G.; Greco, F.;
Leoni, P.; Montroni, M. Impaired in-vitro growth of megakaryocytic colonies derived from CD34
cells of HIV-1-infected patients with active viral replication. AIDS 2006, 20, 1713-1720.
50. Isgro, A.; Leti, W.; De Santis, W.; Marziali, M.; Esposito, A.; Fimiani, C.; Luzi, G.; Pinti, M.;
Cossarizza, A.; Aiuti, F.; et al. Altered clonogenic capability and stromal cell function
characterize bone marrow of HIV-infected subjects with low CD4+ T cell counts despite viral
suppression during HAART. Clin. Infect. Dis. 2008, 46, 1902-1910.
51. Thiebot, H.; Louache, F.; Vaslin, B.; de Revel, T.; Neildez, O.; Larghero, J.; Vainchenker, W.;
Dormont, D.; Le Grand, R. Early and persistent bone marrow hematopoiesis defect in
simian/human immunodeficiency virus-infected macaques despite efficient reduction of viremia
by highly active antiretroviral therapy during primary infection. J. Virol. 2001, 75, 11594-11602.
52. Costantini, A.; Giuliodoro, S.; Butini, L.; Silvestri, G.; Leoni, P.; Montroni, M. Abnormalities of
erythropoiesis during HIV-1 disease: A longitudinal analysis. J. Acquir. Immune Defic. Syndr.
2009, 52, 70-74.
53. Costantini, A.; Giuliodoro, S.; Butini, L.; Silvestri, G.; Leoni, P.; Montroni, M. HIV-induced
abnormalities in myelopoiesis and their recovery following antiretroviral therapy. Curr. HIV Res.
2010, 8, 336-339.
54. Sauce, D.; Larsen, M.; Fastenackels, S.; Pauchard, M.; Ait-Mohand, H.; Schneider, L.; Guihot,
A.; Boufassa, F.; Zaunders, J.; Iguertsira, M., et al., HIV disease progression despite suppression
of viral replication is associated with exhaustion of lymphopoiesis. Blood 2011, 117, 5142-5151.
55. Krishnan, A. HIV-infected patients. Biol. Blood Marrow Transplant 2009, 15, 142-145.
56. Krishnan, A.; Molina, A.; Zaia, J.; Smith, D.; Vasquez, D.; Kogut, N.; Falk, P.M.; Rosenthal, J.;
Alvarnas, J.; Forman, S.J. Durable remissions with autologous stem cell transplantation for highrisk HIV-associated lymphomas. Blood 2005, 105, 874-878.
57. Schooley, R.T.; Mladenovic, J.; Sevin, A.; Chiu, S.; Miles, S.A.; Pomerantz, R.J.; Campbell, T.B.;
Bell, D.; Ambruso, D.; Wong, R.; et al. Reduced mobilization of CD34+ stem cells in advanced
human immunodeficiency virus type 1 disease. J. Infect. Dis. 2000, 181, 148-157.
58. Keating, G.M. Plerixafor: A review of its use in stem-cell mobilization in patients with lymphoma
or multiple myeloma. Drugs 2011, 71, 1623-1647.
59. McNamara, L.A.; Ganesh, J.A.; Collins, K.L. Latent HIV-1 infection occurs in multiple subsets of
hematopoietic progenitor cells and is reversed by NF-kappaB activation. J. Virol. 2012, 86, 93379350.
60. Nixon, C.C.; Vatakis, D.N.; Reichelderfer, S.N.; Dixit, D.; Kim, S.G.; Uittenbogaart, C.H.; Zack,
J.A. HIV-1 infection of hematopoietic progenitor cells in vivo in humanized mice. Blood 2013,
122, 2195-2204.
61. Onafuwa-Nuga, A.; McNamara, L.A.; Collins, K.L. Towards a cure for HIV: The identification
and characterization of HIV reservoirs in optimally treated people. Cell Res. 2010, 20, 1185-1187.
62. Eisele, E.; Siliciano, R.F. Redefining the viral reservoirs that prevent HIV-1 eradication. Immunity
2012, 37, 377-388.

Viruses 2013, 5

2918

63. McNamara, L.A.; Onafuwa-Nuga, A.; Sebastian, N.T.; Riddell, J.T.; Bixby, D.; Collins, K.L.
CD133+ hematopoietic progenitor cells harbor HIV genomes in a subset of optimally treated
people with long-term viral suppression. J. Infect. Dis. 2013, 207, 1807-1816.
64. Sachdeva, M.; Fischl, M.A.; Pahwa, R.; Sachdeva, N.; Pahwa, S. Immune exhaustion occurs
concomitantly with immune activation and decrease in regulatory T cells in viremic chronically
HIV-1-infected patients. J. Acquir. Immune. Defic. Syndr. 2010, 54, 447-454.
65. Biffi, A.; Montini, E.; Lorioli, L.; Cesani, M.; Fumagalli, F.; Plati, T.; Baldoli, C.; Martino, S.;
Calabria, A.; Canale, S.; et al. Lentiviral hematopoietic stem cell gene therapy benefits
metachromatic leukodystrophy. Science 2013, 341, 1233158.
66. Aiuti, A.; Biasco, L.; Scaramuzza, S.; Ferrua, F.; Cicalese, M.P.; Baricordi, C.; Dionisio, F.;
Calabria, A.; Giannelli, S.; Castiello, M.C.; et al. Lentiviral hematopoietic stem cell gene therapy
in patients with Wiskott-Aldrich syndrome. Science 2013, 341, 1233151.
67. Candotti, F.; Shaw, K.L.; Muul, L.; Carbonaro, D.; Sokolic, R.; Choi, C.; Schurman, S.H.;
Garabedian, E.; Kesserwan, C.; Jagadeesh, G.J.; et al. Gene therapy for adenosine deaminasedeficient severe combined immune deficiency: Clinical comparison of retroviral vectors and
treatment plans. Blood 2012, 120, 3635-3646.
68. Gutierrez-Aguirre, C.H.; Gomez-Almaguer, D.; Cantu-Rodriguez, O.G.; Gonzalez-Llano, O.;
Jaime-Perez, J.C.; Herena-Perez, S.; Manzano, C.A.; Estrada-Gomez, R.; Gonzalez-Carrillo,
M.L.; Ruiz-Arguelles, G.J. Non-myeloablative stem cell transplantation in patients with relapsed
acute lymphoblastic leukemia: Results of a multicenter study. Bone Marrow Transplant. 2007, 40,
535-539.
69. Slavin, S.; Nagler, A.; Naparstek, E.; Kapelushnik, Y.; Aker, M.; Cividalli, G.; Varadi, G.;
Kirschbaum, M.; Ackerstein, A.; Samuel, S.; et al. Nonmyeloablative stem cell transplantation
and cell therapy as an alternative to conventional bone marrow transplantation with lethal
cytoreduction for the treatment of malignant and nonmalignant hematologic diseases. Blood 1998,
91, 756-763.
70. Aiuti, A.; Cattaneo, F.; Galimberti, S.; Benninghoff, U.; Cassani, B.; Callegaro, L.; Scaramuzza,
S.; Andolfi, G.; Mirolo, M.; Brigida, I.; et al. Gene therapy for immunodeficiency due to
adenosine deaminase deficiency. N. Engl. J. Med. 2009, 360, 447-458.
71. Aiuti, A.; Slavin, S.; Aker, M.; Ficara, F.; Deola, S.; Mortellaro, A.; Morecki, S.; Andolfi, G.;
Tabucchi, A.; Carlucci, F.; et al. Correction of ADA-SCID by stem cell gene therapy combined
with nonmyeloablative conditioning. Science 2002, 296, 2410-2413.
72. Kang, E.M.; Choi, U.; Theobald, N.; Linton, G.; Long Priel, D.A.; Kuhns, D.; Malech, H.L.
Retrovirus gene therapy for X-linked chronic granulomatous disease can achieve stable long-term
correction of oxidase activity in peripheral blood neutrophils. Blood 2010, 115, 783-791.
73. Kang, H.J.; Bartholomae, C.C.; Paruzynski, A.; Arens, A.; Kim, S.; Yu, S.S.; Hong, Y.; Joo,
C.W.; Yoon, N.K.; Rhim, J.W.; et al. Retroviral gene therapy for X-linked chronic granulomatous
disease: Results from phase I/II trial. Mol. Ther. 2011, 19, 2092-2101.
74. Ott, M.G.; Schmidt, M.; Schwarzwaelder, K.; Stein, S.; Siler, U.; Koehl, U.; Glimm, H.; Kuhlcke,
K.; Schilz, A.; Kunkel, H.; et al. Correction of X-linked chronic granulomatous disease by gene
therapy, augmented by insertional activation of MDS1-EVI1, PRDM16 or SETBP1. Nat. Med.
2006, 12, 401-409.

Viruses 2013, 5

2919

75. Lafeuillade, A. Potential strategies for an HIV infection cure. HIV Clin. Trials 2011, 12, 121-130.
76. Kiem, H.P.; Jerome, K.R.; Deeks, S.G.; McCune, J.M. Hematopoietic-stem-cell-based gene
therapy for HIV disease. Cell Stem Cell 2012, 10, 137-147.
77. Khera, N.; Zeliadt, S.B.; Lee, S.J. Economics of hematopoietic cell transplantation. Blood 2012,
120, 1545-1551.
78. Sloan, C.E.; Champenois, K.; Choisy, P.; Losina, E.; Walensky, R.P.; Schackman, B.R.; Ajana,
F.; Melliez, H.; Paltiel, A.D.; Freedberg, K.A.; et al. Newer drugs and earlier treatment: Impact on
lifetime cost of care for HIV-infected adults. AIDS 2012, 26, 45-56.
79. Walensky, R.P.; Sax, P.E.; Nakamura, Y.M.; Weinstein, M.C.; Pei, P.P.; Freedberg, K.A.; Paltiel,
A.D.; Schackman, B.R. Economic savings versus health losses: The cost-effectiveness of generic
antiretroviral therapy in the United States. Ann. Intern Med. 2013, 158, 84-92.
80. Gabriel, R.; Eckenberg, R.; Paruzynski, A.; Bartholomae, C.C.; Nowrouzi, A.; Arens, A.; Howe,
S.J.; Recchia, A.; Cattoglio, C.; Wang, W.; et al. Comprehensive genomic access to vector
integration in clinical gene therapy. Nat. Med. 2009, 15, 1431-1436.
81. Drmanac, R.; Drmanac, S.; Baier, J.; Chui, G.; Coleman, D.; Diaz, R.; Gietzen, D.; Hou, A.; Jin,
H.; Ukrainczyk, T.; et al. DNA sequencing by hybridization with arrays of samples or probes.
Methods Mol. Biol. 2001, 170, 173-179.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

