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ABSTRACT
HIV sequence diversity and the propensity of eliciting immunodominant responses targeting inessential
variable regions are hurdles in the development of an effective AIDS vaccine. We developed a
DNA vaccine comprising conserved elements (CE) of SIV p27Gag and HIV-1 Env and found that priming
vaccination with CE DNA is critical to efficiently overcome the dominance imposed by Gag and Env
variable regions. Here, we show that DNA vaccinated macaques receiving the CE prime/CECfull-length
DNA co-delivery booster vaccine regimens developed broad, potent and durable cytotoxic T cell
responses targeting conserved protein segments of SIV Gag and HIV Env. Gag CE-specific T cells showed
robust anamnestic responses upon infection with SIVmac239 which led to the identification of CE-specific
cytotoxic lymphocytes able to recognize epitopes covering distinct CE on the surface of SIV infected cells
in vivo. Though not controlling infection overall, we found an inverse correlation between Gag CE-specific
CD8C T cell responses and peak viremia. The T cell responses induced by the HIV Env CE immunogen were
recalled in some animals upon SIV infection, leading to the identification of two cross-reactive epitopes
between HIV and SIV Env based in sequence homology. These data demonstrate that a vaccine combining
Gag and Env CE DNA subverted the normal immunodominance patterns, eliciting immune responses that
included subdominant, highly conserved epitopes. These vaccine regimens augment cytotoxic T cell
responses to highly conserved epitopes in the viral proteome and maximize response breadth. The
vaccine-induced CE-specific T cells were expanded upon SIV infection, indicating that the predicted CE
epitopes incorporated in the DNA vaccine are processed and exposed by infected cells in their natural
context within the viral proteome.
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Introduction

HIV sequence diversity, resulting from a high reverse transcripase
mutation rate and genomic plasticity, and the propensity of dom-
inant immune responses to target variable regions of the HIV
proteome, with little impact on the fitness of the virus population,
are hurdles in the development of an effective AIDS vaccine.
Many approaches have been proposed and evaluated to address
the problem of viral diversity and to maximize the breadth of rec-
ognition and induction of protective T cell responses by vaccine
immunogens. These include strategies that use consensus, center-
of-tree or ancestral sequences, multiple strains, mosaic immuno-
gens, immunogens consisting of known epitopes, and chimeric
molecules expressing a selection of the most conserved epitopes
from different clades of HIV,1–25 often with the goal of prevent-
ing common immunological escape pathways for HIV/SIV

during the natural course of infection. In addition, the presence
of variable epitopes in immunogens encompassing the native
proteins can result in immunodominance (i.e., hierarchical recog-
nition of some epitopes in the vaccine over others) with the gen-
eration of immunodominant T cell responses targeting non-
protective epitopes that do not contribute significantly to viral
control and can easily mutate without impairing viral fitness, and
facilitating the propagation of functionally fit escape mutants.
HLA represents a major force driving the evolution and diversifi-
cation of HIV-1 within individuals and at the population level26–
28 with recognition of immunodominant but non-protective epit-
opes. It has been suggested that variable sequences can serve as
immunodominant “decoys” that can absorb immune reactivity,
driving the emergence of escape mutations and potentially pre-
cluding responses against conserved protective epitopes.29–35

The mechanisms of this preclusion, also referred to as
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immunodomination,36 are varied.37,38 Virus-specific T cells are
responsible for controlling viremia in humans and macaques.
During primary infection in humans the reduction of the original
viral burst is associated with the emergence of HIV-specific cyto-
toxic CD8C T lymphocytes (CTL).19,33,34,39–53 Their role in con-
trolling viremia was confirmed by systemic CD8 depletion in
SIV/SHIV infected macaques, which resulted in a rapid increase
in viremia,54–57 demonstrating a CD8-dependent immunological
mechanisms of viral control.58–67 Failure to contain viral replica-
tion in macaques correlated with the emergence of viral mutants
that escaped from CTL immune surveillance.68,69 In humans,
CD8C T cells targeting Gag are inversely associated with virus
load,70 including in long-term non-progressors,71 and Gag T cell
breadth has been associated with reduced plasma viremia.72

Our strategy to design interventions capable of inducing
protective cellular responses has been the generation of DNA
vaccines encoding immunogens that focus the immune
response to conserved elements (CE) of HIV p24Gag1,2,8,9,19

resulting in the development of p24CE DNA vaccine.20,21,73

Seven CE, spanning 12 to 24 AA in length, were selected based
on their stringent conservation across all known HIV sequen-
ces, broad HLA-coverage, and association with HIV con-
trol.19,53,74,75 By positional analogy and sequence homology to
the HIV p24CE, an SIV p27Gag (p27CE) derived molecule was
generated.76 Using a similar approach based on sequence con-
servation, association with virologic control, and CTL escape
resulting in a loss in viral fitness, we generated HIV Env CE
molecules77 comprising 12 highly conserved regions of Env,
spanning 11 to 43 AA in length. In proof-of-concept studies in
mice20 and outbred macaques,21,73,76 we demonstrated that
immunization with HIV p24CE DNA and SIV p27CE elicited
robust cellular and humoral immune responses against CE and
that HIV Env CE DNA vaccine regimen induced robust T cell
responses yet low antibody responses in macaques,77 whereas
induction of CE-specific responses was poor with DNA vac-
cines expressing only full-length (FL) Gag and Env.21,76,77

Importantly, however, priming with CE DNA and boosting
with CECFL gag or env DNA is a vaccine regimen that maxi-
mizes the magnitude of both cellular21,76,77 and humoral73,77

immune responses in macaques. This vaccine strategy provides
a novel approach to shift the immunodominance hierarchy and
to induce robust immune responses to subdominant epitopes.21

In this report, using the rhesus macaque model, we evalu-
ated the immunogenicity and efficacy of a vaccine regimen that
included the homologous SIV Gag CE DNA vaccine and the
heterologous HIV Env CE DNA vaccine.

Results

CE DNA Vaccine regimens

We previously reported the generation of two DNA vaccines
targeting the highly conserved sequences in HIV Gag20,21,73

(and its homolog SIV p27CE)76 and in HIV Env (Env CE)77

(Figure 1A) and demonstrated induction of robust CE-specific
T cell responses in cohorts of vaccinated macaques. The CE
selection included analysis of MHC binding prediction to
address immunogenicity in humans, and we found that epito-
pes from all MHC class I known supertypes were represented

in Gag CE. As reported previously,19 in a group of 50 people,
>30 epitopes were recognized using >40 HLA alleles. No simi-
lar laboratory studies have been performed for Env, but in silico
analysis indicated that the Env CE together represent a pre-
dicted 141 MHC Class I and 760 MHC Class II epitopes with
an IC50 value < 50 nmol (www.iedb.org).

Here, we compared the immunogenicity and efficacy of SIV
Gag and HIV Env CE-specific T cell responses induced in mac-
aques upon CE DNA priming followed by CECfull-length (FL)
DNA booster vaccination, to FL DNA only vaccines, as out-
lined in Figure 1B. The HIV vaccine was included in this study
to evaluate its immunogenicity and to interrogate possible
interference of the two types of CE DNA vaccine regimens,
since we and others previously reported potent inhibition of
Gag T cell responses by FL Env vaccines.78–81 The 31 Indian
rhesus macaques enrolled in this study are described in Table 1.
Two groups of animals received the same CE DNA vaccine but
differed in the delivery routes (Figure 1B), intramuscular (IM)
followed by electroporation (EP) using CELLECTRA� 5P (CE
IM group) versus intradermal (ID) followed by EP using
CELLECTRA�3P (CE ID group).82,83 These animals received 3
CE DNA priming vaccinations followed by 2 CECFL DNA
booster vaccinations. A third group of animals received five
vaccinations of SIV FL gag and HIV FL env DNA via IM/EP
(FL IM group). The SIV DNA and HIV DNA vaccines were
administered in the left and right inner thighs, respectively. As
control, 8 macaques received sham DNA (empty vector)
together with IL-12 DNA by EP either via IM (N D 4) or ID
(N D 4) routes. Beginning three months after the last vaccina-
tion, the animals were subjected to up to 6 weekly low-dose
intrarectal exposures to SIVmac239.

Induction of robust CE-specific cellular immune responses
recognizing SIV Gag and HIV Env in macaques

CE-specific T cell responses were monitored in blood at 2
weeks after the 3rd prime (week 18) and 2nd booster (week 34)
vaccinations (Figure 1B). After priming, the IM delivered vac-
cine induced robust Gag CE-specific (Figure 2A, top left panel)
and Env CE-specific (Figure 2C, top left panel) T cell responses
in all animals, as we previously reported,76,77 reaching up to
1.2% of circulating total Gag and Env CE T lymphocytes in
macaque T152. The ID delivered vaccine induced much lower
CE-specific T cell responses and were detected in only 5 of the
8 animals (Figure 2A and 2C, top middle panels). Two weeks
following the co-delivery of CECFL gag DNA and CECFL env
DNA booster vaccinations (week 34), the magnitude of CE
responses substantially increased in both CE groups and
responses were detected in all animals, except T132, which only
showed Gag responses (Figure 2A and Figure 2C, lower left
and middle panels, respectively). The Gag and Env CE-specific
responses in the IM group significantly increased upon the
CECFL DNA booster vaccination for both Gag (p D 0.0234;
paired T test), corroborating our previous report,76 as well as
for Env (p D 0.0078; paired T test). The IM group developed
higher responses, up to 4% (Gag CE) and 2% (Env CE),
whereas in the ID group maximal levels were significantly (»10
fold) lower (p D 0.0351 for Gag, Figure 2B; and p D 0.0035 for
Env, Figure 2D; Holms-Sidak multiple comparison test,
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ANOVA). Thus, IM/EP delivery was more efficient in inducing
T cell responses in blood.

Vaccination with FL DNA Gag and Env immunogens
induced generally low levels of CE-specific responses and in
only half of the animals, especially against Gag (Figures 2A and
2C, top right panels; note scale differences for Gag CE in CE
IM group) as expected,76,77 although the response rate and
magnitudes also increased with additional vaccinations (week
34; Figures 2A and 2C, lower right panels). CE T cell responses
induced by the FL DNA were similar to the CE ID group but
substantially lower than in the CE IM group (Gag p D 0.034;
Env p D 0.042; Holms-Sidak multiple comparison test,
ANOVA) (Figures 2B and 2D).

The cytotoxic potential of the CE-specific T cells in the CE
IM and ID groups was analyzed using PBMC collected after the
last booster vaccination (week 34) by monitoring their gran-
zyme B (GrzB) content and their ability to degranulate (express
CD107a) upon stimulation by CE peptides. The functional
responses from two representative animals from each vaccine
group are depicted after stimulation with Gag CE (Figure 2E)

and Env CE peptides (Figure 2F). The contour plots show the
CE-specific CD4C (in red) and CD8C (in blue) T cells express-
ing GrzB and actively degranulating (CD107aC). Thus, both
IM, as reported,76,77 and ID delivery of the CE DNA vaccine
regimen induced potent CE-specific cytotoxic (GrzBC

CD107aC) IFN-gC T cells in blood.
To determine the breadth of the responses against different

CE, PBMC were stimulated after the last booster vaccination
(week 34) with peptide pools spanning individual CE, and the
number of SIV Gag CE (Table 2) and HIV Env CE (Table 3)
recognized by each animal were determined. Only 2 to 3 ani-
mals from the CE ID and FL IM group had CE responses high
enough to allow mapping of the individual CE. The data from
10 of the 16 macaques which received the Gag CE/CECFL
DNA (8 IM and 2 ID groups) and 3 macaques (T134, T135 and
T145) from the FL IM group are shown in Table 2. The SIV
Gag CE/CECFL gag DNA co-delivery booster regimen induced
responses to 6 of the 7 CE with a median response breadth of
3.5 CE/animal (range 2–6 CE). CE3, CE5 and CE6 were the
most frequently CE recognized, in agreement to our previous

Figure 1. Vaccine and immunization scheme. (A) The SIV p27CE DNA vaccine is a mixture of two plasmids expressing p27CE1 and p27CE2 proteins derived from the SIV
capsid p27Gag. Each of two p27CE proteins comprises 7 conserved elements CE that are 12–24 AA in length, differ by 6 AA (indicated by �) and are collinearly arranged,
separated via 2–4 AA linkers.76 The HIV Env CE DNA vaccine is a mixture of two plasmids expressing the Env CE1 and Env CE2 proteins. Each of two Env CE proteins com-
prises 12 CE distributed through gp120 and gp41, spanning 11–43 AA in length, differing by 24 AA (indicated by �), are collinearly arranged and separated via 3 AA link-
ers.77 (B) Schematic representation of the study schedule. Indian rhesus macaques received 5 vaccinations at the time points indicated by grey arrows. The animals were
distributed into four experimental groups; two group received 3 CE DNA priming vaccination followed by 2 CECFL DNA co-immunization booster vaccinations delivered
by IM/EP and ID/EP, respectively; the 3rd group received 5 FL SIV gag and FL HIV env DNA vaccinations delivered by IM/EP, and the control group received sham DNA
delivered by either IM/EP or ID/EP. Throughout the study, the SIV DNA vaccine was administered in the left inner thigh and HIV DNA vaccine was administered in the right
inner thigh. After a 3-month rest, the macaques were subjected to 6 repeated low-dose rectal challenges with SIVmac239 (indicated by black arrows). At the indicated time
points (white arrows), blood samples were collected for the analysis of vaccine-induced immune responses.
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report.76 The analysis of the 3 animals from the FL gag group is
shown together with data from another 14 previously reported
animals which received FL gag DNA vaccine,76 showing a
median response against 1 CE/animal (range 1–3), with CE5
being most commonly recognized.

Env CE mapping was performed in 9 of the 16 macaques which
received the CE/CECFL DNA (8 IM and 1 ID groups) and 2 mac-
aques (T134, T135) from the FL IM group (Table 3). The HIV
Env CE/CECFL env DNA co-delivery booster regimen induced
responses targeting 8 of the 12 CE, with CE14 and CE16 being
most frequently recognized (Table 3), with a median response
breadth of 3 CE/animal (range 2–5 CE). The analysis of the 2 ani-
mals from the FL env group is shown together with data from
another 5 previously reported animals which received FL env
DNA vaccine77 and shows a median of 1 CE/animal (range 1–3
CE), with CE5 being most commonly recognized. Taken together,
these data corroborate our previous findings76,77 and show that CE
DNA priming followed by CECFL DNA co-delivery booster vacci-
nation (IM) induced higher and significantly broader epitope rec-
ognition for both SIV Gag and HIV-1 Env (Gag CE p < 0.001;
Env CE p D 0.006; Mann Whitney nonparametric t test) than
achieved by DNA vaccination with FL expressing DNA alone.

Vaccine-induced CE-specific T cells disseminate to mucosal
sites

Rectal biopsies from all the animals (except no biopsy sample
was available from T139 from the CE ID group) in the three

vaccine groups were analyzed for CE-specific IFN-g responses
at 2 weeks after the last immunization (week 34). Data from a
representative animal from each group are shown as contour
plots in Figure 3A and a summary of all positive animals (5 of
8 from CE IM group, 2 of 7 of CE ID group; 5 of 7 from the FL
IM group) are shown in Figure 3B. CE-specific IFN-g
responses in mucosal samples were measured after short-term
(6 hrs; vs 12 hrs for PBMC) stimulation with Gag CE peptide
pools or medium alone and the results show that these antigen-
specific T cells were predominantly CD8C T cells. Nonetheless,
these data show that both IM (CE and FL vaccine groups) and
ID delivered DNA vaccine induced CE-specific T cells
responses disseminate into mucosal surfaces, an important fea-
ture of a vaccine against HIV.

SIV Gag CE-specific T cells recognize SIVmac239-infected
cells

After a 3-month rest, the animals were challenged with up to 6
low dose rectal exposures with a SIVmac239 viral stock, grown in
macaque T cells, that contained a narrow swarm of virus var-
iants. All animals, except T133 in the ID group, were infected
by the 5th exposure and no difference in acquisition rate or
peak and chronic viremia was found between animals from dif-
ferent vaccine regimens and controls (Figure 4A). Two animals
in each vaccine group showed lower chronic viremia. These
data suggest that the Gag T cell responses induced in these ani-
mals via vaccination were nonetheless unable to significantly
control viremia. We interrogated whether anamnestic T cell
responses were induced upon infection, which would indicate
that CE epitopes were exposed on the infected cells and were
recognized by the vaccine-induced CE-specific CTL. Gag CE-
specific T cell responses were measured at week 42 (2 weeks
prior to the 1st exposure) and post-infection. The Gag CE-spe-
cific T cell responses were clearly boosted by the infection in
several animals (Figures 4B and 4C, lower panels). Data com-
paring these responses before and after infection are summa-
rized in Figure 4D and show a statistically significant increase
of CE-specific CD8C T cells (paired t test, p D 0.008) in the CE
IM group (top panel). Of note, some animals in the CE IM
group showed very high CE-specific T cell responses (macaques
T136, T137 and T152) reaching up to 12% of the circulating T
cells, much higher than in the other groups (Figure 4C, note
different scales) where anamnestic responses were only found
in macaque T149 (CE ID) and in macaques T134 and T135
(FL IM) (Figure 4D). The CE-specific CD4C and CD8C

responses were determined from all individual macaques,
including the primary T cell immunity induced by the infection
in the control animals. T cell responses targeting Gag CE epito-
pes were almost exclusively mediated by CD8C T cells, even in
animals that had a significant CE-specific CD4C T cell subset
prior to infection (Figure 4C).

To understand which CE contributed to anamnestic SIV Gag
CE-specific responses, individual CE responses before (2 weeks
after last booster vaccination, week 34) and after challenge were
mapped in one animal from each vaccine group that had anam-
nestic responses upon infection. Significant increases in the T cell
responses were found targeting CE3 (macaques T152 and T135),
CE5 (macaque T135) and CE6 (macaque T149) (Figure 4E).

Table 1. Animals used in this study.

Macaque
ID

Vaccine
Group

DNA
delivery

Age at study start
(years)

Weight
(kg)

T129 CE/CECFL IMa 3.6 4.0
T136 CE/CECFL IMa 3.8 5
T137 CE/CECFL IMa 3.8 4.7
T143 CE/CECFL IMa 3.9 6.7
T144 CE/CECFL IMa 3.9 5.9
T148 CE/CECFL IMa 5.8 8.5
T150 CE/CECFL IMa 4.0 3.3
T152 CE/CECFL IMa 9.9 6.5
T130 CE/CECFL IDb 3.6 4.9
T131 CE/CECFL IDb 3.7 5.1
T132 CE/CECFL IDb 3.8 4.1
T133 CE/CECFL IDb 3.8 3.9
T139 CE/CECFL IDb 4.0 6.8
T141 CE/CECFL IDb 3.9 6.1
T147 CE/CECFL IDb 5.2 7.8
T149 CE/CECFL IDb 5.9 7.7
T134 FL IMa 3.8 5.4
T135 FL IMa 3.8 4.6
T140 FL IMa 3.9 5
T142 FL IMa 3.9 6.9
T145 FL IMa 4.5 5.6
T146 FL IMa 3.9 2.6
T151 FL IMa 5.8 10.2
T221 sham IMa 2.9 4.6
T222 sham IMa 2.8 3.8
T223 sham IMa 2.8 4.4
T224 sham IMa 2.7 3.5
T225 sham IDb 2.7 4.4
T226 sham IDb 2.4 4
T227 sham IDb 2.8 4.1
T228 sham IDb 2.9 4

aCellectra� 5P device (IM/EP).
bCellectra� 3P device (ID/EP).
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Although we could only analyze a small number of animals, these
data clearly demonstrated that distinct CE-specific T cells, such as
those targeting CE3, CE5, and CE6, were able to recognize the
SIV-infected cells in vivo. Of note, the animals with the highest
CE recall responses in each of the CE vaccine groups shown in
Figure 4E also had lower chronic viremia (Figure 4A), consistent
with our previous report that vaccine-induced Gag CE-specific T
cells were able to inhibit SIV infection in vitro.76 Taken together,
expansion of CE-specific T cells found in infected animals (Figures
4C-4E) demonstrates that vaccine-induced T cell responses target
CE epitopes that are indeed processed and exposed upon SIV
infection.

Cytotoxic profile of the Gag CE-specific T cells before
and after infection

The cytotoxic potential CE-specific T cells following SIV infection
was analyzed by monitoring their GrzB content and their ability
to degranulate (CD107aC) upon TCR stimulation by specific CE
peptides (as shown in Figures 2E, 2F). PBMC from all vaccinated
animals were analyzed by flow cytometry at week 42 (2 weeks
before the 1st SIVmac239 exposure) and after infection. Figure 5A
shows the GrzB content and CD107a surface expression of CE-
specific IFN-gC CD4C and CD8C T lymphocytes before and after
SIV infection from macaques T152 and T135, the same animals

Figure 2. Vaccine-induced CE-specific cellular immune responses. (A, C) The frequency of CE-specific IFN-gC CD4C (open bars) and CD8C (black bars) T cell responses for
SIV Gag (A) and HIV Env (C) measured at week 18 (2 weeks after the 3rd priming vaccination) and at week 34 (2 weeks after the 2nd booster vaccination) are shown. (B, D)
Comparison of the magnitude of (B) SIV Gag CE- and (D) HIV Env CE-specific IFN-gC T cells responses in three vaccine groups (week 34). P values from ANOVA Holms-
Sidak multiple comparison tests are shown. (E, F) Contour plots showing the cytotoxic phenotype (GrzBC CD107aC) of the (E) SIV Gag CE-specific CD4C (red dots) and
CD8C (blue dots) T cells and (F) HIV Env CE-specific CD4C (red) and CD8C T cells (blue) after the CECFL DNA boost (week 34) of two representative animals each from the
CE IM (left panels) and CE ID (right panels).
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which were also shown in the mapping analysis in Figure 4E. CE-
specific T cells were mainly CD8C, expressed GrzB and actively
degranulated before challenge (Figure 5A, upper plots), and their
frequency significantly increased (up to »12% of total T cells for
macaque T152) without impairing their cytotoxic capability after
infection (Figure 5A, lower plots). The degranulation profiles
(CD107a surface expression) at week 42 and after infection from
all macaques in the CE IM and in the FL IM vaccine groups are
shown in Figure 5B. Already high before infection, nearly all the
CE-specific IFN-gC T cells in blood were CD107aC after infection,
indicating that these CE-specific cytotoxic T cells retained
functionality.

To understand the contribution of the CE-specific T cell
responses to control of viremia, we calculated the change of
SIV Gag CE-specific T cells from before infection (week 42) to
peak post-infection. We found an inverse correlation between
the fold increase of the CE-specific total T cells (Figure 5C; p D
0.008, Spearman) and CE-specific CD8C T cells (Figure 5D;
p D 0.014) and peak viremia. Thus, the primary viral infection
elicited an anamnestic response of the vaccine-induced Gag
CE-specific T cells, which are functional in vivo and contribute
to restricting viremia.

Analysis of HIV Env CE responses before and after infection

HIV Env CE and FL env DNA were included in this study to
evaluate their immunogenicity and monitor putative interfer-
ence with the Gag CE-induced cellular immune responses. As
shown in Figure 2C, HIV Env CE responses induced upon
prime (vaccination week 18) increased after Env CECFL
booster vaccination (week 34). We then compared vaccine

induced HIV Env CE T cell responses two weeks before (week
42) and after SIV infection (Figure 6). Contour plots of repre-
sentative animals (Figure 6A) and graphs from all the immu-
nized animals (Figure 6B) are shown. Distinct from SIV Gag
responses, only 2 of 14 of the HIV Env CE-vaccinated animals
(IM) showed expansion of 2 fold over the pre-existing HIV
Env CE T cell responses upon SIV infection, whereas 3 of 7
HIV FL Env vaccinated macaques (IM) had an increase
(Figure 6B). HIV Env CE responses after SIV infection were
again primarily mediated by CD8C T lymphocytes.

The finding that some immunized macaques expanded the
HIV Env CE responses upon SIV infection suggested some
crossreactivity of epitopes derived from Env of HIV and SIV.
This is not unexpected since multiple amino acids within CE are
shared across HIV-1, HIV-2 and SIV (not shown). Alignment of
the complete amino acid sequence from the two Env proteins
revealed enough homology to accommodate a CD8C epitope
only in the CE7 and CE14 segments (Figure 6C). Anamnestic
responses were mapped in the two macaques with the greatest
post infection response (T144 and T146), and indeed the boost
was associated with these partially homologous sequences
(Figure 6D). Both CE7 and CE14 were recognized in the CE IM
animal and only CE7 in the FL vaccinated animal. These data
demonstrate these Env CE specific T cell responses recognize
epitopes exposed by SIV-infected cells in vivo. In contrast to cel-
lular responses, no anamnestic humoral responses were found to
HIV Env after SIV infection and only primary Ab responses to
SIV Env were found by ELISA (Supplemental Fig. 1).

As shown above for the Gag CE T cell responses (Figures
5A, 5B), the cytotoxic potential of the HIV Env CE-specific T
cells was analyzed by monitoring their granzyme B (GrzB) con-
tent and their functional ability to degranulate (CD107aC)
upon peptide stimulation (Figures 6E, 6F). The PBMC from all
vaccinated animals were analyzed by flow cytometry at weeks
34 and 42, before infection. Figure 6E shows the GrzB content
and CD107a surface expression of the HIV Env CE-specific
IFN-gC CD4C (red dots) and CD8C (blue dots) T lymphocytes

Table 2. Mapping of responses to individual CE upon SIV Gag CE DNA prime-boost
or SIV FL gag DNA vaccination.

Responses to individual CE No of positive
Animal ID Vaccine CE1 CE2 CE3 CE4 CE5 CE6 CE7 CE/ animal

T129 CE/CECFL Gag C C 2
T136 CE/CECFL Gag C C C C C C 6
T137 CE/CECFL Gag C C C 3
T143 CE/CECFL Gag C C C C 4
T144 CE/CECFL Gag C C C C 4
T148 CE/CECFL Gag C C 2
T150 CE/CECFL Gag C C C C 4
T152 CE/CECFL Gag C C C C 4
T139a CE/CECFL Gag C C 2
T149a CE/CECFL Gag C C 2
T134 FL Gag C C 2
T135 FL Gag C C 2
T145 FL Gag C C 2
M911b FL Gag C 1
M697b FL Gag C C C 3
M917b FL Gag C 1
M699b FL Gag C 1
M589b FL Gag C 1
M916b FL Gag C C 2
P516b FL Gag C 1
P125b FL Gag C C 2
V584b FL Gag C 1
J6Lb FL Gag C 1
M587b FL Gag C C C 3
P141b FL Gag C 1
M709b FL Gag C 1
A9E030b FL Gag C 1

aDNA delivery via ID route.
bdata reported in Hu et al. 76

Table 3. Mapping of responses to individual CE upon HIV Env CE DNA prime-boost
or FL env DNA vaccination.

Responses to individual HIV
Env CE No of positive

Animal ID Vaccine 6 1 7 8 9 10 11 12 13 14 15 16 CE/ animal

T129 CE/CECFL Enva C C 2
T136 CE/CECFL Enva C C C C C 5
T137 CE/CECFL Enva C C C C 4
T143 CE/CECFL Enva C C C C 4
T144 CE/CECFL Enva C C C 3
T148 CE/CECFL Enva C C C 3
T150 CE/CECFL Enva C C C 3
T152 CE/CECFL Enva C C C C 4
T139b CE/CECFL Enva C C 2
T134 Enva C C C 3
T145 Enva C C 2
P909c Env C 1
P929c Env C 1
P934c Env C 1
P937c Env C 1
P941c Env C C 2

aEnv DNA mixture expressing gp145 clade B and C.
bDNA delivery via ID route.
cdata reported in Hu et al. 77 using a Env DNA mixture expressing gp160
and gp120 from clades B and C.
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from a representative animal (macaque T143; CE IM group),
indicating preservation of these responses over the 2 months
after the last vaccination. The cytotoxic phenotype and degran-
ulation profile from the HIV Env CE-specific T cells from all
the animals in the CE IM and the FL IM groups showed that
most of the Env CE-specific T cells had functional properties of
potent cytotoxic cells and their ability to degranulate was fully
preserved, if not increased during these 2 months (Figure 6F).

Approximately half of the infected control animals devel-
oped de novo responses induced by SIV infection (Figure 6G)
reaching a maximum of 0.1% of T cells. Of the 5 macaques
[T143 and T144 (CE IM); T140, T145 and T146 (FL IM)]
which showed potent recall of the HIV Env CE responses
(Figure 6A), all except T143 also had SIV Env-specific T cells
(range 0.1-0.4% of T cells) (Figure 6G). These responses were
found at much lower levels relative to the HIV immunogen,
but were higher than in the control animals. This reinforced
the notion that few of the macaques with HIV Env CE
responses recognized SIV Env epitopes in the infected cells,
although those responses were cytotoxic and had killing
potential.

Discussion

This study evaluated several factors important to optimizing
vaccines in the SIV/macaque model. These factors included dif-

ferences in DNA vaccines, encoding CE versus FL proteins,
delivery by intramuscular (IM) and intradermal (ID) injection
followed by electroporation, and between homologous Gag
(SIV) and heterologous (HIV) Env vaccines, and protection
from SIVmac239 challenge.

In agreement with previous results,20,21,76,77 priming with CE
DNA was more efficient at inducing CE-specific T cell responses
in the blood than immunization with the FL vaccine, for both Gag
and Env. Gag CE-specific responses were also found in rectal
mucosa lymphocytes (Env responses were not evaluated in the
rectal mucosa due to sample limitations). Animals immunized by
ID delivery developed lower levels of CE-specific T cell responses
in blood, but not at mucosal sites, than macaques immunized
with the same DNA vaccine by the IM route. The finding of dif-
ferences in the magnitude of circulating CE-specific T cells from
animals immunized using two different routes (IM vs ID) is in
agreement with our previous data,84,85 although the antigen-spe-
cific T cells were long-lasting and cytotoxic in animals immunized
by both routes. These differences in magnitude of T cell responses
using IM vs ID delivery of the CE DNA are in contrast with the
results obtained in a different study using FL gag and env DNA,82

where similar magnitude of T cell responses were observed in
macaques immunized by IM or ID DNA delivery. The reason for
this discrepancy is currently not understood, but it could be
related to differences in the immunogens (CE DNA in this study
versus FL DNA82) and the animal model used (Indian rhesus

Figure 3. Dissemination of CE-specific T cell responses into rectal mucosa. (A) Contour plots showing the IFN-g production from unstimulated and SIV CE peptide stimu-
lated T lymphocytes recovered from rectal biopsies two weeks after the last vaccination (week 34; 2 weeks after the last vaccination) from a representative animal from
each of the three vaccine groups. (B) Graph showing the CE-specific T cells in rectal samples from all the animals with measurable positive responses at week 34.
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Figure 4. Viral loads and SIV Gag CE anamnestic responses induced by SIVmac239 infection. (A) Plasma virus loads in the four experimental groups of macaques after
SIVmac239 challenge. (B) Flow plots showing the SIV Gag CE-specific IFN-gC T cells two weeks before challenge (week 42 of the study) and at the peak postinfection (P.I.)
in selected animals with anamnestic responses. (C) Frequency of SIV Gag CE-specific IFN-gC CD4C (open bar) and CD8C (black bar) T cells measured before challenge at
week 42 and at peak postinfection in all vaccinated and na€ıve control animals. (D) Changes of SIV Gag CE-specific IFN-gC CD8C T cells upon infection in animals from the
CE IM (upper panel), CE ID (middle panel) and FL IM (lower panel) groups at week 42 and at peak postinfection. (E) Graphs showing the mapping of the individual SIV CE-
specific T cell responses in a representative animal (macaques T152, T149, T135) from each vaccine group at 2 weeks after the last vaccination (week 34) and at peak
postinfection.
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macaques in our study versus Chinese rhesus macaques and
guinea pigs).

CE-specific T cell responses disseminated to the rectal
mucosa in both the IM and ID groups. Of note, CE-specific
IFN-g responses in mucosal samples were measured after
short-term (6 hrs) stimulation with Gag CE peptide pools or
medium alone and cannot be quantitatively compared to those
in blood measured after a 12-hr stimulation. In addition, due to
the varied quality and quantity of the biopsy samples, we wish
to emphasize the qualitative rather than the quantitative aspect
of this analysis. Analysis of mucosal samples would benefit
from the more sensitive tetramer-binding assay that typically
provides an excellent assessment of mucosally disseminated T
cell immunity,86 however, the immunodominant MamuA�01
restricted CM9 epitope is not part of the CE immunogen and
hence was not useful for this comparison.

To evaluate the potential interference between Env and Gag
epitopes that has been reported previously in mice, macaques and
humans,78–81,87 macaques immunized with the SIV Gag CE and
FL gag DNA also received the HIV Env CE and FL env DNA vac-
cine. Importantly, and in contrast to previous observations using
only full-length immunogens, we did not find any interference or
negative effects from the Env CE DNA immunogen on the cellular
responses targeting Gag CE. Of note, in contrast to those previous
studies, we used equal amounts of CE and FL gag and env DNAs,
and the Gag and Env vaccines were delivered in two distinct ana-
tomical sites (different thighs) in an attempt to reduce or avoid
competition for MHC binding of the peptides derived from the
two immunogens.

Since our vaccine did not include SIV Env DNA or protein,
we did not expect a delay in virus acquisition, nor did we
observe a delay. However, we also did not observe a difference
in peak or chronic viremia between vaccinated animals and
controls, although 2 animals in each group showed lower levels
of chronic viremia. Three of the six animals with lower chronic
viremia (T152, T149 and T135) showed a significant boost of
the SIV gag CE responses suggesting that these responses may
contribute to viral control. The other three macaques (T129,
T130 and T142) did not increase the CE-specific T cell
responses after infection, which suggest that, at least in these
animals, these circulating antigen-specific T cells were not
responsible for the control of viral replication. Taken together,
these data suggest that T cell responses targeting Gag (CE or
FL) were suboptimal to efficiently control viral propagation
when infection occured in the absence of immune responses
targeting other viral proteins. The inability of Gag-specific T
cells alone to control virus acquisition has been shown in other
studies.88–91 Martins et al.88 reported that vaccine regimens
that did not contain Gag, or Env or a combination of both were
largely inefficient in reducing viremia, suggesting that the syn-
ergy between Gag-specific T cell responses and antibodies tar-
geting Env were an important requirement in the effective
control of the virus, an observation also supported by
others.92,93 Roederer et al.89 reported that vaccination with
mosaic Gag DNA as prime followed by rAd5 as a booster
immunization did not protect from infection but showed
reduction of viremia. On the other hand, Hansen et al.90,91

reported no protection from virus acquisition but found robust

Figure 5. SIV Gag CE-specific cytotoxic T cell responses before and after infection. (A) Contour plots showing the cytotoxic phenotype (GrzBC CD107aC) of the SIV CE-spe-
cific CD4C (red dots) and CD8C T cells (blue dots) before and after infection from macaques T152 (CE IM) and T135 (FL IM). (B) Percentage of SIV CE-specific cytotoxic
CD107aC IFN-gCCD8C T cells before challenge (wk 42) and at peak P.I. for CE IM (left panel) and FL IM (right panel) vaccine groups. (C, D) Inverse correlations between
the fold increase upon infection (from week 42 to peak P.I.) of SIV Gag CE-specific IFN-gC total T cells (C) and CD8C T cells (D) and peak VL. Spearman r and p values are
shown.
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Figure 6. Cellular responses to HIV Env CE upon SIVmac239 infection. (A) Contour plots showing the frequency of HIV Env CE-specific IFN-gC T cells two weeks before
challenge (week 42) and at peak postinfection in five animals with anamnestic responses. (B) Graphs showing the frequency of HIV Env CE-specific CD4C (open bar) and
CD8C (black bar) IFN-gC T cell responses from all the vaccinated macaques at week 42 and peak postinfection. (C) Amino acid sequence alignment of HIV Env CE 7
and CE14 and corresponding sequences in SIVmac239 Env shows high degree of identity. Grey shading indicates the toggle AA difference between CE7-1 and CE7-2 (1 AA)
and between CE14-1 an CE14-2 (5 AA). (D) Graphs showing the mapping of the individual HIV Env CE-specific T cell responses before and after infection in one representa-
tive animal from the CE IM (T144; peak P.I.) and the FL IM (T146; week 8 P.I.) vaccine groups. (E) Contour plots showing the HIV Env CE-specific cytotoxic (GrzBC CD107aC)
CD4C (red dots) and CD8C (blue dots) T cells (blue dots) from a representative animal (macaque T143) at week 34 and week 42 (2 and 10 weeks after the last vaccination).
(F) Percentage of cytotoxic HIV Env CE-specific cytotoxic CD107aC IFN-gCCD8C T cells at week 34 and week 42 for all the animals in the CE IM (left panel) and FL DNA
(right panel) vaccine groups. (G) Graphs showing the frequency of SIV Env-specific CD4C (open bar) and CD8C (black bar) IFN-gC T cell responses from all the the animals,
including the controls, analyzed at peak postinfection.
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control of viremia in »half of the rCMV (SIV Gag) immunized
macaques. A fundamental difference between our and the
rCMV vaccine is that DNA vaccination induces T cell immu-
nity using canonical MHC molecules, while certain rCMV vec-
tors are able to elicit T cell immunity through the non-
canonical MHC-E,94,95 a feature that makes the rCMV vector
induced responses unique. In a study designed to mimick elite
controllers, Mudd et al.69 reported that vaccination of Mamu
B�08C macaques with recombinant yellow fever 17D
(rYF17D)/rAd5 vectors expressing three Mamu B�08 restricted
Nef and Vif CD8 epitopes resulted in efficient control of vire-
mia. In two of the RM, loss of control of viral replication corre-
lated with the emergence of escape mutant virus carrying
mutations in all three epitopes encoded by the vaccine. These
data demonstrated that, in this model, vaccinated macaques
can efficiently control SIVmac239 replication with potent CTL
even in the absence of Env responses.

Despite lack of consistent reduction in viremia in our CE/
CECgag or gag DNA vaccinated macaques, we found that SIV
infection is able to induce anamnestic CE-specific T cell responses,
indicating that the CE-spanning T cell epitopes can be processed
and displayed together with the appropriate MHC upon SIV
infection. This demonstrates that the epitopes included in our
DNA vaccines are efficiently processed and exposed also as in the
natural context of the viral proteome. Thus, our artificially gener-
ated immunogen containing linkers between the CE to optimize
proteolytic processing and MHC association of the CE peptides,
generates the same peptides as the virus infected cells. We found
clear anamnestic responses targeting CE3, CE5 and CE6. These
results could underestimate responses targeting the other CE
because only few macaques were mapped after infection and com-
pared to peak levels obtained upon vaccination and the not at the
‘day of challenge’ (week 42). Our data demonstrate that infected
cells display on their surface the CE epitopes incorporated in our
CE DNA vaccine and, importantly, that vaccine-induced CE-spe-
cific T cells are able to recognize those infected cells. These find-
ings apply for both the SIV Gag CE and the HIV Env CE DNA
vaccines. The homology found among the SIV and HIV Env
sequences, and the expansion of specific Env CE-specific cells after
infection, identified sequences within CE7 and CE14 of our HIV
Env CE immunogen to contain epitopes naturally displayed in
SIV-infected cells in vivo. Based on their granzyme B content and
their ability to degranulate upon TCR stimulation, the antigen
specific T cells induced by both SIV Gag CE and HIV Env CE
DNA vaccines are cytotoxic, a functional property found in the
CE-specific T cells from animals immunized by both IM and ID
delivered DNA. Combining the Gag CE DNA vaccine with
matching Env of the infecting virus (DNA and protein) could
improve control of viral propagation or, ideally, prevention of viral
infection.

Materials and methods

Ethics statement

All animals were cared for and procedures performed under a
protocol approved by the Institutional Animal Care and Use
Committee of BIOQUAL, Inc. (animal welfare assurance no.
A3086-01; protocol number 15-008) and USDA Certificate

number 51-R0036. The macaques in this study (NCI study SVEU
P185) were managed according to the animal husbandry program,
which aims at providing consistent and excellent care to nonhu-
man primates at the vivarium. This program operates based on
the laws, regulations, and guidelines promulgated by the United
States Department of Agriculture (e.g., the Animal Welfare Act
and its regulations, and the Animal Care Policy Manual), Institute
for Laboratory Animal Research (e.g., Guide for the Care and Use
of Laboratory Animals, 8th edition), Public Health Service,
National Research Council, Centers for Disease Control and Pre-
vention, and the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International. The nutri-
tional plan utilized by BIOQUAL, Inc. consisted of twice daily
feeding of Labdiet 5045 High Protein Primate Diet and food
intake was closely monitored by animal research technicians. This
diet was also supplemented with a variety of fruits and vegetables
as part of the environmental enrichment program established by
the veterinary staff and enrichment technician. Pairing of animals
as part of the environmental enrichment program was managed
by the enrichment technician. All primary enclosures and animal
rooms were cleaned daily with water and sanitized at least once
every two weeks.

Plasmids

All plasmids are derivative of the pCMVkan vector which con-
tains the human CMV promoter and BGH polyadenylation sig-
nal in plasmid backbone optimized for growth in bacteria.96

SIV Gag CE DNA is a mixture of p27CE1 (plasmid 262S) and
p27CE2 (plasmid 263S).76 HIV Env CE DNA is a mixture of
pEnvCE1 (plasmid 329H) and pEnvCE2 (plasmid 331H).77

The SIV gag DNA (termed FL Gag DNA) is a mixture of p57gag

(plasmid 206S) and MCP3-p39gag (plasmid 209S) expressing
the SIVmac239 p57Gag protein and the processing intermediate
p39Gag.96 HIV env DNA (termed FL env DNA) is a mixture of
three gp145dID plasmids (332H, 341H and 340H) from clade
B strains BaL and 6101, and clade C 1086, respectively, lacking
the immunodominant (ID) region in the extracellular gp41.

Vaccination of Rhesus macaques and SIV infection

The macaques (N D 31) used in this study were all males with a
median weight of 4.9 kg (range 2.6-10.2). The animals were dis-
tributed into three different vaccine groups including Group 1:
CE prime/CECFL boost delivered by intramuscular injection
followed by electroporation (IM/EP); Group 2: CE prime/
CECFL boost delivered by intradermal injection followed by
electroporation (ID/EP), and Group 3: FL prime/FL boost by
IM/EP (FL IM). The range and the median age in the different
groups were: CE IM: 3.6-9.9 years (median: 3.9); CE ID:
3.6-5.9 years (median: 3.9); FL IM: 3.8-5.8 years (median: 3.9);
control animals: 2.4-2.9 years (median: 2.8). The animals were
negative for STLV (PCR/seronegative) and for the MHC class I
A�01, B�08 and B�17 alleles, except T142 which is positive for
B�08 and T146 which is positive for B�17.

Endotoxin-free DNAs were prepared according to the man-
ufacturer’s protocol (Qiagen). The SIV gag and HIV-1 env
DNA vaccines were formulated separately and administered in
left and right thighs, respectively, throughout the study. The
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SIV Gag CE priming vaccinations comprised a mixture of 1 mg
of each of SIV p27CE1 and p27CE2 DNA. The SIV CECgag
DNA booster vaccination (2 mg) comprised a mixture of
0.5 mg each of SIV p27CE1 DNA, p27CE2 DNA, p57gag DNA,
and MCP3-p39gag DNA. The HIV Env CE priming vaccina-
tions comprised a mixture of 1 mg of each of HIV Env CE1
DNA and Env CE2 DNA. The HIV CECenv DNA booster vac-
cination (2 mg) comprised a mixture of 0.5 mg each of Env
CE1 DNA, Env CE2 DNA, 0.4 mg BaL gp145dID, 0.3 mg 6101
gp145dID DNA and 0.3 mg 1086 gp145dID DNA. Vaccination
with FL immunogens comprised 2 mg gag DNA (1 mg of each
gag plasmid) and 2 mg env DNA (0.7 mg of each env DNA).
Each vaccine formulation contained 0.1 mg macaque IL-12
DNA (plasmid AG15797,98) and was formulated in sterile water.
The animals in the control group were inoculated either IM (4
macaques) or ID (4 macaques) with sham DNA (empty vector)
together with IL-12 DNA. The IM DNA delivery followed by in
vivo electroporation (IM/EP) with the CELLECTRA� 5P device
(Inovio Pharmaceuticals, Inc.)82,83 was performed with 0.5 ml
DNA per side (4 mg/ml DNA). The ID DNA delivery followed
by in vivo electroporation (ID/EP) with the CELLECTRA� 3P
device (Inovio Pharmaceuticals, Inc.)82,83 was performed with
2 £ 0.1 ml DNA per side (8 mg/ml DNA). Vaccinations were
performed under anesthesia (Ketamine, 10 mg/kg). No adverse
effects associated with these procedures were found.

SIVmac239 virus was generated from transfected HEK293 cells.
The SIVmac239 stock was grown in macaque primary lymphocytes
and had 3216 TC ID50 when titrated in CEMX174 cells. The ani-
mals were subjected to six weekly exposures by the intrarectal
route with 1 ml of 1:10 diluted stock, starting 12 weeks (week 44)
after the last vaccination (week 32). Blood samples were collected
during the vaccination period (day of each vaccination and 2
weeks later), 10 weeks after last (5th) vaccination and 4 and 8
weeks post-infection (peak responses were presented). All animals
were euthanized at the end of the study.

Intracellular cytokine staining

Ficoll-hypaque isolated PBMC were cultured in 96-well plates
in the presence of various peptide pools from SIV or HIV at a
final concentration of 1 mg/ml for each peptide for 12 hrs. Pep-
tide pools covering all SIV/HIV CE or each individual CE
(7 Gag CE, 12 Env CE) were prepared combining 15-mer pepti-
des overlapping by 11 AA and 10-mer peptides overlapping by
9 AA (Infinity Biotech Research & Resource, Inc.).76,77 Analysis
of SIV Env-specific responses was performed using a pool of
15-mer peptides overlapping by 11 AA covering the full-length
protein sequence. Antigen-specific T cells were measured by
intracellular cytokine staining followed by polychromatic flow
cytometry22,76,77,86 using the following cocktail of cell surface
antibodies: CD3-APCCy7 (clone SP34-2), CD4-V500 (clone
L200), CD95-FITC (clone DX2) (Cat #557757, 561488, 556640,
respectively, BD Pharmingen), CD8-Alexa Fluor-405 (clone
3B5, Cat #MHCD0826, Invitrogen) and CD28-PerCP Cy5.5
(clone CD28.2, Cat #302922, BioLegend). Ten minutes after
addition of peptides, the CD107a-eFluor 660 or CD107a-PE
antibody (clone eBioH4A3, Cat #50-1079-41, 50-1079-42,
respectively, ThermoFisher) was added. After cell permeabiliza-
tion, intracellular staining was performed using IFN-g-PE Cy7

(clone B27, Cat #557643, BD Pharmingen), and Granzyme
B-PE or Granzyme B-APC antibodies (clone GB12, Cat
#MHGB04, MHGB05, respectively, Invitrogen). As negative
and positive controls, PBMCs were cultured in medium with-
out peptide stimulation or with a commercial mixture of PMA
and calcium ionophore (Cat #00-4970-93, Invitrogen), respec-
tively. Samples were acquired on a LSR II or Fortessa flow
cytometer (BD Biosciences), and the data were analyzed using
FlowJo software (Tree Star, Inc.). Samples were considered pos-
itive if the frequency of IFN-gC T cells was 2-fold higher than
that of unstimulated medium only control and greater than
0.01 after subtracting the medium control value.

Lymphocyte isolation from rectal biopsies

Rectal biopsies (10-12 pinches) were minced and enzymatically
digested in RPMI-1640 medium supplemented with 2X penicil-
lin/streptomycin, gentamycin, 10 units/ml DNase I (Cat
#04716728001, Roche) and 200 U/ml collagenase (Cat #C6885,
Sigma-Aldrich) at 37�C and 5% CO2 for one hour. After diges-
tion, the supernatants and remaining pieces of tissue were
crushed and passed through 100 mm cell strainers, and washed
with R10 media. After counting, the cells were seeded
(106 cells/well) in 48-well plates in the presence of SIV p27CE
or Gag peptide pools, at a final concentration of 2 mg/ml for
each peptide, for 6 hrs. A sample without peptide stimulation
was used as negative control for each macaque. The samples
were incubated for 6 hours prior to staining as described.

Humoral immune response analysis

Plasma samples were heat-inactivated for 30 minutes at 56�C
prior to the assay. The endpoint binding titers to SIVmac251
p27Gag, HIVIIIB gp120 Env and SIVmac251 gp120 Env were
determined in 4-fold serially diluted plasma samples by stan-
dard ELISA (Advanced Bioscience Laboratories, Inc.) measur-
ing optical absorbance at 450 nm.

Viral load measurement

Virus loads were measured from plasma samples using the
NASBA assay with a threshold of detection of 50 copies per ml
plasma (Advanced Bioscience Laboratories, Inc.).

Statistical analyses

The statistical analyses were carried out with GraphPad Prism
version 7.0 for MacOS X (GraphPad Software, Inc.).
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