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Combinatorial hematopoietic stem cell transplantation and
vaccination reduces viral pathogenesis following
SHIV89.6P-challenge
PM Younan1, P Polacino2, JP Kowalski1, S-L Hu2,3 and H-P Kiem1,4

Development of curative approaches for HIV-1 infected patients requires novel approaches aimed at eliminating viral reservoirs and
replacing potential target cells with infection-resistant immune cell populations. We have previously shown that autologous
transplantation of genetically modified hematopoietic stem cells (HSCs) with lentiviral vectors encoding the mC46-fusion inhibitor
results in a significant reduction in viral pathogenesis following challenge with the highly pathogenic dual tropic, SHIV89.6P strain.
In this study, we used a combinatorial approach in which following engraftment of genetically modified HSCs, pigtailed macaques
were vaccinated with a previously developed vaccinia-based vaccine expressing SIV-Gag, Pol. Using this dual therapy approach,
lower viremia was detected in both the acute and chronic phase of disease with levels reaching near the lower limits of detection.
In comparison with macaques receiving HSCT only, the combination approach resulted in a further log decrease in plasma viremia.
Similar to our previous studies, positive selection of all CD4+ T-cell subsets was observed; however, higher gene-modified CD4+

T-cell levels were observed during the chronic phase when vaccination was included suggesting that combining vaccination with
HSCT may lower the necessary threshold for achieving viremic control.
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INTRODUCTION
The development of curative therapies for HIV/AIDS requires novel
approaches that eliminate viral reservoirs and replaces target cells
with infection-resistant immune cell populations.1 Previous
studies in HIV-1 infected patients have demonstrated that
hematopoietic stem cell transplantation (HSCT) significantly
reduced viral reservoirs; however, following the cessation of
antiretroviral therapy, plasma viremia rebounds.2 In 2009, a study
by Hutter et al.3 demonstrated that allogeneic transplantation
from a CCR5null donor resulted in the first reported cure of an
HIV-1 infected patient. Although this study has yielded promising
results, allogeneic transplantation is associated with potentially
severe adverse effects.4 Hence, we and others have developed
methods to render hematopoietic stem cell (HSC)-derived
immune cell populations resistant to HIV-infection (reviewed in
Younan et al.5). We previously demonstrated that pigtailed
macaques transplanted with genetically modified HSCs expressing
the mC46-fusion inhibitor exhibited a significant reduction in viral
pathogenesis.6,7 In this study, our aim was to assess the potential
for combining multiple approaches in an effort to increase the
effectiveness over HSCT alone.
Several attenuated viral vectors have been utilized as delivery

vehicles for viral antigens in both pre-clinical and clinical trials
(reviewed in Goepfert et al.8 and Ondondo et al.9). The efficacy of
many vaccines at producing a desirable immune response has been
shown for multiple viral vectors designed to vaccinate against
HIV-1. However, although promising results have been observed in
animal models, to date an effective vaccine against HIV-1 has

remained elusive. Findings from the previously conducted STEP trial
indicated that although a measurable adaptive immune response
was detectable in 480% of recipients, those that received adeno-
based, Gag-pol vaccine exhibited a heightened susceptibility to
HIV-1 infection (reviewed in Sekaly10). Though the mechanism for
which remain unclear, it is feasible to predict that at least impart,
HIV-1 specific CD4+ T-cells may contribute to the increased
susceptibility as virus-specific CD4+ T-cells have previously been
reported to be the initial target cells following exposure. Hence, in
the case of HIV-1 infection, virus-specific CD4+ T-cells may fuel
disease susceptibility.
Our previous studies provided initial evidence that mC46-

expressing HSCs give rise to simian-human immunodeficiency virus
(SHIV)-specific, infection-resistant CD4+ T-cells.7 These findings,
which were based on ex vivo stimulation of peripheral blood
mononuclear cell (PBMC) with SHIV-specific peptides, indicated that
throughout the course of disease, infection-resistant CD4+ T-cells
were maintained thereby providing their critical helper functions as
was assessed by heightened and broadened cytotoxic T-lympho-
cytes and B-cell responses. These findings led us to speculate that
vaccination following the engraftment of infection-resistant
immune cell populations may increase the effectiveness of
vaccinations following challenge with SHIV89.6P.

RESULTS AND DISCUSSION
Recently, we showed that pigtailed macaques receiving auto-
logous transplantation following genetic modification of HSCs
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presented significantly reduced viral pathogenesis following
challenge with SHIV89.6P, a highly pathogenic dual tropic stain.7

In this study, we investigated the potential of a combinatorial
approach in which previously transplanted pigtailed macaques
were vaccinated with VV-SIVgag-pol following engraftment of
genetically modified, mC46-expressing HSCs (Figure 1a). Success-
ful vaccination was determined by enzyme-linked immunosorbent
assay in all macaques following detection of SIV-specific
antibodies (Supplementary Figure 4A). As indicated in Figure 1b,
mC46-experimental pigtailed macaques receiving dual therapies
exhibited a reduced peak plasma viremia at day 14 post challenge
(4.9 × 106 v.RNA copies per ml) versus control (3.0 × 107 v.RNA
copies per ml) during the acute phase of disease with viremia
levels nearing the lower limit of detection of our assays during the
chronic stages of disease (4.25 × 102 v.RNA copies per ml in mC46-
experimental macaques versus 2.5 × 106 v.RNA copies/ml in a
control macaque). As a comparison, mC46-experimental and
control macaques receiving HSCT alone exhibited peak viremia
levels of 1.9 × 108 and 2.3 × 108 v.RNA copies per ml, respectively,
whereas plasma viremia levels were maintained at 4.4 × 103 and
1.5 × 106 v.RNA copies per ml during the chronic phase of
infection (Figure 1b, weeks 8 through 24). Hence, a 50-fold

decrease in peak plasma viremia was observed 2 weeks following
challenge in dual therapy, mC46-macaques versus control and
mC46-macaques receiving HSCT alone. A further 1 log reduction
in plasma viremia was observed during the chronic phase of
infection in dual therapy, mC46-macaques versus mC46-HSCT
alone, whereas a remarkable 5884-fold decrease was observed in
comparison with the control, dual therapy macaque. It was noted
that a second control macaque receiving dual therapy exhibited a
natural controller phenotype, and hence, this macaque was used
for comparative purposes (Figure 1b, black diamonds). The natural
controller exhibited peak and chronic plasma viremia levels of
5.6 × 105 and as low as 89 vRNA copies ml− 1, respectively.
Quantitative PCR analysis of DNA isolated from PBMC indicated
that dual therapy, mC46-macaques maintained lower proviral DNA
content then the natural controller throughout the course of
infection (Supplementary Figure 1). Further confirming successful
vaccination and a likely key contributing factor to the reduced
plasma viremia levels was the rapid and pronounced increase in
SHIV-specific antibody responses in dual therapy, mC46-macaques
(Supplementary Figure 4B). Interestingly, although a similar shift in
detectable antibodies was initially observed in the dual
therapy control macaque, the magnitude and duration of the

Figure 1. Combination mC46-HSCT and vaccination reduces viral pathogenesis. (a) Diagram indicating study design. HSCT alone: macaques
receive autologous HSCT following ex vivo genetic modification with mC46-encoding lentivirus or a control (both expressing GFP). HSCT
+vaccination: macaques are vaccinated following identical HSCT procedures with VV-SIVgagpol at weeks 8 and 4 prior to challenge with
SHIV89.6P. Analysis was performed over a 24-week period following SHIV-challenge. (b) Plasma viremia was assessed over the course of a
24-week period following SHIV89.6P challenge in control and experimental macaques following autologous HSCT. Control macaques
(Cont HSCT) received infusion of autologous CD34+ HSCs modified with GFP-expressing lentiviral vectors (Cont HSCT) whereas a second
control group (Cont-HSCT+VV-SIVGAGPOL) received two doses of a vaccinia-based vaccine following engraftment of gene-modified cells.
Both experimental groups received HSCs transduced with lentiviral vectors encoding the mC46-fusion inhibitor in addition to GFP; the first
group received HSCT alone (mC46-HSCT) whereas the second group was vaccinated (mC46-HSCT+VV-SIVGAGPOL). Note: one control,
vaccinated macaque exhibited a natural controller phenotype (natural controller) and was therefore individually plotted. (c) The CD4+ T-cell
count was assessed prior to and following SHIV89.6P challenge. (d) Ratio of CD4+ T-cells to CD8+ T-cells prior to and following SHIV89.6P
challenge. Engraftment*—in vivo chemoselection was utilized to increase the percentage of genetically modified cells as needed.
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antibody response was greatly subdued in comparison with
mC46-experimental macaques, suggesting that any benefits from
pre-challenge exposure to viral antigens rapidly dissipated in the
absence of mC46-expression.
As a consequence of decreased plasma viremia, peripheral

CD4+ T-cells counts rapidly recovered following the acute phase
of infection to near pre-infection levels in dual therapy
mC46-macaques (Figure 1c). As observed previously in mC46-
macaques receiving HSCT alone, CD4+ T-cell levels declined at a
similar rate following SHIV-challenge in dual therapy macaques.
On the basis of these findings, we suggest that neither HSCT alone
nor dual therapy approaches can completely protect against the
initial CD4+ T-cell depletion observed following infection as the
majority of CD4+ T-cell depletion occurs as a consequence of
bystander effects.11 However, when comparing both HSCT alone
and dual therapy mC46-expressing macaques to control, HSCT
alone macaques we noted a significantly reduced loss of CD4+

T-cells of ~ 1 log at week 3 post challenge (Figure 1c). In support of
our hypothesis regarding the susceptibility of vaccinated
macaques lacking infection-resistant immune cell population,
the pigtailed macaque receiving control HSCT and VV-SIVgagpol
exhibited the highest peak viremia levels during both the acute
and chronic phase of infection. Peripheral CD4+ T-cell levels
rapidly declined to near undetectable levels by week 3 in this
macaque requiring early euthanasia due to the development of
severe AIDS-like symptoms. CD4+ T-cells in both experimental
macaques receiving combination therapy exhibited recovery
kinetics similar to mC46-macaques receiving HSCT alone
(Figure 1c). As a consequence of the recovery, a gradual increase
in the ratio of CD4 to CD8 T-cells observed in dual therapy,
mC46-expressing macaques (Figure 1d). A 3.4-fold decrease was
observed 24 weeks post SHIV-challenge in dual mC46-expressing
macaques versus a 3.8-fold decrease in HSCT alone, mC46-
expressing macaques, suggesting that the rate of recovery in dual
therapy macaques may be enhanced. Conversely, no increase in
the CD4/CD8 ratio was observed in control macaques. Of note, the
natural controller macaque maintained a relatively unchanged
ratio of CD4 to CD8 T-cells (Figure 1d).
Analysis of the percentage of genetically modified CD4+ T-cells

demonstrated that similar to HSCT alone mC46-macaques,
mC46-expressing CD4+ T-cells in dual therapy mC46-macaques
exhibited a definitive selective advantage following SHIV-
challenge (Figure 2). Both mC46-expressing groups maintained
490% gene-modified CD4+ T-cells 3 weeks following SHIV89.6
P challenge (Figure 2a). Conversely, the levels of GFP-expressing
CD4+ T-cells in control groups remained relatively unchanged over
the course of these experiments; hence indicating a clear selective
advantage of mC46-expression. Similar to our previous observa-
tions, the level of genetically modified CD4+ T-cells gradually
decreased before plateauing at ~ 55% (Figure 2a). The mechan-
isms by which non-modified CD4+ T-cells recover remain unclear;
however, it is important to note that selective advantage occurs in
primary CD4+ T-cells and not at the HSC level. Hence, we suggest
that following the initial depletion, the emergent non-modified
CD4+ T-cells arising from non-modified HSCs do not encounter the
same selective pressure as observed during the initial inflamma-
tory burst that occurs during the acute phase of infection.
In addition, the decreased plasma viremia observed in
mC46-expressing macaques (Figure 1b) will undoubtedly con-
tribute to the recovery of non-modified CD4+ T-cells. Interestingly,
we noted that the 55% plateau was reached in both dual
mC46/VV-SIVgagpol macaques that maintained ~ 20% gene-
modified cells before SHIV-challenge. This represent an approxi-
mately twofold increase in the percentage of gene-modified cells
observed during the plateau phase of a mC46-HSCT alone
macaque that similarly maintained ~ 20% gene-modified cells
before challenge and plateaued at ~ 30% during the chronic
phase of infection. As assessed in Figure 3, the increase may be

due to an overall increase in the percentage of self-renewing,
memory CD4+ T-cells in addition to a continuous development of
genetically modified, HSC-derived CD4+ T-cells.
In addition to positive selection being observed in peripheral

blood, positive selection of CD4+ T-cells was also observed in
lymph nodes and gastrointestinal tract. Pre-challenge gene-
modified levels of ~ 19% and 16% were observed in lymph nodes
of mC46-alone and dual mC46/VV-SIVgagpol macaques, respec-
tively (Figure 2b). Examination at 24 weeks post SHIV89.6P
challenge revealed an increase of 440% in both groups, with
~ 60% genetically modified CD4+ T-cells being observed. Similarly,
positive selection was observed in gastrointestinal samples taken

Figure 2. Positive selection of genetically modified CD4+ T-cells. The
percentage of gene-modified CD4+ T-cells was assessed at the
indicated time points to determine the relative selective advantage
of mC46-expression in (a) peripheral CD4+ T-cells and biopsies taken
from (b) lymph nodes and (c) the GI tract.

HIV gene therapy combined with vaccination
PM Younan et al

1009

© 2015 Macmillan Publishers Limited Gene Therapy (2015) 1007 – 1012



from mC46-groups 24 weeks post SHIV89.6P challenge, with an
average of ~ 60% and 52% being observed in HSCT alone and
HSCT/VV-SIVgagpol groups (Figure 2c).
We previously demonstrated that mC46-expressing macaques

maintained SHIV-specific, gene-modified CD4+ T-cell responders
critical to the development of an adaptive immune response
whereas control macaques were essentially devoid of these
populations.7 Here, we examined the percentage of naive, central
memory, effector memory and transitional memory CD4+ T-cells
populations and determined the relative percentage of genetically
modified cells within each subset in dual, HSCT/VV-SIVgagpol
macaques. Examination of the naive population of CD4+ T-cells
indicated that before SHIV89.6P challenge, the control macaque
maintained ~ 29% gene-modified CD4+ T-cells, whereas both dual
HSCT-vaccine macaques an average of ~ 21% and the macaque
with the natural controller phenotype maintained ~ 21%. Three
weeks following SHIV89.P challenge, naive CD4+ T-cells were
undetectable in the control macaque, whereas the percentage
naive CD4+ T-cells decreased to 15.1% in both mC46 dual therapy
macaques (Figure 3a). The naive CD4+ T-cell subset increased in
the natural controller macaque to 27.9%, which was unexpected
as the burst in immunological responses would have been
predicted to cause non-specific CD4+ T-cell activation; and hence,
a decrease in the proportion of naive CD4+ T-cells. By week 12
however, the percentage of naive CD4+ T-cells increased to 20.4%
in dual therapy, mC46-macaques and returned to near pre-
infection levels 24 weeks post challenge with naive cells making
up 18.4% of the total CD4+ T-cell population (Figure 3a).

A decreasing trend in naive CD4+ T-cells was observed in the
natural controller macaque with reduced levels of 16.5% being
observed at week 24, indicating a gradual shift to other distinct
subsets. The immune exhaustion marker PD1 and activation
marker CD137 were elevated on CD4+ T-cells in dual therapy and
the natural controller macaques 3 weeks following SHIV89.6P
challenge; however, the upregulation of CD137 in dual therapy
macaques was markedly higher, indicating an overall increase in
CD4+ T-cell activation (Supplementary Figure 2). Both PD1 and
CD137 expression returned to pre-infection levels by week 24
suggesting both groups of macaques had exhibited a controlled
immune response.
Overall, the percentage of central memory CD4+ T-cells

remained relatively unchanged in dual, HSCT/VV-SIVgagpol
mC46-expressing macaques or the natural controller macaque at
the time points examined (Figure 3b). As indicated in Figure 1c,
the near-complete absence of CD4+ T-cells in the control, dual
therapy macaque rendered the detection of various subsets
undetectable following SHIV89.6P challenge. Interestingly, the
decrease in naive CD4+ T-cells can be attributed to increases in
both effector memory and transitional memory CD4+ T-cells
(Figure 3c and d). TEM levels of 10.4, 10.7 and 10.1 were observed
in dual therapy control, mC46-expressing and natural controller
macaques before challenge (Figure 3c). TEM levels increased in
dual, HSCT/VV-SIVgagpol mC46-macaques at week 12 (21.56%)
before slightly decreasing at week 24 (20.6%). The development of
this population of memory cells is critical for the maintenance
of antigen-specific effector T-cell populations.12 The kinetics of

Figure 3. Maintenance of CD4+ T-cell subsets in macaques receiving dual therapy. Individual CD4+ T-cell subpopulations were analyzed prior
to and at weeks 3, 12 and 24 following SHIV89.6P challenge in the vaccinated groups of macaques. The percentage of (a) naive (b) central
memory (c) effector memory and (d) transitional memory CD4+ T-cells was assessed by flow cytometry.
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expansion and contraction of this subset paralleled those detected
in the natural controller macaque. The percentage of transitional
memory CD4+ T-cells paralleled TEM development in dual therapy
mC46-macaques (Figure 3d). After peaking at week 12 (13.5%), a
slight decrease was observed at week 24 (13.2%). This finding
suggests that effector memory CD4+ T-cells have shortened half-
lives as compared with central memory cells. As indicated in
Figure 1 and 3, mC46-expressing macaques are capable of
maintaining CD4+ T-cells throughout the course of infection. To
assess a possible mechanism of macaques in our dual therapy
cohort to maintain high levels of memory CD4+ T-cells, we
assessed the percentage of genetically modified cells within each
memory subset. In parallel to the positive selection observed in
Figure 2, we observed a substantial increase in the percentage of
all memory subsets following SHIV89.6P challenge in dual therapy,
mC46-macaques (Supplementary Figure 3). We suggest that
increase in gene-modified, central memory CD4+ T-cells in
particular is a critical finding as these cells undergo self-
renewal.13 Although memory subsets were not directly assessed
in our previous HSCT alone studies, we suggest that our dual
vaccination approach may increase the percentage of infection-
resistant TCM CD4+ T-cells following SHIV-challenge thereby
accounting for the twofold increase in the percentage of gene-
modified CD4+ T-cells during the chronic phase of infection. On
the basis of our previous findings, we predict that the majority of
SHIV-specific CD4+ T-cell responders are derived from these
genetically modified, infection-resistant memory cell subsets.7

In conclusion, although a limited number of macaques were
utilized in these preliminary studies, we show that combining
HSCT-based therapies with previously developed vaccine strate-
gies may greatly enhance the efficacy of HSCT-based
monotherapy alone. The depletion of memory CD4+ T-cells has
been associated with the progression to immunodeficiency
leading to increased risk of opportunistic infections;12 hence, the
maintenance of infection-resistant memory CD4+ T-cells may
prevent the onset of immunodeficiency. Using this combination
approach we were able to achieve a higher level of protection and
reduced viral pathogenesis following SHIV89.6P challenge which,
at least in part, may be attributable to the rapid and persistent
production of virus-specific antibodies. Furthermore, we demon-
strate that control pigtailed macaques receiving vaccination alone
exhibit heightened susceptibility to SHIV-infection as both peak
and viral set point during the acute and chronic stages of disease
were elevated in comparison with infected naive macaques. These
finding suggests that although HSC-based therapy alone and
combination therapy may provide protection, vaccination alone
could potentially lead to conditions that favor infection.

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 (FHCRC) institutional review board and the University of
Washington Institutional Animal Care and Use Committee.
Macaques were monitored closely and animal welfare was
assessed on a daily basis and, if necessary, several times daily. If
macaques experienced pain they received pain medications.
Macaques were inoculated intravenously with a dose of 10 TCID50

SHIV89.6P.

HSCT and vaccination
Animal transplantation and ex vivo modification were conducted
as previously described.14,15 Briefly, animals were administered

rhG-CSF at 100 μg kg− 1, and also given recombinant human stem
cell factor at 50 μg kg− 1 prior to bone marrow collection. CD34+

cells were enriched by magnetic beads (Miltenyi Biotec, Auburn,
CA, USA) according to the manufacturer's instructions with purity
levels ranging from 85 to 99% CD34+ HSCs. A minimum of 107

CD34+ HSC kg− 1 of body weight were transduced twice with
lentiviral vectors at an MOI of 10 during a 48-h ex vivo culture
period. All animals received myeloablative total-body irradiation,
were infused with a minimum of 107 HSCs kg− 1, and received
rhG-CSF and standard supportive care following transplantation.
Lentiviral constructs expressing mC46 (experimental only),
MGMTP140K and GFP, ex vivo CD34+ transduction and in vivo
selection of gene-modified HSC-derived lineages were previously
described.6,16 In all cases, macaques were allowed to recover and
stabilize following chemotherapy administration (typically
43 months) prior to vaccination. Vaccination was performed as
previously described.17 The recombinant vaccinia virus vaccine
used in this study expresses SIV-gag and SIV-pol. Assessment of
SHIV-specific antibody production was determined by enzyme-
linked immunosorbent assay as previously described.17

Peripheral sampling, lymph node and gastrointestinal biopsies
Peripheral blood was collected at the indicated time points by
venipuncture 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 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 Uml− 1 collagenase (Sigma Aldrich,
St Louis, MO, USA). For axillary lymph node isolation, a small
incision is made in the skin (o1 inch), the lymph node excised
and the incision closed with non-absorbable suture. Cells are
isolated following mechanical sheering of lymph nodes and lysis
of red blood cells in hemolytic lysis buffer.

Plasma and cell-associated viral load assessment
Viral load was assayed as previously described. Briefly, viral RNA
copy number was determined by real-time PCR following reverse
transcription. Total viral DNA in PBMC was determined by real-
time PCR and is expressed as the number of copies per 500 ng
total DNA.

Lymphocyte immunophenotyping
Flow analysis was performed using the following antibodies:
CD3-Ax700, CD4-PerCP-Cy5.5, CD8-APC-Cy7, CD137-APC, CCR5-PE,
PD1, CD28, HLA-DR. All antibodies were purchased from BD
Biosciences (San Jose, CA, USA). All samples were fixed with 1%
paraformaldehyde prior to flow cytometric analysis on an LSR-II
system (BD Biosciences).
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