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Key Points

• Stem cell gene therapy results
in enhanced virus-specific
immunity and recovery of
CD41 T cells in a nonhuman
primate model of AIDS.

• Gene therapy–mediated
protection of stem cells
results in a disease state
similar to that observed in
long-term nonprogressors.

Despite continued progress in the development of novel antiretroviral therapies, it has

become increasingly evident that drug-based treatments will not lead to a functional or

sterilizing cure for HIV1 patients. In 2009, an HIV1 patient was effectively cured of HIV

following allogeneic transplantation of hematopoietic stem cells (HSCs) from a CCR52/2

donor. The utility of this approach, however, is severely limited because of the difficulty in

finding matched donors. Hence, we studied the potential of HIV-resistant stem cells in the

autologous setting in a nonhuman primate AIDS model and incorporated a fusion inhibitor

(mC46) as the means for developing infection-resistant cells. Pigtail macaques underwent

identical transplants and Simian-Human Immunodeficiency Virus (SHIV) challenge

procedures with the only variation between control and mC46 macaques being the

inclusion of a fusion-inhibitor expression cassette. Following SHIV challenge, mC46

macaques, but not control macaques, showed a positive selection of gene-modified

CD41 T cells in peripheral blood, gastrointestinal tract, and lymph nodes, accounting

for >90% of the total CD41 T-cell population. mC46 macaques also maintained high

frequencies of SHIV-specific, gene-modified CD41 T cells, an increase in nonmodified CD41 T cells, enhanced cytotoxic

T lymphocyte function, and antibody responses. These data suggest that HSC protection may be a potential alternative to

conventional antiretroviral therapy in patients with HIV/AIDS. (Blood. 2013;122(2):179-187)

Introduction

Highly active antiretroviral therapy (HAART) has greatly reduced
viral loads and reduced morbidity and mortality from AIDS1; how-
ever, the side effects of prolonged use can often lead to severe
disease,2 and the emergence of drug resistance strains remains a
major public health concern. HIV proviral DNA remains present in
lymphoid cell populations regardless of prolonged HAART, and
patients that have terminated treatment, either because of intolerance
or noncompliance, experience a rapid resurgence of viral burden to
pretreatment levels.3-5 Even in long-term compliant patients, the
emergence of resistant mutant viruses has been documented.6,7 Thus,
novel therapeutic strategies are needed to better control or eradicate
the latent reservoir and potentially cure HIV.3,8

Hematopoietic stem cell (HSC)-based therapy for HIV infection
recently garnered the interest of the scientific community when an
AIDS patient with acute myeloid leukemia was effectively cured of
HIV upon the allogeneic transplant of CD341 cells from a homo-
zygous CCR5D32 donor.9 Donor cells returned the patient’s CD41

T-cell population to normal levels and controlled HIV replication
to levels undetectable for more than 4 years following the cessation
of HAART.10 Although these results demonstrate the potential
benefits of stem cell–based therapies, obtaining sufficient numbers

of matched CCR5D donors and the risks posed by allogeneic
transplants make this approach unfeasible for most patients.11 The ex
vivo modification and infusion of gene-modified, autologous HSCs
would overcome several of these obstacles.

Recent studies have demonstrated that ex vivo genetic modifi-
cation of both mature T cells and CD341 HSCs could significantly
alter the course of disease progression in humanized mouse models
and confer a selective advantage of gene-modified cells.12-14 Al-
though the direct genetic modification of CD41 T cells has shown
promising results, the genetic modification of HSCs has significant
advantages, including the protection of both lymphoid and myeloid
lineages, both of which are susceptible to HIV infection.15 In addi-
tion, modification of HSCs is likely to result in a long-lived source
of lineage-specific progenitors, some of which may be targets for
infection themselves.16 Transplanting autologous protected HSCs
could lead to long-term protection against further infection and,
potentially, the eradication of viral reservoirs.

The targeted disruption of the CCR5 gene locus using zinc-finger
nucleases was recently shown to be highly effective at reducing viral
loads and maintaining a selective advantage for CD41 T cells upon
HIV challenge in a humanized mouse model system.12 An
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alternative strategy to CCR5 gene disruption is expression of
a previously identified short peptide corresponding to a 46-amino
acid sequence of gp41 that potently inhibits viral entry when fused to
a membrane anchor (mC46) and expressed on the surface of
normally susceptible target cells.17 Recent studies by Kimpel et al
demonstrated that mC46 expression in primary human CD41 T cells
led to the positive selection of transduced cells in a xenotransplant
mouse model after challenge with a pathogenic HIV strain.13 These
studies, however, did not show any protection or selective advantage
of unmodified or unprotected CD41 T cells. The mC46 peptide has
been shown to significantly inhibit a broad range of viral isolates
including dual tropic and CXCR4 tropic HIV and Simian-Human
ImmunodeficiencyVirus (SHIV) isolates.13 Hence, there is a reduced
risk of escape variants arising or that 34-tropic variants will have
a selective advantage over R5 tropic variants.

In this study, macaques transplanted with HIV/SHIV resistant
HSCs were used to demonstrate the potential of this therapy,
primarily to allow for the positive selection of mC46-expressing cells
in vivo using chemotherapeutic agents. Hence, following transplant-
ation of pigtailed macaques with autologous gene-modified CD341

cells expressing both the mC46 fusion inhibitor and the chemo-
resistant gene MGMTP140K, chemotherapeutic agents were used to
select gene-modified cells.18-20 In vivo selection was deemed neces-
sary in order to obtain a sufficient percentage of gene-modified cells
before SHIV challenge and enabling an initial comparison of the
percentage of gene-modified cells vs the degree of viral pathogenesis.
Here, we evaluated whether mC46 expression would lead to in vivo
control of SHIV89.6P-MN, a dual-tropic SHIV strain previously
shown to be highly pathogenic in the pigtail macaque model.21,22

This is the first study in a nonhuman primate model to demonstrate
the protective effect of transplanted gene modified, infection-
resistant HSCs against SHIV challenge.

Materials and methods

Ethics statement

Healthy juvenile pigtailed macaques (Macaca nemestrina) were housed at the
University ofWashingtonNational 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 Fred Hutchinson Cancer
Research Center Institutional Animal Care and Use Committee. Animals are
monitored closely and animal welfare was assessed on a daily basis and, if
necessary, several times per day. If animals experienced pain, they received
pain medications. If pain cannot be relieved, or if veterinary examination
reveals signs of suffering that cannot be relieved by analgesics, antiemetics, or
antibiotic therapy, animals are killed.

Macaque transplant and ex vivo modification of enriched

CD341 HSCs

Animal transplantation and ex vivo modification were conducted as pre-
viously described.23,24 Briefly, animals were administered recombinant
human granulocyte colony-stimulating factor at 100 mg/kg and also given
recombinant human stem cell factor at 50 mg/kg before bone marrow harvest.
CD341 cells were enriched bymagnetic beads (Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions with purity levels ranging from
85% to 99% CD341 HSCs. A minimum of 107 CD341 HSCs per kilogram
of body weight were transduced twice with lentiviral vectors at a multiplicity
of infection of 10 during a 48-hour ex vivo culture period. The average
percentage of gene-modified HSCs grown in liquid culture was 44% at day
4 and 17.2% at day 11 posttransduction. All animals received myeloablative

total body irradiation, were infused with a minimum of 107 HSCs/kg, and
received recombinant human granulocyte colony-stimulating factor and
standard supportive care following transplantation. Lentiviral constructs
expressing mC46 (experimental only), MGMTP140K and GFP, ex vivo
CD341 transduction, and in vivo selection of gene-modified HSC-derived
lineages were previously described.18,19 In all cases, macaques were allowed
to recover and stabilize following chemotherapy administration (typically
.3 months) before SHIV challenge. The elapsed time from transplantation to
SHIV challenge was variable and dependent on the number of chemotherapy
doses required to obtain a predetermined set point of gene-modified cells.

Immunological assays and viral titer analysis

Viral load was assayed as previously described.25 Antibody titer against
disrupted whole Simian Immunodeficiency Virus (SIV) or HIV envelope
(Env) was determined by enzyme-linked immunosorbent assay (ELISA).
Western blot analysis of serum samples was conducted using an SIVmac

western blot kit from ZeptoMetrix. Interferon (IFN)-g enzyme-linked
immunospot assay was conducted in accordance with the manufacturer’s
protocol (R&D Systems). Neutralization assay was performed as previously
described.21 Fluorescence-activated cell sorter (FACS)-based quantification
of SHIV-specific responders was performed following overnight recovery
and a brief 6-hour pulse with viral peptide pools obtained from the AIDS
Research and Reference Reagent Program following overnight recovery.
Cryopreserved samples from 2, 4, and 6 months post-SHIV challenge were
analyzed. The percentage of Gag and Pol responders was determined for all
samples; additional analysis of Env and Nef responders was conducted as
indicated. SEB was used as positive control. Responses 3 times greater than
dimethylsulfoxide treatment alone were considered positive.

Results

C46 expression results in reduced plasma viremia and recovery

of CD41 T cells following the acute phase of infection

The goal of these studies was to determine the protective effect of
transplanting genetically modified, infection-resistant autologous
HSCs before SHIV challenge. Briefly, 4 pigtailed macaques under-
went identical pre- and posttransplant conditioning regimens, in vivo
selection, and SHIV challenge, with the only variation being the
lentiviral vector used to transduce HSCs ex vivo following CD341

isolation. Control macaques received autologous HSCs transduced
with a green fluorescent protein (GFP)-expressing lentiviral vector
while experimental macaques were transplanted with HSCs ex-
pressing a membrane bound fusion inhibitor (mC46) in addition to
GFP. Experimental and control macaques were then challenged
with SIV/HIV89.6P-MN, a dual-tropic, highly pathogenic chimeric
HIV/SIV strain. The first set of control and experimental macaques
were challenged with 50 Tissue Culture Infectious Dose (TCID)
50 (mC46.1 and control.1, respectively), while the second set was
challenged with 10 TCID50 (mC46.2 and control.2, respectively).
Twenty-one days following SHIV challenge, CD41 T-cell counts
were reduced by 26- and 38-fold in control.1 and control.2,
respectively (Figure 1A). Similarly, a 44-fold decrease was
observed in mC46.1, whereas mC46.2 exhibited a more modest
14-fold reduction. An initial decrease in CD41 T-cell counts was
anticipated; although genetically modified T cells would be resistant
to direct infection, they are still susceptible to bystander-mediated
apoptosis. In comparing mC46.1 with control.1, a peak reduction in
plasma viremia of approximately 320-fold was observed at day 168;
for mC46.2 and control.2, a reduction of 1477-fold was observed at
day 20 (Figure 1B; P 5 .02). Remarkably, plasma viremia in
mC46.2 decreased to below 200 viral RNA copies/mL by day 112
postinfection. Of interest, the persistent plasma viremia detected in
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mC46.1 did not result in any deleterious effects on CD41 T-cell
levels as the overall number of CD41 T cells continued to recover
(Figure 1A-B; P5 .004). By day 140, CD41 T cells were within the
normal range observed in uninfected pigtailed macaques in both
mC46-expressing macaques. These results indicate a direct corre-
lation between the engraftment levels of gene-modified cells and
both viral titer and CD41 T-cell levels following the acute phase of
infection.

Positive selection of modified CD41 T cells during the acute

phase of infection and recovery of unmodified CD41 T cells

Before SHIV challenge, the percentage of gene-modified CD41

T cells in the mC46-macaques was ;20% (mC46.1) and ;55%
(mC46.2), respectively, whereas levels of gene-modified cells in both
control macaques was ;20% (control.1 and control.2). Twenty-one
days following SHIV challenge, the percentage of gene-modified
CD41 T cells rapidly increased to .90% of the total CD41 T-cell
population in the peripheral blood of both experimental macaques

(Figure 2A; solid symbols). Conversely, the percentage of gene-
modified CD41GFP1 T cells in the control macaques exhibited no
selective advantage during the acute or chronic phase of infection
(Figure 2A; open symbols). Unexpectedly, gene-modified CD41

T cells appeared to exhibit a positive bystander effect on unmodified
CD41 T cells in the mC46-macaques. As indicated in Figure 2B, the
reduction in the percentage of gene-modified cells was not due to
a decrease in the absolute number of gene-modified CD41 T-cells,
but a gradual, yet significant recovery of unmodified CD41 T cells.
By day 140, unmodified cells accounted for ;70% of all CD41

T cells in mC46.1. A more moderate, yet appreciable recovery of
unmodified CD41 T cells was observed in mC46.2. Given the high
percentage of gene-modified CD41 T cells before infection, the
modest recovery of unprotected cells appeared less pronounced.
Positive selection of gene-modified CD41 T cells was observed in all
CD41 T-cell subsets examined and in CD41 T cells isolated from
gastrointestinal (GI) and lymph node (LN) biopsies in mC46.1 and
mC46.2 (Figure 2C-D; supplemental Figures 1 and 2). As indicated
in supplemental Figure 3, proviral DNA content in mC46-expressing
macaques was 103 to 104 lower than in control macaques. Proviral
DNA content in sorted GFP1 and GFP2 populations was approxi-
mately 4 and 27 copies, respectively, in mC46-expressing macaques.
Consistent with the recovery of CD41 T cells in peripheral blood,
CD41 T-cell levels in both GI and LN biopsies made a remarkable
recovery in mC46-macaques 6 months following SHIV challenge
(Figure 2C-D). In contrast, CD41 T cells were virtually undetectable
in control macaques with levels that were equivalent to those ob-
served in GI and LN biopsies following the acute phase of infection.
Similar to results obtained in peripheral blood, gene-modified CD41

T cells isolated from GI and LN biopsies exhibited a selective
advantage and accounted for the majority of CD41 T cells in both
tissues. The overall percentage of CD41CD31CCR51 T cells in GI
biopsies decreased by 2.3-fold and 68-fold in the mC46-macaques
and control macaques, respectively. The same CD41 T-cell popu-
lation in LN was reduced by only 25% in mC46-expressing ma-
caques, whereas an 11-fold reduction was observed in control
macaques. Overall, positive selection of gene-modified CD41 T cells
was observed in all tissues and subsets examined during the acute
phase of infection; however, unmodified cells made a gradual yet
substantial recovery during the chronic phase of infection in mC46-
expressing macaques. Of note, positive selection was only observed
in CD41 T cells, whereas the percentage of gene-modified cells in
other HSC-derived lineages remained relatively unchanged through-
out the course of these studies.

CD41 to CD81 T-cell ratio is significantly improved in

mC46 macaques

Twenty-one days following SHIV challenge, the CD41 to CD81

T-cell ratio decreased by nearly 2 logs in control.1, control.2, and
mC46.1;;1-log decrease was observed inmC46.2, the macaque with
the highest level of mC46-expressing CD41 T cells. Corresponding
with the increase in CD41 T cells observed in both mC46-expressing
macaques, the CD41/CD81 T-cell ratio increased following the acute
phase of infection in peripheral blood samples (Figure 3A; P5 .009).
Similarly, the ratio of CD41T cells to CD81T cells in the lymphocyte
population isolated from GI and LN biopsies 6 months following
SHIV challenge had nearly recovered to normal levels, with a minimal
4.75- and 1.46-fold decrease observed relative to preinfection levels in
mC46-expressing macaques (Figure 3B-C). In comparison, the CD41

to CD81 T-cell ratio in control macaques was reduced by 196- and
383-fold in cells isolated from GI and LN biopsies, respectively.

Figure 1. Protection of CD41 T cells and reduced viremia in SHIV-infected

macaques previously engrafted with mC46-expressing HSCs. (A) Absolute

number of CD41CD31 T cells/ml peripheral blood of SHIV-infected macaques

engrafted with control (squares and diamonds) or mC46-expressing (circles and

triangles) CD341 HSCs, as determined by FACS analysis. The lower limit of the

normal CD41 T-cell range is indicated by the dotted line. (B) Levels of SHIV RNA

detected in peripheral blood of macaques previously engrafted with control (squares)

or mC46-expressing (circles) CD341 HSCs. Macaques were challenged with a viral

dose equivalent to 10–50 TCID50. The limit of quantification of the viral load real-

time polymerase chain reaction assay was 102 viral RNA copies/mL.
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Hence, although a significant drop in CD41/CD81 T-cell ratio is
observed in mC46-expressing macaques early after SHIV challenge,
the gradual recovery of CD41 T cells leads to a substantial
improvement in the ratio during the chronic phase of infection.
Additionally, the double-positive CD41CD81 T-cell subset
appeared to benefit from mC46 expression in the experimental
macaques (Figure 3B-C).

mC46-expressing macaques maintain gene-modified

SHIV-specific CD41 T cells

To identify potential mechanisms involved in the recovery of un-
modified CD41 T cells in the presence of gene-modified cells,
antigen-specific immune responses were examined. As demonstrated
in Figure 1, although CD41 T-cell levels decreased rapidly following
the acute phase of infection, a gradual rebound in CD41 T-cell levels
was observed in the mC46 macaques. This led to the hypothesis that
mC46-expressing macaques may maintain elevated levels of SHIV-
specific CD41T cells, thereby leading to an enhanced immunological

response against the challenge virus. To test this hypothesis, autologous
PBMCs collected at specific time points throughout this study were
stimulated in the presence of peptide pools corresponding to SIV-Gag,
-Pol, -Nef, and HIV89.6-Env. Consistent with the near absence of
CD41 T cells in peripheral blood, no antigen specific CD41 T-cell
responders were detected in the control macaques. However, in mC46
macaques, significant levels of CD41 T-cell responders were
detected by FACS following intracellular staining (Figure 4A-C). In
particular, Gag and Pol peptides elicited robust immunological
responses as indicated by the relatively high percentage of responders
in the CD41 T-cell population. Upon further examination of SHIV-
specific CD41 T-cell responders, it was determined that the vast
majority of responders were gene-modified (Figure 4A-C). In some
instances, 100% of the responders were gene-modified, whereas,
overall, ;85% of SHIV-specific responders were gene-modified.
These results indicate that SHIV-specific, infection-resistant CD41

T cells are maintained throughout the course of infection as no
recovery of unmodified SHIV-specific, CD41 T-cell responders
was observed at any of the time points examined.

Figure 2. Positive selection of gene-modified CD41 T cells following SHIV challenge. (A) The percentage of gene-modified CD41 T cells in peripheral blood was determined

by FACS analysis based on GFP expression in the control (squares and diamonds) and mC46 macaques (circles and triangles). (B) The absolute number of CD41CD31 (circles and

triangles) and total CD41CD31GFP1 T cells (squares and diamonds) was determined by FACS analysis for control and mC46 macaque set 1. The area between the respective lines

of each macaque represents nonmodified CD41 T cells. As indicated, 70% of CD41 T cells at day 140 post-SHIV challenge are nonmodified. (C-D) FACS plots demonstrating the

relative percentage of total CD41CD31 T cells and CD41CD31GFP1 T cells in mixed cell populations isolated from (C) duodenal biopsies and (D) LN biopsies before and 6 months

after SHIV challenge. See supplemental Figure 2 for additional analysis at days 7 and 21 following SHIV challenge and averages of both sets of macaques.
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As expected, no selective advantage was observed in CD81T cells
following SHIV challenge (Figure 4B). To determine if the increase in
CD41 T-cell levels in the mC46 macaques may enhance the overall
cytotoxic T lymphocyte (CTL)-mediated immune responses against
SHIV antigens, IFN-g enzyme-linked immunospot assays were
conducted by combining freshly isolated peripheral blood mono-
nuclear cells (PBMCs) with autologous skin fibroblasts transduced
with lentiviral vectors expressing SIVMAC239-GAG or HIV89.6-Env.
As expected, IFN-g production was detected in both control and
mC46 macaques (supplemental Figure 4). However, a more robust
T-lymphocyte response was observed in the C46 macaques. A
5.3- to 5.4-fold increase in IFN-g production was detected in the
mC46 macaques, whereas a modest 2.1- and 2.2-fold increase was
detected in PBMCs isolated from the control macaques. Although
these results do not indicate direct killing of antigen-expressing target
cells, these results warranted further investigation and character-
ization of the T-lymphocyte immune responses against the challenge
virus. To quantify the number of SHIV-specific CD81 T cells in
peripheral blood samples, PBMCs were cocultured with peptide
pools as previously indicated. Overall, the percentage of CD81 T-cell
responders against SIV antigens were higher and broader in mC46
macaques based on our exclusion criteria detailed in the “Materials
and methods” section (Figure 4D and supplemental Figures 5 and 6).
Overall, these results indicate that there is a significant difference
in the generation and presence of SHIV-specific CD41 T cells
between mC46 macaques and control macaques.

mC46 macaques exhibit enhanced SHIV-specific

B-lymphocyte function

Previous studies have demonstrated a relatively inept antibody
response in naive pigtailed macaques challenged with SHIV89.6P-
MN.26,27 As indicated in Figure 5A, serum samples obtained from
mC46.1, which were incubated with strips containing SIV lysates,
could readily be used to detect viral antigens (see supplemental
Figure 7 for results from second set of macaques). Using an ELISA-
based method, a significant increase in antibody titers directed against
the whole SIVmac239 and HIV89.6 Env (.105) was detected 28 days
after SHIV challenge in the mC46 macaque (Figure 5B). In contrast,
a limited increase in SIV-specific antibody titers was detected by
ELISA in the control macaques. To determine whether the increase
in antibody production resulted in increased neutralization of viral
infectivity, serum samples collected at 1, 3, and 6 months post-SHIV
challenge were incubated with HIV89.6 pseudotyped lentiviral
vectors encoding GFP. These samples were added to TZMbl cells
and, after 48 hours, FACS analysis was performed to determine the
percentage neutralization. As indicated in Figure 5C-D, neutralizing
activity was significantly enhanced in mC46-expressing macaques
at each time point and over the duration of these studies. Six months
following SHIV challenge, neutralizing activity increased by.4-fold
in mC46 macaques vs controls. Based on the detection of enhanced
neutralizing antibody responses and improved SHIV-specific lympho-
cyte function, we conclude that mC46-expressing macaques exhibit
substantially improved immunological responses against the challenge
virus.

Discussion

Here, we demonstrate that autologous transplantation of genetically
modified HIV/SHIV-protected HSCs results in in vivo protection

Figure 3. Improved ratio of CD41 to CD81 T cells in mC46 macaques. (A) The

ratio of CD41CD31 T cells over CD81CD31 T cells was determined by FACS

analysis throughout the course of these studies. Results shown are for both mC46-

expressing macaques (circles and triangles) and both control macaques (squares

and diamonds). (B-C) The relative percentage of CD41 T cells and CD81 T cells in

mixed-cell populations isolated from (B) GI and (C) LN samples was determined by

FACS analysis. Results for second set are shown before SHIV challenge and after

6 months; averages from both sets are shown in supplemental Figure 2 in addition to

time points taken at days 7 and 21 post-SHIV challenge.
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of mC46-expressing CD41 T cells and reduced viral pathogenesis in
a clinically relevant nonhuman primate model of AIDS. During the
acute phase of infection, a pronounced selective advantage of gene-
modified CD41 T cells was observed in all tissues examined. Unlike
previous findings in murine models, our study is the first to show
a significant recovery of unmodified, unprotected CD41 T cells,
which resulted in close to normal CD41 T-cell levels in the mC46-
protected macaques. We observed an enhanced immune response
with maintenance of SHIV-specific CD41 T cells and significantly
improved CTL and antibody responses directed against the SHIV
challenge virus in the mC46-expressing macaques. Furthermore,
disease progression was not observed in the mC46 macaques in the
absence of antiretroviral treatment, whereas control macaques devel-
oped AIDS with CD41 T-cell levels declining rapidly following the
acute phase of infection.

The initial drop in CD41 T-cell levels following acute infection
was anticipated because the vast majority of CD41 T cells residing
within the gut-associated lymphoid tissue undergo apoptosis either
by direct infection or due to bystander-mediated apoptosis.28-31

Although mC46 expression would limit infection of gene-modified
CD41 T cells, these cells are still susceptible to activation-induced
cell death and pro-apoptotic ligands. Nonetheless, the rapid rebound
in mC46-expressing CD41 T-cell levels observed shortly after the
initial drop in CD41 T-cell counts suggests that these protected cells
may play an important role not only in the development of an
adaptive immune response, but also in the expansion of CD41 T-
cell populations following the acute phase of infection. Interest-
ingly, our analysis further indicated that both mC46-expressing
macaques maintained elevated levels of pro-T lymphocyte expan-
sion cytokines, including interleukin (IL)-12, which is critical for

Figure 4. SHIV-specific, mC46-expressing CD41 T cells are maintained in mC46-expressing macaques. (A-B) PBMC isolated from postchallenge macaques were

stimulated with SHIV peptide for 6 hours and SHIV-specific cells were identified using intracellular cytokine staining. Boolean gating was used to identify the frequencies of

CD41 (A) and CD81 (B) cells expressing 1 or more of the following cytokines: IFN-g, IL-2, and tumor necrosis factor (TNF)-a. To calculate percentages, all negative values

after background subtracting were made equal to 0. CD41 T-cell responders from control (cont.)2 data were omitted because all data failed the count .1000 filter. (C-D) The

same Boolean gating data were used to observe the frequencies of SHIV-specific CD41 and CD81 cells within the GFP1 and GFP2 subsets. Frequencies of GFP1 cells are

displayed as green circles; frequencies of GFP2 cells are displayed as red squares; data that failed positivity calls are depicted as open symbols. One to 3 samples per

macaque was examined per peptide pool depending on viability and total number of gated CD41 or CD81 T cells. Cryopreserved samples from 2, 4, and 6 months after SHIV

challenge were used for these experiments.
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the development of Th1 cell–mediated immune responses (supple-
mental Figure 8). These findings suggest that, in addition to
increased CD41 T-cell function, the functional activity of other
potential target cells may also be elevated because IL-12 is typically
produced by phagocytic and antigen- presenting cells including
dendritic cells and macrophages.32 In addition, the maintenance of
protected CD41 T cells may further contribute to IL-12 production
through T-cell–APC interactions.

Typically, HIV-specific CD41 T cells are rapidly depleted
because of antigen-dependent activation and subsequent heightened
susceptibility to infection.33 To date, the possible benefits of
rendering CD41 T cells resistant to HIV infection during the course
of infection remains largely unknown. Because of their central role
in the development and maintenance of an adaptive immune re-
sponse, CD41 T-cell depletion causes widespread immune
dysregulation.34 In addition to CD41 T cells playing a central role in

the initial acute phase of viral infection, they are also critical for
maintaining functionality and diversity of CTL responses during
chronic stages of disease.35 The results obtained in this study dem-
onstrate that both SHIV-specific CD81 and CD41 T cells are
maintained over the course of infection and that both populations
are readily detectable at higher frequencies in macaques trans-
planted with autologous mC46-expressing HSCs than in control
animals.

Antigen-specific CD41 T cells are likely to play multiple and
essential roles in the postinfection treatment of HIV1 patients. First,
antigen-specific CD41 T cells may rescue immune exhausted CD81

T cells, as was previously demonstrated in a chronic cytomegalo-
virus murine model.36 The reversal of CD81 T-cell exhaustion was
shown to significantly enhance CTL activity as measured by direct
killing of infected cells, increased secretion of antiviral cytokines,
and a significant decrease in viral load. Second, the presence of

Figure 5. mC46-fusion inhibitor enhances B-lymphocyte responses against HIV/SIV antigens. (A) Western blot analysis was used to visualize the production of anti-

SHIV antibodies in the control (left) and mC46-macaque (right) using premade strips from SIVmac239 lysates. Serum samples and control strips are as follows: lanes 1-7,

serum samples from weeks 0, 2, 4, 6, 8, 10, and 12; lane 8, SIVmac239-positive control; lane 9, negative control; lane 10, SHIV positive control. (B) ELISA was used to

determine the antibody titer against whole SIV and HIV Env (mC46 macaques: circles and triangle; control [cont.] macaques: squares and diamonds). (C-D) Diluted serum

samples collected at 1, 3, and 6 months after SHIV challenge were incubated with VSV-G or HIV89.6 env pseudotyped lentiviral vectors encoding GFP for 1.5 hours at 37°C
before addition to TZMbl cells. FACS analysis was performed 48 hours following transduction. Antibody titer and neutralization assays were performed in duplicate for each

serum sample. (C-D) Results shown are averages observed for controls and mC46 macaques (C: P , .0137; D: P , .0035). Two-tailed t test was used for statistical analysis

between each subset (P , .05 is considered significant). Western blot analysis for the second set of macaques is shown in supplemental Figure 7.
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antigen-specific CD41 T cells has been shown to lead to the
development of virus-specific memory CD81 T cells.36 Finally,
CD41 T cells are indispensable in the differentiation of naive B cells
into plasma cells that secrete high-affinity virus-specific anti-
bodies.37 In our studies, a strong, early SHIV-specific antibody re-
sponse was generated against viral antigens, which was subsequently
shown to lead to an enhanced neutralization of Env89.6-pseudotyped
lentiviruses. These findings predict that the presence of SHIV-specific
CD41 T cells may enable the development of broadly neutralizing
antibodies.

Recent data obtained from research on elite controllers and long-
term nonprogressors have suggested that HIV-specific CD41 T-cell
function is associated with disease control and the enhanced capacity
of HIV-specific CTLs to suppress viral replication.38-40 Hence, the
development of HIV/SHIV-resistant CD41 T-cell populations may
lead to the establishment of a functional immune system capable of
controlling viral replication in the absence of antiretroviral therapy.
Following the transplant of gene-modified cells into a previously
infected macaque, it is unclear how the development of a functional
immune response will affect viral reservoirs, which typically appear
significantly reduced in natural controllers. Several key findings in-
cluding the significant decrease in viral titers and the gradual, yet
substantial increase of unmodified CD41 T cells were not observed
in the mC46/humanized murine model, indicating the importance of
conducting similar studies in an autologous nonhuman primate
model.13

Previous vaccination studies conducted in pigtailed macaques
have also reported recovery of CD4 T cells.25,41,42 Thus, we propose
that mC46-mediated protection of CD41 T cells and other immune
cells is a primary mechanism leading to a heightened immune re-
sponse against the challenge virus. Hence, HSC transplantation of
genetically modified cells expressing the mC46-fusion inhibitor
gives rise to infection-resistant immune cells that initiate an enhanced
immune response against the challenge virus. Importantly, phase
1 clinical trials have previously shown that mC46 expression of
gene-modified CD41 T cells is well-tolerated in HIV1 patients.43

Although a limited number of animals were used in this study, the
results indicate that mC46 infection-resistant, HSC-derived CD41

T cells (and presumably other potential target cells) are resistant to
infection in vivo and may lead to an enhanced SHIV-specific im-
mune response resulting in reduced plasma viremia and decreased
viral pathogenesis. Although it has been reported that a limited
number of rhesus macaques may spontaneously control plasma
viremia because of a number of inherent factors, previous studies in
pigtailed macaques have indicated that natural controllers are far less
frequent (approximately 1 in 10 macaques),22,41 in particular when
animals are challenged with SHIV89.6P-MN.44 As determined in
both experimental macaques, the vast majority of SHIV-specific
CD41 T cells were indeed gene-modified cells, which is a clear

indication of selective advantage of mC46-expressing CD41 T cells.
To our knowledge, this is the first study in a clinically relevant animal
model of AIDS to demonstrate the possible benefits of genetically
modified, autologous HSCs to treat HIV1 patients.
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