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Recent studies have demonstrated that genetically
modified hematopoietic stem cells (HSCs) can reduce
HIV viremia. We have developed an HIV/AIDS-patient
model in Simian/human immunodeficiency virus (SHIV)-
infected pigtailed macaques that are stably suppressed
on antiretroviral therapy (ART: raltegravir, emtricitabine
and tenofovir). Following SHIV infection and ART, animals
undergo autologous HSC transplantation (HSCT) with
lentivirally transduced cluster of differentiation (CD)34%
cells expressing the mC46 anti-HIV fusion protein. We
show that SHIV*, ART-treated animals had very low gene
marking levels after HSCT. Pretransduction CD34+ cells
contained detectable levels of all three ART drugs, likely
contributing to the low gene transfer efficiency. Follow-
ing HSCT recovery and the cessation of ART, plasma vire-
mia rebounded, indicating that myeloablative total body
irradiation cannot completely eliminate viral reservoirs
after autologous HSCT. The kinetics of recovery follow-
ing autologous HSCT in SHIV*, ART-treated macaques
paralleled those observed following transplantation of
control animals. However, T-cell subset analyses demon-
strated a high percentage of C-C chemokine receptor 5
(CCRS5)-expressing CD4* T-cells after HSCT. These data
suggest that an extended ART interruption time may
be required for more efficient lentiviral transduction. To
avoid complications associated with ART interruption in
the context of high percentages of CD4tCCR5*T-cells
after HSCT, the use of vector systems not impaired by
the presence of residual ART may also be beneficial.
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INTRODUCTION

Antiretroviral therapy (ART) has led to a significant decrease in
AIDS-related cancers'; however, the incidence of non-Hodgkin
lymphoma remains high, whereas an increase in non-AIDS-related
cancers including Hodgkin lymphoma has been associated with

high mortality of HIV-1-infected patients receiving ART.>?
Recent studies demonstrating that HIV' cancer patients are less
likely to receive treatment make clear that this population is in
need of more effective strategies to combat both infection and
malignancy.* Autologous hematopoietic stem cell transplantation
(HSCT) has been used as a curative strategy for HIV-1-infected
patients suffering from non-Hodgkin lymphoma and Hodgkin
lymphoma for more than two decades.>® To date, only a limited
number of studies have specifically examined the putative thera-
peutic benefit of conducting autologous HSCT in the context of
reducing viral reservoirs in HIV-1-infected patients.””> Notably,
although autologous HSCT has been the standard approach for
treating HIV-1-infected patient with non-Hodgkin lymphoma
and Hodgkin lymphoma, the elimination of viral reservoirs has
yet to be reported.'

The potential to eliminate viral reservoirs following autologous
transplantation of genetically modified hematopoietic stem cells
(HSCs) has garnered a renewed optimism for the development
of a curative strategy for HIV/AIDS.'"'> Allogeneic HSCT from a
C-C chemokine receptor (CCR)5A32 donor to a HIV-1-infected
patient with acute myelogenous leukemia was shown to induce
a functional cure.”’®" It remains unclear what aspects of acute
myelogenous leukemia treatment resulted in the complete elimi-
nation of replication competent virus in this patient. In a recent
follow-up study examining two HIV-infected patients previously
thought to have been cured of HIV following allogeneic HSCT
from a wild-type CCR5 donor, viral rebound was observed 3 and
8 months, respectively, following ART interruption.”* These find-
ings are a clear indication that the development of strategies to
protect HSC-derived immune cells from further cycles of viral
replication is a requirement for HSCT to lead to a functional cure.

Multiple approaches have been developed to genetically
modify HIV-1 target cells (e.g., cluster of differentiation (CD)4*
T-cells) or self-renewing HSCs (e.g., CD341 HSCs), which give
rise to multiple infection-susceptible cell types.''¢ To date, several
phase 1/2 clinical trials have been conducted in HIV-1-infected
patients following infusion of genetically modified CD4" T-cells
or CD34% HSCs (reviewed in ref. 17). For the most part, these

The first two authors contributed equally to this work.

Correspondence: Hans-Peter Kiem, Fred Hutchinson Cancer Research Center, 1100 Fairview Ave N, Mail Stop D1-100, PO Box 19024, Seattle,

Washington 98109-1024, USA. E-mail: hkiem@fhcrc.org

Molecular Therapy vol. 23 no. 5, 943-951 may 2015

943


http://www.nature.com/doifinder/10.1038/mt.2015.19
mailto:hkiem@fhcrc.org

HIV Gene Therapy

studies have examined safety and feasibility of genetically modify-
ing target cells prior to autologous transplantation; efficacy studies
examining potential therapeutic benefits following the infusion of
genetically modified cells have been limited, in part due to limited
gene transfer.

Lentiviral vectors have emerged as an especially promis-
ing strategy to safely and easily modify HSCs.'"® HIV-1-derived
vector engineering is straightforward and widely practiced.” In
addition, the safety of lentiviral vectors is improved relative to
previous generations of retroviral gene therapy vectors. Whereas
gammaretroviral vectors are known to prefer insertion at genomic
sites associated with oncogenesis, integration patterns of lentivi-
ral vectors have demonstrated significantly less risk of oncogenic
transformation.”®*" Alternative platforms, such as foamy virus,”
have also shown early promise in vitro and in vivo.”** Regardless
of the specific format utilized, retrovirus-mediated gene therapy
remains the best characterized and therefore, most translationally
relevant strategy for HIV-1 remission/cure.

Our previous studies demonstrated that pigtailed macaques
transplanted with gene-modified, autologous CD34% HSCs
maintain high levels of genetically modified CD4*" T-cells
expressing the membrane bound HIV-1 fusion inhibitor, mC46,
following challenge with an HIV-1 enveloped Simian/human
immunodeficiency virus (SHIV).? The primary goals of this study
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were to demonstrate the feasibilities of (i) autologous transplant
in SHIV-infected pigtailed macaques on uninterrupted ART, and
(ii) lentivirus-mediated gene modification strategies in this set-
ting. Because HSCT and protected CD4* T-cells are likely to sig-
nificantly affect infection dynamics, we further sought to measure
the effects of myeloablative total body irradiation (TBI) and infu-
sion of mC46-expressing HSCs, on anti-SHIV immune responses,
plasma viremia, and disease progression.

RESULTS

HSCT following myeloablative irradiation

does not eliminate viral reservoirs in ART-suppressed,

SHIV-infected pigtailed macaques.

We sought to assess the effects of autologous HSCT in ART
suppressed, SHIV-infected animals, and examine the feasi-
bility and therapeutic benefit of conducting HSCT following
lentiviral-mediated gene modification of CD34% HSCs from ani-
mals that were maintained continuously on ART. Three cohorts of
animals are outlined in Figure 1a. The first two pairs of pigtailed
macaques (Cohorts 1 and 2), were transplanted while maintained
on continuous ART throughout the transplant protocol; other
than a 3-week staggering of HSCT, Cohorts 1 and 2 were identical.
A third cohort utilized an extended ART washout period during
transplant. Following engraftment in all three cohorts, ART was
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Figure 1 Effects of irradiation on CD4" T-cells and plasma viremia. (a) Schematic outline of studies. Following baseline sample collections and
8 weeks following SHIV1157ipd3N4 challenge (“Acute phase”), macaques were placed on daily ART consisting of TFV, FTC and twice daily RAL (see
Materials and Methods). Hematopoietic stem cell transplant (“HSC Tx") was performed after stable suppression of plasma viremia was achieved.
Following transplant recovery and cessation of ART, macaques were monitored for a period of ~6 months. A study time line for SHIV-naive control
animals that underwent HSCT is also displayed. Gl and lymph node biopsies (“B”) were collected at the indicated time points. (b) Total CD4*CD3*
T-cell levels were assessed by flow cytometry at the indicated time points over the course of these studies following SHIV1157ipd3N4 challenge and
prior to and following HSCT. (c) Plasma viremia and (d) proviral DNA contents were determined by real-time PCR as indicated in the Methods section.
Arrows indicate HSCT and dotted line indicates end of ART.
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withheld and macaques were monitored for CD4™ T-cell deple-
tion and viral rebound.

Preinfection CD4™" T-cell levels averaging 1,064 cells/pl (range
678-1,967) were observed in Cohorts 1-3 (Figure 1b). By week 8
following SHIV-1157ipd3N4 challenge, an average of 932 cells/pl
(range 574-1,872) CD4* T-cells was detected in peripheral blood
equating to a decrease of ~12.4%. All animals were placed on ART
consisting of daily PMPA, FTC, and twice daily RAL (see Materials
and Methods for additional details). Each cohort, consisting of one
control (transplanted with a lentiviral vector expressing green
fluorescent protein (GFP)) and one experimental (lentiviral vector
expressing GFP and mC46) underwent HSCT, including myeloab-
lative TBI prior to cell infusion. Following TBI, CD4™" T-cell levels
dropped to an average of 22 cells/ul (range 8-51). Animals were
allowed to recover from HSCT prior to ART withdrawal; 2 weeks
following the cessation of ART, plasma viremia rebounded to levels
similar to pre-ART levels (1.2 x 10° cells/pl versus 1.1 x 10° cells/pl)
in all but one macaque (Z08160, Cohort 1) that appeared to exhibit
a natural controller phenotype prior to ART (Figure 1c). Similarly,
cell-associated SHIV DNA levels initially decreased below the lower
limit of detection of our assay following HSCT, but rebounded
within the first few weeks following the end of ART (Figure 1d).
Although plasma viremia and viral DNA content rebounded in
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the weeks following the end of ART, CD4%" T-cell levels contin-
ued to rise in the 6 months following the end of ART, averaging
488 cells/pl (Figure 1b). Our observations following autologous
HSCT of ART-treated, SHIV-infected macaques strongly paral-
lel to those found in other nonhuman primate studies,” and in
HIV-1-infected patients,” suggesting that this animal model is an
excellent surrogate for preclinical HSCT-based curative therapies
for HIV/AIDS.

Effects of autologous transplantation on
T-lymphocyte subsets

We did not observe measurable impairment in myeloid or lymphoid
recovery following HSCT in our SHIV-infected animals, relative
to our historical SHIV- and ART-naive control animals (see
Supplementary Figures S1 and S2 and refs. 28,29). To examine
the effects of autologous transplantation on T-lymphocytes sub-
sets, we measured alterations in phenotypic and activation mark-
ers by flow cytometry. In the first 8 weeks postinfection, peripheral
CD4*tCCR5" T-cells were reduced concordant with their low per-
centage in peripheral blood mononuclear cells (PBMCs) (Figure 2a).
CD4TCCR5" T-cell depletion was also observed in gut-associ-
ated-lymphoid tissue, but not in axillary lymph nodes (Figure 3).
Interestingly, we observed a marked increase in CD4TCCR5*
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Figure 2 Phenotypic analysis of peripheral T-lymphocytes following SHIV-challenge. (a) The percentage of CD4t, CD4tCD8*, and CD8*

T-cells expressing CCR5 was determined by flow cytometry throughout the course of these studies. (b—d) The percentage of central memory (T, ;

CCR7TCD45RA"), effector memory (T
(d) CD4TCD8*CD3* T-cells.
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Figure 3 T-lymphocyte subset analysis in lymph node and Gl biopsies. Single-cell suspensions were analyzed by flow cytometry to determine the
percentage of CD4™ T-cells, CD8" T-cells, double positive T-cells, and CD4TCCR5™ T-cells in (a) lymph nodes and (b) Gl biopsies.
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Figure 4 CD34" HSCs from cART-treated animals display decreased transgene expression in vivo. (@) CD34* HSCs isolated from four SHIV- and
cART-naive macaques, and from six SHIV+, cART-treated animals (Cohorts 1-3, Figure 1) were transduced with lentiviral vectors expressing mC46
and GFP (circles) or GFP alone (triangles). The percentage of GFPT HSCs was determined following 10 days in liquid culture. (b) Bulk transduced cells
from (a) were infused into the autologous recipient. Following hematopoietic recovery (see Materials and Methods), steady state GFP expression was
determined from total leukocytes. Data represent the average of multiple longitudinal blood draws from each animal plus standard deviation. (c-d)
Using samples collected from animals in Cohorts 1-3 and prepared immediately prior to lentiviral transduction, the average absolute amounts of
antiretroviral drugs in CD34% HSCs and PBMCs (c) and the ratio of ART in CD34" HSCs versus PBMCs (d) were determined by MASS-Spec/HPLC. All

PBMC samples were collected in conjunction with bone marrow harvests.

T-cells following autologous transplant (38% versus ~5% prein-
fection, Figure 2a). Similar to findings in peripheral blood, the
percentage of CD4TCCR5" T-cells in axillary lymph nodes and
gut-associated lymphoid tissue was highest in the weeks following
HSCT. Interestingly, CD4TCCR5™ levels in the periphery dropped
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by ~50% following cessation of ART and virus rebound, whereas
levels in lymph node were minimally changed, and a slight increase
was observed in gut-associated lymphoid tissue (Figures 2a and 3).

We next analyzed central memory, effector memory, and naive
T-cell subsets following SHIV infection and autologous HSCT in
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CD4™" (Figure 2b), CD8" (Figure 2c), and CD4tCD8* double
positive T-lymphocytes (Figure 2d). Peripheral blood CD4 " cen-
tral memory T-cells (T, CD3*CD4*tCCR7TCD45RA™) did not
decline, as compared to minimal to modest declines observed
in CD8* and CD4*CD8* T, (Figure 2b-d). Peripheral blood
effector memory cells (T,: CD3*tCD4tCCR7-CD45RA™)
increased significantly following transplant (Figure 2b-d). Naive
T-cell levels were reduced following infection, and more so fol-
lowing transplant (Figure 2b-d). In summary, our T-cell subset
measurements in peripheral blood suggest preferential depletion
of naive cells, and increase in effector memory cells, following
transplant.

Immunological analysis

To determine the relative change in activation status of spe-
cific T-lymphocyte subsets following transplant in our animals,
we measured Ki67t and PD-11t CD4%1 T-cells, and also mea-
sured changes in the frequency of regulatory T-cells (Tregs).
Examination of CD41Ki67% T-cells suggested that activation of
CD4™" T-cells was relatively moderate during the initial 8 weeks
following SHIV challenge, increased significantly following
HSCT, and was further increased 2 weeks following the cessa-
tion of ART (see Supplementary Figure S3a). Following similar
kinetics, the percentage of CD4" T-cells expressing the immune
exhaustion marker, PD-1, increased in the weeks following HSCT
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from ~10% at week 8 to ~64% prior to termination of ART (see
Supplementary Figure S3b). Importantly, changes in the percent-
age of Tregs in peripheral blood did correlate with transplant (see
Supplementary Figure S3c). These results suggest that productive
SHIV viremia and myeloablative HSCT may play additive roles in
increased T-cell activation post-transplant, in turn producing an
enlarged pool of infection-susceptible target cells following with-
drawal of ART.

We next examined the antibody response in SHIV1157
ipd3N4-challenged macaques to gauge the ability of infected
animals to generate an effective humoral response both prior to
and following HSCT. Antibodies against HIV-envelope (Env)
or SIV whole virus were readily detectable in all six macaques
by week 3 postinfection, and plateaued at 8 weeks postinfec-
tion (see Supplementary Figure S4a-b). Neutralizing antibod-
ies were observed in all six macaques at week 8 (Supplementary
Figure S4c). Neutralization activity varied greatly, ranging from
18% to >60%. A decrease in antibody titers was observed fol-
lowing HSCT; however, antigen-specific antibodies remained
detectable. As expected, in the weeks following cessation of ART
and subsequent increase in plasma viremia, virus-specific anti-
bodies increased by 10° enzyme immunoassay units. Our T-cell
activation and B-cell functional data demonstrate that increased
immune activation and anti-SHIV B-cell responses persist dur-
ing hematopoietic recovery following HSCT.
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Figure 5 ART-mediated inhibition of lenti- and Foamy viral vectors. The effects of (a) Raltegravir, (b) PMPA and (c) FTC on lentiviral and
foamy virus-based vectors was assessed. HT1080 cells were cultured in the presence of the indicated concentration of each respective antiretroviral
drug. Next, transductions were performed with VSV-G pseudotyped, GFP-expressing lentiviral or foamy viral vectors. Transduction efficiencies were
determined by measuring fluorescence 48 hours following transduction. Results are average of duplicate samples. VSV-G, vesicular stomatitis virus

glycoprotein.
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Reduced transduction efficiency is observed in CD34%
HSCs isolated from ART-treated, SHIV-infected
macaques

Using lentiviral transduction strategies, our previous stud-
ies indicated that gene-modified CD34% HSCs expressing a
membrane-bound fusion inhibitor, known as mC46, give rise
to infection-resistant CD4" T-cells following SHIV-challenge of
pigtailed macaques.” Although our initial findings demonstrated
that HSCT in the setting of ART was safe and feasible, we fur-
ther examined the efficiency of lentivirus-mediated gene trans-
fer procedures in these SHIV-infected, ART-treated animals. We
compared the efliciency of gene transfer in Cohorts 1-3 ex vivo
and in vivo to our previously published results in SHIV- and ART-
naive animals.”® Notably, animals in Cohort 3 underwent a 4-day
interruption of ART prior to bone marrow harvest (Figure 1a).
Ex vivo transduction efficiencies trended lower in Cohorts 1-3,
compared to SHIV- and ART-naive controls, although this differ-
ence did not reach statistical significance (Figure 4a). However,
following cell infusion into conditioned animals and hemato-
poietic recovery, steady state gene marking in total leukocytes
was significantly impaired in Cohorts 1-3 relative to controls
(Figure 4b). The ART interruption in Cohort 3 during transplant
did not improve gene transfer efficiency. These results suggest that
SHIV-infected, ART-treated animals display substantially lower
efficiencies of lentivirus-mediated gene transfer in vivo relative
to SHIV-and ART-naive controls, even when ART is temporarily
interrupted during transplant.

ART reduces efficiency of lentivirus gene transfer ex vivo. We
hypothesized that the reduced efficiency of lentiviral transduction
in our SHIV-infected, ART-treated animals was due to the pres-
ence of ART in cells during transduction ex vivo, and in animals
following cell infusion. To test this, we conducted experiments in
cultured cell lines and primary CD34* HSCs. As expected, our len-
tiviral vectors were efficiently inhibited by our ART regimen in vitro
(Figure 5). A single pretransduction dose of ART significantly
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impaired transduction efficiencies of both HIV-based and foamy
virus-based retroviral vectors. To address whether ART infection
contributes to limitations on HSC transduction efficiency, CD34*
HSCs were isolated from a SHIV-infected, ART-treated macaque,
and from a SHIV-naive and ART-naive macaque. Cells from the
SHIV- and ART-naive animal were cultured in the presence and
absence of ART, and compared to cells from the SHIV infected,
ART-treated animal in PCR-based lentivirus integration assays. As
shown in Figure 6, the absolute number of lentiviral copies per cell
was determined by real-time PCR to be 5.5-fold less on average in
samples from animals receiving ART ex vivo or in vivo. Increased
2-long tandem repeat circles (2-LTR) formation was observed 2
days following transduction in HSCs isolated from ART-treated
macaques, suggesting poorer kinetics of lentiviral integration
in these animals (Figure 6). In summary, ART-treated, SHIV-
infected macaques displayed significantly decreased gene marking,
with or without a limited treatment interruption during HSCT;
low ex vivo transduction efficiencies subsequently led to minimal
(<0.5%) in vivo gene modification (data not shown).

To understand the intracellular pharmacokinetics of our
ART regimen, we directly measured ART levels in CD34* HSCs
and PBMCs from Cohorts 1-3 by MASS-spec/HPLC; measure-
ments were made immediately prior to lentiviral transduction
(Figure 4c-d). All three antiretroviral drugs were readily detect-
able in PBMCs, and importantly, in CD34% HSCs. An average
of 288.7 fmol PMPA, 441.4fmol FTC, and 61.7 fmol RAL was
detected in CD34" HSCs ~16 hours following the most recent
dose. Levels of PMPA, FTC, and RAL averaging 184.0, 279.6,
and 59.8 fmol were detected, respectively, in PBMCs. The ratio
of both PMPA (1.42) and FTC (1.58) in CD34% HSCs versus
PBMCs was slightly elevated, whereas RAL was nearly equiv-
alent (0.9) (Figure 4d). The detection of all three ART drugs
in CD34% HSCs, at levels at or above those found in PBMCs,
provides strong evidence that poor lentiviral gene transfer
efficiency in our experiments is due to residual intracellular
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Figure 6 ART increases lentiviral 2-LTR circle formation in transduced macaque CD347 cells in vitro. (a-b) CD34+ HSCs were harvested from a
SHIV- and ART-naive animal, and were cultured in the absence (“Control”) or presence of ART (“Control + ART”). CD34+ HSCs were also harvested
from a SHIV-infected, ART-treated animal (“SHIV+, in vivo ART”) (“SHIV+ART+). Cells were transduced with GFP lentivirus, and assayed by real-time
PCR at 2, 4, and 11 days post-transduction for total lentiviral copies and 2-LTR forms of viral DNA (a) using previously described protocols (see
Materials and Methods). (b) The ratio of 2-LTR circles to total viral copies was calculated. Results represent average of duplicate samples.

948

www.moleculartherapy.org vol. 23 no. 5 may 2015



© The American Society of Gene & Cell Therapy

ART-mediated inhibition of lentiviral reverse transcription
and/or integration.

DISCUSSION

Although autologous HSCT has been performed routinely for
HIV-1-infected patients with hematologic malignancies, large
animal studies that model gene-modified, HSCT-based HIV-1
cure strategies are in urgent need. Here, we have demonstrated
that SHIV-infected pigtailed macaques receiving ART can be suc-
cessfully transplanted with genetically modified CD34% HSCs.
We have shown that similar to HIV-1-infected patients, autolo-
gous transplantation on its own is insufficient to induce func-
tional cure: following treatment interruption, plasma viremia
returned to pre-ART levels. Our extensive immunological analy-
sis has demonstrated that while CD41 T-cell counts are massively
decreased following HSCT, responses that favor nascent infections
arise due to heightened immune activation and massive hemato-
poietic recovery following myeloablative irradiation. This finding
is particularly concerning if temporary discontinuation of ART
becomes important to increase transduction efficiencies.

Limited transduction efficiency of CD34% HSCs from
SHIV-infected, ART-suppressed animals resulted in subpar
gene-marking in the weeks following infusion of genetically mod-
ified cells. As we have shown earlier, the inclusion of an in vivo
chemoselection cassette will likely increase the percentage of
genetically modified cells.”** However, because of the low-level
in vivo marking, it was deemed that multiple rounds of chemose-
lection would be required to achieve theoretical levels needed to
assess gene modified CD34% HSC transplantation as a curative
therapy for HIV/AIDS. Hence, these studies represent the basal
levels of gene marking attainable in the presence of ART when uti-
lizing lentiviral vectors to genetically modify CD34* HSC. Based
on our earlier experience, initial marking levels ranging from 15
to 25% are typically expected.”* Our future studies will explore
methods to improve the stability of genetically modified cells fol-
lowing infusion into SHIV-infected, ART-treated animals.

The transduction efficiencies achieved in these studies are
similar to those previously observed in phase 1/2 clinical trials
in HIV-1-infected patients.”'” The majority, if not all clinical tri-
als, conducted to date have utilized integrating viral vectors. As
shown in these studies, lentiviral and gammaretroviral vectors are
susceptible to inhibition by residual ART in CD34" HSCs (see
Supplementary Figure S1). Hence, to successfully achieve puta-
tive therapeutic thresholds of genetically modified immune cells
in vivo, extended ART washout periods or modified protocols to
achieve viral integration may be needed. Alternatively, it may be
feasible to maintain patients on ART by temporarily substituting
drug cocktails from those that inhibit reverse transcriptase and
integrase to those that inhibit early in the infection (e.g., fusion
inhibitors) and later stages of the viral life-cycle (e.g., protease
inhibitors). In addition, switching to antiretroviral drugs with
short half-lives in the weeks preceding HSCT may reduce and/or
eliminate the requirement for a washout period.

Previous studies have indicated that both infection and/or
the proliferative state of CD4* T-cells alters the kinetic half-lives
of antiretroviral drugs.® Hence, SHIV-infection may alter the
turnover rate of antiretroviral drugs in CD341 HSCs while the
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minimal expansion observed during a 48-hour ex vivo transduc-
tion period may parallel findings in resting CD4" T-cells, in which
ART turnover is reduced.” Previous findings have demonstrated
estimated half lives of >39 hours for FTC, >60 hours for PMPA,
and >9 hours for RAL in PBMCs****; however, to our knowledge
this is the first study to examine intracellular ART concentra-
tions in CD34" HSCs isolated from ART-treated, SHIV-infected
pigtailed macaques. Our findings strongly suggest that antiretrovi-
ral drugs targeting the early, postentry stages of the viral life-cycle
(e.g., integrase, reverse transcriptase) will impair lentiviral-
mediated transduction.

We hypothesized that an alternative vector platform might
allow us to circumvent ART-dependent limits on gene transfer
efficiency. Therefore, we evaluated the ART-dependent inhibition
of foamy virus vectors, in comparison to HIV-1-based lentiviral
vectors. In cell line-based in vitro assays, we found that foamy
viral vectors were inhibited comparably to lentiviral vectors in the
presence of two of our three ART drugs, PMPA and Raltegravir
(Figure 5). Interestingly, our third ART component, FTC, was
able to inhibit lentiviral vectors, but not foamy virus vectors.
These results highlight the potential for alternate ART regimens
to be selected not only on the basis of short intracellular half life,
but also on the basis of specificity for inhibition of lentiviral spe-
cies like HIV-1.

Other vector-based strategies may enable delivery of antiviral
transgenes without the need to alter a patient’s ART regimen. For
example, natural occurring mutations that have previously been
identified in ART-resistant HIV-1 clones may be introduced into
the Gag-Pol packaging vector, which may enable the required
single-round integration to occur. Retroviral-based genetic modi-
fication strategies may be circumvented entirely through the use
of other strategies such as gene disruption using sequence spe-
cific nucleases, which are not limited by the presence of antiret-
roviral drugs (provided that the nucleases are not delivered by an
ART susceptible viral vector). For example, CXCR4 and/or CCR5
targeting zinc-finger nucleases have been shown to yield a high
percentage of gene disruption in primary CD4* T-cells following
transduction with adenoviral vectors.*>*

We monitored post-transplant recovery of lymphoid
(see Supplementary Figure S1) and myeloid cell types (see
Supplementary Figure S2) in our SHIV-infected, ART-suppressed
animals and found no differences relative to kinetics in uninfected
animals.?®? The titer and time to detection of anti-SHIV antibod-
ies paralleled those found in HIV-1-infected patients and nonhu-
man primate studies (see Supplementary Figure $4).”** HSCT
did not measurably impact serum levels of antigen-specific anti-
bodies (see Supplementary Figure S4), indicating that plasma
cells may be relatively resistant to TBI, consistent with previous
observations.* Finally, we observed a marked increase in immune
activation (see Supplementary Figure S3) and in CD4+CCR5+
cell counts (Figures 2 and 3) following transplant. These find-
ings highlight the complex interplay between TBI-dependent
immune responses that may increase or decrease viral replica-
tion. For example, it remains unclear whether the decrease in
naive CD4%1 T-cells following transplant results in an overall
reduction of the viral reservoir,® or if this reduction may be off-
set by increased CCR5 expression. The efficacy of HSCT-based
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cure strategies will require better understanding of the tradeofts
between HSCT-dependent antiviral effects with that of inflamma-
tion and immune activation, which may in turn increase nascent
infection.

In the context of suppressive ART, autologous transplant is
likely to impart a genetic bottleneck on virus diversity, by vir-
tue of the stochastic loss of some, but not all, latently infected
cells. Recent evidence suggests that the longevity of some such
cells may be attributable to oncogenic transformation.** We are
well-positioned to further quantitate the extent to which stem cell
transplant reduces the breadth and diversity of the residual latent
reservoir in this model.*** Identification of specific cellular sub-
sets or clones that persist through transplant may prove valuable
in terms of developing novel strategies to eliminate this last vestule
of the viral reservoir following irradiation and thereby improving
HSCT-based therapies designed to cure HIV/AIDS.®

In summary, our findings indicate that curative HSCT strat-
egies can be readily assessed in SHIV-infected, ART suppressed
pigtailed macaques. The presence of ART in target cells may
require an extended washout period as lentiviral integration is
significantly impeded. Engraftment and hematopoietic recovery
in SHIV-infected, ART-suppressed animals paralleled transplants
in noninfected pigtailed macaques. Importantly, our findings sug-
gest that the heightened immune responses that follow myeloabla-
tive irradiation, as well as the high percentage of CCR5-expressing
CD4% T-cells during HSCT, may promote nascent infection
where continued ART does not fully suppress viral replication.
Whether genetically modified CD4%1 T-cells may limit or promote
the elimination of newly infected cells at these sites remains to be
determined.

MATERIALS AND METHODS

Animals. Eight healthy juvenile pigtailed macaques (Macaca nemestrina)
were housed at the University of Washington National Primate Research
Center under conditions approved by the American Association for
Accreditation of Laboratory Animal Care. Study protocols were approved
by the Fred Hutchinson Cancer Research Center Institutional Review
Board and the University of Washington Institutional Animal Care and
Use Committee. Animals were monitored closely, and animal welfare was
assessed on a daily basis and, if necessary, several times a day. If animals
experienced pain, then they received pain medications. Animals were
inoculated intravenously with a dose of 10* TCID, SHIV1157ipd3N4.
Tissue harvest and blood and serum collection were performed prior to
and following SHIV challenge. Antiretroviral drugs were administered as
described earlier.*

Hematopoietic stem cell transplant. HSCT was performed as described
earlier.”* We defined hematopoietic recovery in these studies as the aver-
age percentage gene marking following stabilization of post-transplant
platelet levels. We define “stabilization” as 8 consecutive weeks during
which platelet counts vary by <10% or are above a “healthy minimum”
value of 2.6 x 10° platelets/ul whole blood, in the absence of granulocyte
colony-stimulating factor or blood transfusion support.

Peripheral sampling, lymph node, and gastrointestinal biopsies.
Peripheral blood was collected at the indicated time points by venipunc-
ture into heparin, EDTA, or SST tubes for isolation of PBMCs and the
isolation of plasma and serum samples. PBMCs were isolated from whole
blood using a hemolytic lysis solution (ammonium chloride). Gut biopsies
were obtained using an 8.9-mm diameter video gastroscope. A maximum
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of 23 pinch biopsies were taken per indicated time point using a 2.0-mm
biopsy forceps. Single-cell suspensions were isolated following treatment
of biopsies with 60 U/ml collagenase (Sigma Aldrich, St. Louis, MO). For
axillary lymph node isolation, a small incision is made in the skin (<1
inch), the lymph node excised, and the incision closed with nonabsorbable
suture. Cells are isolated following mechanical sheering of lymph nodes
and lysis of red blood cells in hemolytic lysis buffer.

Immunological analysis and intracellular ART detection. Antibody titer
against disrupted whole SIV or HIV-Env was determined by ELISA.*
Neutralization assay was performed as described earlier.* Briefly, on day
0, TZM-BI obtained from the AIDS Research and Reference Reagent
Program were seeded in 96-well white flat-bottomed tissue culture plates
at 3x10° cells in 100 pl of complete medium (DMEM, 10% EBS, 1%
penicillin/streptomycin) and cultured overnight at 37 °C. The following
day, sera collected 2 weeks prior to SHIV1157ipd3N4 infection and sera
collected at the indicated time points postinfection was diluted 1:50. Thirty
microliters were incubated with an equal volume of SHIV1157ipd3N4 at
100 x TCID, for 1.5 hours at 37 °C in 96-well U-bottomed tissue culture
plates (Corning, Corning, NY). After incubation, 50 pl of the sera—virus
mixture was transferred to TZM-bl cells and cultured for 72 hours at 37
°C. On day 4, the media was changed with fresh 100 ul DMEM 10/1 and
an equal volume of luciferase assay substrate buffer (Promega Steady-Glo
Luciferase Assay System, catalog #E2510, Madison, WI) was added to each
well and mixed. Cells were incubated at room temperature for 10 minutes.
The level of tat-induced firefly luciferase for all unknowns was determined
with the Perkin Elmer TopCount NXT Luminescence Counter using the
TopCount NXT program (Waltham, MA). Percentage neutralization was
calculated from the reduction in virus entry in the presence of postin-
fection sera relative to the entry in the presence of the preinfection sera:
((RLUPR‘RLUP(,H)/RLUPW) x 100. Intracellular ART was determined using
slightly modified methods described earlier.””*® Briefly, cryopreserved
CD34" HSCs and PBMCs from identical time points were thawed and
washed two times in ice-cold PBS. Immediately thereafter, cell pellets
from an equal number of cells were lysed in ice-cold methanol and kept
on ice until loading onto a C18 Hypersil Gold aQ Column (Thermo Fisher
Scientific, Waltham, MA). Standard curves were generated using known
concentrations of each respective drug and the concentration within sam-
ples was extrapolated.

Plasma and cell-associated viral load assessment. Viral load was assayed
as previously described.** Briefly, viral RNA copy number was deter-
mined by real-time PCR following reverse transcription. Total viral DNA
in PBMC was determined by real-time PCR and is expressed as the num-
ber of copies per 500 ng total DNA. Total lentiviral DNA and 2-LTR circles
were determined as described previously.”

Lymphocyte immunophenotyping. The phenotyping panel consisted
of the following antibodies: CD3-Ax700 (SP34-2), CD4-PerCP-Cy5.5
(L200), CD8-APC-Cy7 (SK1), CD45RA-APC (5H9), CCR5-PE (3A9),
CCR7-PE-Cy7 (3D12). The activation panel consisted of the following anti-
bodies: CD3-Ax700 (SP34-2), CD4-PerCP-Cy5.5 (L200), CD8-APC-Cy7
(SK1), CD25-APC (2A3), CD279-PE-Cy7 (EH12.1), FoxP3-PE (206D),
and Ki67-Ax488 (B56). All antibodies were purchased from BD Biosciences
(San Jose, CA) except for FoxP3, which was purchased from BioLegend
(San Diego, CA). All samples were fixed with 1% paraformaldehyde prior
to flow cytometric analysis on an LSR-II system.

SUPPLEMENTARY MATERIAL

Figure S1. Lymphocyte analysis.

Figure $2. ART-treated, SHIV-infected macaques exhibit normal
hematopoiesis following HSCT.

Figure $3. Activation status of peripheral T-lymphocytes.

Figure $4. Antibody production and neutralizing activity is main-
tained following HSCT.
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