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Here, we study the temporal expression of the inhibitory receptor programmed death 1 (PD-1) on simian
immunodeficiency virus (SIV) Gag-specific T cells following pathogenic SIV infection or following vaccination
with a DNA/modified vaccinia virus Ankara (DNA/MVA) vaccine and simian/human immunodeficiency virus
(SHIV) challenge in macaques. Following infection, the majority (>95%) of Gag-specific CD8 T cells expressed
PD-1, and the level of PD-1 expression per cell increased over time. The level of PD-1 expression in lymph nodes
and rectal mucosal tissue, the major sites of virus replication, was higher compared to blood. In vitro blockade
of PD-1 resulted in enhanced proliferation of SIV-specific CD8 as well as CD4 T cells. In contrast, following
vaccination, the majority of peak effector Gag-specific CD8 T cells expressed low levels of PD-1, and these levels
decreased further as the cells differentiated into memory cells. In addition, following SHIV challenge of these
vaccinated macaques, the level of PD-1 expression on Gag-specific CD8 T cells correlated positively with
plasma viremia. These results demonstrate that SIV-specific CD8 T cells express PD-1 after exposure to
antigen but downregulate expression under conditions of antigen clearance and enhance expression under
conditions of antigen persistence. They also demonstrate that the level of PD-1 expression per cell rather than
the presence or absence of expression plays an important role in regulating CD8 T-cell dysfunction in
pathogenic SIV infection. In addition, they demonstrate that similar to HIV infection, the PD-1:PD-1 ligand
inhibitory pathway is operational in pathogenic SIV infection, and the macaque/SIV model would be ideal to
test the safety and therapeutic benefit of blocking this pathway in vivo.

Antiviral CD8 T cells play a critical role in the control of
human immunodeficiency virus (HIV) and simian immunodefi-
ciency virus (SIV) infections as shown by viral reemergence dur-
ing transient in vivo depletion of CD8 T cells in SIV-infected
macaques (21, 26, 35). Consistent with this, contemporary vaccine
strategies designed to elicit high frequencies of antiviral CD8 T
cells have contained pathogenic simian/human immunodeficiency
virus (SHIV) (4, 7, 37) and SIV (8, 22, 40) challenges in ma-
caques. Antiviral CD4 T cells also have proven important in
restricting viral replication, as suggested by a highly significant
correlation between the magnitude of virus-specific CD4 T cells
and the control of viremia in HIV type 1 (HIV-1)-infected hu-
mans (23, 33) and SIV-infected macaques (18).

Both the function and the frequency of antiviral CD8 T cells
are crucial for the control of chronic viral infections (24, 27, 39).
Effective antiviral CD8 T cells possess a number of functional
properties, including the ability to produce different cytokines,
cytotoxic potential, high proliferative potential, and low apopto-
sis. During chronic viral infection, virus-specific CD8 T cells un-
dergo exhaustion that is associated with the loss of many of these
functions (41). Similarly, HIV-specific CD8 T cells from individ-

uals with progressive disease have been shown to be impaired in
their function. These CD8 T cells can produce cytokines such as
gamma interferon but are impaired for the production of inter-
leukin-2, a cytokine that is important for T-cell proliferation and
survival (1). They are also defective for expression of perforin (5,
27), a molecule that is critical for cytolytic function, and prolifer-
ative capacity, a property that has been implicated in the control
of HIV replication (17, 20, 27).

Recent studies have shown that the coinhibitory receptor
programmed death 1 (PD-1) is highly expressed by CD8 T cells
during chronic lymphocytic choriomeningitis virus (LCMV)
infection and that the PD-1:PD-1 ligand (PDL) pathway plays
a major role in regulating T-cell exhaustion during this infec-
tion (6). A transient blockade of the interaction between PD-1
and PDL in vivo using an anti-PD-L1 or PD-1 blocking anti-
body restored CD8 T-cell function and enhanced control of
chronic LCMV infection. More recent studies have extended
these observations to HIV-specific CD4 and CD8 T cells in
HIV-infected individuals (9, 13, 30, 38). These studies demon-
strate that the HIV-specific T cells express high levels of PD-1,
and this expression is higher in individuals with high viremia. A
transient blockade of interaction between PD-1 and PDL in
vitro restores HIV-specific T-cell function (9, 38) and pro-
motes survival of HIV-specific CD8 T cells (30). These results
strongly suggest that in vivo blockade of the PD-1:PDL path-
way may restore HIV-specific T-cell function and thus may
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represent a novel therapeutic strategy to enhance control of
HIV/AIDS.

The PD-1:PDL pathway within the B7:CD28 superfamily
consists of the PD-1 receptor and its two ligands, PD-L1 and
PD-L2. Engagement of PD-1 by its ligands inhibits immune
responses. PD-1 was isolated as a gene upregulated in a T-cell
hybridoma undergoing apoptotic cell death, hence the name,
programmed death 1 (28). PD-1 is inducibly expressed on CD4
T cells, CD8 T cells, NK T cells, B cells, and monocytes upon
activation (reviewed in references 15 and 28). PD-1 transduces
a signal when engaged along with the T-cell receptor (TCR)
but does not transduce a signal when cross-linked alone, sim-
ilar to other CD28 family members (14). The cytoplasmic do-
main of PD-1 contains two tyrosine-signaling motifs, both of
which may be phosphorylated upon receptor engagement.
Phosphorylation of the second tyrosine, an immunoreceptor
tyrosine-based switch motif, recruits SHP-2 and to a lesser
extent SHP-1 to the PD-1 cytoplasmic domain (25, 29). Re-
cruitment of these phosphatases leads to dephosphorylation of
TCR-proximal signaling molecules, including ZAP70, PKC�,
and CD3�, leading to attenuation of the TCR/CD28 signal.
PD-1 signaling prevents CD28-mediated activation of phos-
phatidylinositol 3-kinase, resulting in reduced Akt phosphory-
lation and glucose metabolism.

While the studies in HIV-infected people were mostly cross-
sectional and conducted during the chronic phase of infection
(�3 months), the kinetics of modulation of PD-1 expression on
virus-specific CD8 T cells during the acute phase of infection
(�3 months) is not known. Furthermore, all these studies have
studied PD-1 expression on HIV-specific CD8 T cells in blood,
and there are no data available on the effect of viremia on the
virus-specific CD8 T cells that are present in lymph nodes and
gut mucosal tissue that represent the preferential sites of viral
replication (31). In addition, we submit that in light of the
recent adverse events with an immunomodulatory antibody to
CD28 (36), it will be imperative to thoroughly evaluate the
safety and therapeutic efficacy of in vivo blockade of the PD-
1:PDL immunomodulatory pathway using an appropriate sub-
human primate model before this approach can be tested in
HIV-infected people.

Here, using a macaque/SIV model, we studied the temporal
expression of PD-1 on SIV Gag-specific CD8 T cells in blood,

lymph nodes, and rectal mucosal tissue following infection with
pathogenic SIV239 or SHIV. We also study the temporal ex-
pression of PD-1 on SIV-specific CD8 T cells in blood after
vaccination with a replication-defective DNA/modified vac-
cinia virus Ankara (DNA/MVA) vaccine and after a patho-
genic SHIV challenge of these vaccinated macaques to under-
stand the relationship between PD-1 expression and viral
control. In addition, we performed in vitro studies to evaluate
the effect of blockade of the PD-1:PDL pathway on the func-
tion of SIV-specific CD8 and CD4 T cells during chronic in-
fection.

MATERIALS AND METHODS

Study group. Three groups of Indian rhesus macaques were studied: unvacci-
nated SIV-infected macaques, unvaccinated SHIV 89.6P-infected macaques, and
DNA/MVA-vaccinated SHIV 89.6P-challenged macaques. Most of these ma-
caques were described before (2–4, 34), and the information relevant to this
study is outlined in Table 1. All macaques selected for this study express the
macaque major histocompatibility complex I molecule Mamu A*01, and the
selection was based on the availability of cells for analyses. These macaques were
housed at the Yerkes National Primate Research Center and were cared for
under guidelines established by the Animal Welfare Act and the NIH Guide for
the Care and Use of Laboratory Animals using protocols approved by the Emory
University Institutional Animal Care and Use Committee.

Isolation of cells from blood, lymph nodes, and rectal biopsies. Peripheral
blood mononuclear cells (PBMC) from blood were isolated according to stan-
dard procedures as described before (3). Lymphocytes from peripheral lymph
nodes were isolated as described before (4). Lymphocytes from pinch biopsies
from the rectum were obtained by digestion with collagenase followed by a
separation step using percoll gradients as described before (12). Briefly, 10 to 20
pinch biopsies were collected in complete RPMI and washed two times with
ice-cold Hanks’ balanced salt solution. Biopsies were digested with 200 units/ml
of collagenase IV (Worthington, Lake wood, NJ) and DNase I (Roche, India-
napolis, IN), passed through decreasing sizes of needles (16-, 18-, and 20-gauge,
five to six times with each needle), and filtered through a 100-�m filter. Cells
were suspended in 35% percoll, underlayed with 60% percoll, and centrifuged at
2,500 rpm for 30 min. Cells from the interface were collected, washed, and
resuspended in complete RPMI for analysis.

Measurement of T-cell responses. For tetramer analyses, approximately 1 �
106 PBMC were surface stained with antibodies to CD3 (clone SP34-2; BD
Biosciences, San Diego, CA), CD8 (SK1; Becton Dickinson, San Jose, CA),
anti-human PD-1 (clone EH12) (10), and Gag–CM9 (CTPYDINQM)–Mamu-
A*01 tetramer, each conjugated to different fluorochromes. For some experi-
ments, polyclonal goat antibody against human PD-1 (AF1086; R&D Systems,
Minneapolis, MN) was used. Comparative experiments using the monoclonal
and polyclonal antibodies yielded very similar patterns of staining (data not
shown). Following staining, cells were acquired using either a FACScalibur or
LSRII apparatus (BD Biosciences, San Jose, CA). Initial experiments used an

TABLE 1. Study groups: vaccinations, challenge infections, and macaque ID numbers

Group Treatmenta (reference) Macaque ID nos.

Unvaccinated, SIV infected SIV239, i.v., 1,000 TCID50 (unpublished) RCv7, RHr7, RNr7, RYi7, RGt9,
RZr9, RJu9, REt9

SIV251, intrarectal (unpublished) RPw9, RQj9, RRk10, RYd9
Unvaccinated, SHIV 89.6P infected SHIV 89.6P, intrarectal, 20 monkey ID50

(unpublished)
ROj8, RWf9, RQj8, RKe8, RSn9,

REb9
SHIV 89.6P (2, 4) RGy5, RJn6

DNA/MVA vaccinated DNA prime MVA boost expressing SHIV 89.6
Env (4) and/or SIV Gag-Pol (3)

RBr5, RQf5, RAj5, RJi5, RAl5, RDe5

DNA prime MVA boost expressing SIV Gag-Pol
and Env (unpublished)

ROw7, RLk7, RNi7, RGd8, RLs8

DNA/MVA vaccinated, SHIV 89.6P
infected

DNA prime MVA boost, SHIV 89.6P, intrarectal,
20 monkey ID50 (4)

RBr5, RQf5, RAj5, RJi5, RAl5, RDe5,
RIm5, RIi5, RKw5

DNA prime MVA boost, SHIV 89.6P, intrarectal,
20 monkey ID50 (3)

ROv4, RAv4, RQk5, RDV4

a Abbreviations: i.v., intravenous; TCID50, 50% tissue culture infective dose; ID50, 50% infectious dose.
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isotype control antibody (mouse immunoglobulin G1) to determine PD-1-posi-
tive and -negative cells. For proliferation assays, PBMC were prestained with
carboxyfluorescein diacetate succinimidyl ester (CFSE) as described before (32),
and approximately 1 � 106 PBMC were stimulated in 24-well plates in a volume
of 1 ml in RPMI containing 10% human serum at 37°C under 5% CO2 for 6 days.
Cells were stimulated with P11C peptide at a final concentration of 0.1 �g/ml or
pooled peptides spanning the entire SIV Gag protein (single pool of 125 pep-
tides; catalog number 6204; NIH AIDS Research and Reference Reagent Pro-
gram) at a concentration of 1.0 �g/ml. Unstimulated cells in the presence and
absence of blocking antibody served as negative controls. Where blocking anti-
body was used, duplicate cultures were set up and anti-human PD-1 antibody
(clone EH12) was added to a final concentration of 10 �g/ml 30 min before the
addition of the stimulus. Recombinant human interleukin-2 (Roche, Indianap-
olis, IN) was added on day 3 to a final concentration of 100 units/ml. At the end
of 6 days in culture, the cells were stained on the surface for CD3-phycoerythrin,
CD8-peridinin chlorophyll a protein, and Gag-CM9 tetramer–allophycocyanin,
acquired on a FACSCalibur, and analyzed using FlowJo software (Treestar, Inc.,
San Carlos, CA). In some experiments, the cells were permeabilized and stained
for intracellular perforin using anti-perforin–fluorescein isothiocyanate (clone
Pf-344; MABTECH, Cincinnati, OH) and granzyme B-A700 (clone GB11; BD
Biosciences, San Diego, CA). For these experiments, cells were not prestained
with CFSE and acquired on LSRII.

Quantitation of SIV and SHIV copy number. The SIV or SHIV copy number
was determined using a quantitative real-time PCR as previously described (4,
19). All specimens were extracted and amplified in duplicates, with the mean
results reported.

Statistical analyses. The Wilcoxon rank sum test was used for comparison of
PD-1-positive cells in blood of control versus vaccinated groups, because data
failed to meet the normality assumption. The Bonferroni method was used to
adjust P values for multiple comparisons. All the reported P values are after

adjustments. The Student t test was used for comparison of PD-1-positive cells in
tissues. A matched paired Student t test was used for comparison within the
group. A two-sided P value of �0.05 was considered statistically significant.
Spearman’s rank correlation test was used to assess the relationship between
viral load and percentage of PD-1-positive cells. Statistical analyses were per-
formed using software programs SAS 9.1 and S-PLUS 7.0.

RESULTS

PD-1 expression is elevated on SIV Gag-specific CD8 T cells
following pathogenic SIV or SHIV infection. We studied the
temporal expression of PD-1 on total and SIV-specific CD8 T
cells at various times during the acute phase following infection
with SIV239 in macaques to understand the role of PD-1
expression and its relationship with viremia. Prior to infection,
a significant proportion (40 to 50%) of total CD8 T cells
expressed PD-1 (Fig. 1A and B). PD-1 expression was predom-
inantly restricted to memory cells and was absent on naı̈ve CD8
T cells (data not shown). Following infection, the frequency of
PD-1-positive total CD8 T cells did not change significantly
over the initial 12 weeks (Fig. 1B). A similar pattern was also
observed for the mean fluorescence intensity (MFI) of PD-1
expression on these CD8 T cells in blood. In contrast to PD-1
expression on total CD8 T cells, at 2 weeks after SIV infection
the majority (�97%) of SIV Gag CM9 tetramer-specific CD8

FIG. 1. PD-1 expression on total and SIV Gag-specific CD8 T cells following pathogenic SIV or SHIV infection. (A) Fluorescence-activated
cell sorter (FACS) plots representing the expression of PD-1 on total and SIV Gag CM9 tetramer-specific CD8 T cells in blood from a
SIV251-infected macaque. PBMC were stained on the surface with antibodies to human CD3, CD8 and PD-1, and SIV Gag-CM9 tetramer.
CD8-positive cells (CD3�, CD8�) and tetramer-positive cells were analyzed for expression of PD-1. The open and filled histograms represent PD-1
expression on total and tetramer-specific CD8 T cells, respectively. The numbers on the FACS plots represent the frequency of tetramer-positive
cells as a percentage of total CD8 T cells. (B) Summary of frequency of PD-1-positive cells and the MFI of PD-1 on total CD8 T cells at various
times following SIV251 infection. (C) Summary of frequency of PD-1-positive cells and the MFI of PD-1 on tetramer-positive cells at various times
following SIV251 infection. The data represent the mean values for four macaques. Error bars represent standard deviations. (D) Summary of the
frequency of PD-1-positive cells as a percentage of tetramer-positive CD8 T cells at 12 weeks following infection. (E) Fold increase in the MFI
of PD-1 on Gag-CM9 tetramer-positive cells over the MFI for total CD8 T cells in respective macaques at 12 weeks after infection. Each symbol
represents an individual macaque.
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T cells were positive for PD-1 expression (Fig. 1A and C).
These cells not only remained PD-1 positive over the initial 2
weeks postinfection, but also the density of PD-1 expression
per cell (as measured by the MFI) increased two- to threefold
from 2 to 12 weeks (Fig. 1C). A similar pattern was also
observed for macaques infected with pathogenic SHIV 89.6P
(Fig. 1D and E). These results demonstrate that the majority of
SIV-specific CD8 T cells express PD-1 following a pathogenic
SIV or SHIV infection, and the expression of this marker on
these antigen-specific cells increases with time.

Higher frequencies of PD-1-positive CD8 T cells in lymph
nodes and rectal mucosal tissue compared to blood in SHIV-
infected macaques. We next studied expression of PD-1 on
total and SIV-specific CD8 T cells in lymph nodes and rectal
tissue, the two major sites of SIV and HIV replication during
the chronic phase of infection (31). These analyses were per-
formed on four normal uninfected and three SHIV 89.6P-
infected macaques (Fig. 2). In normal macaques about 20 to
30% of total CD8 T cells in the lymph nodes expressed PD-1.
This frequency was lower than the frequency of PD-1-positive
CD8 T cells in blood in these macaques (Fig. 2B). However,
the frequency of PD-1-positive CD8 T cells in the rectal mu-
cosal tissue was similar to the frequency of PD-1-positive cells
in blood (Fig. 2B). In SHIV-infected macaques about 50% of
the total CD8 T cells in lymph nodes and 80% of the total CD8
T cells in rectal mucosal tissue expressed PD-1 (Fig. 2B). These
levels in the SHIV-infected macaques were significantly higher
than the levels observed in the normal macaques at these sites
(P � 0.01). Similar to blood, the majority (�99%) of SIV
Gag-CM9 tetramer-specific CD8 T cells in lymph nodes and
rectal mucosal tissue expressed PD-1. However, the MFI of
PD-1 expression on tetramer-specific CD8 T cells in these
tissue was about twofold higher than the MFI of tetramer-
specific cells in blood of respective macaques (Fig. 2A and data
not shown). These results demonstrate that PD-1 expression is
markedly higher on SIV-specific CD8 T cells in lymph nodes
and rectal mucosal tissue compared to blood. They also suggest
that the pathogenic SHIV infection increases the frequency of
PD-1-positive total CD8 T cells in lymph nodes and rectal
mucosa but not in blood of infected macaques.

Enhanced proliferation of SHIV-specific CD8 T cells follow-
ing in vitro blockade of the PD-1:PDL pathway. We next per-
formed in vitro experiments to evaluate the effect of blockade
of the PD-1:PDL pathway on the proliferative capacity of SIV-
and SHIV-specific CD8 T cells. PBMC obtained at 12 weeks
after infection were used for these analyses. Blocking experi-
ments were performed using a blocking antibody to PD-1.
Stimulation with P11C peptide resulted in a 5- to 90-fold en-
hancement in the frequency of Gag-CM9 tetramer-positive
cells (Fig. 3A and B). Blockade of PD-1 resulted in further
enhancement in the proliferative capacity of these SIV-specific
CD8 T cells in 8 out of the 14 macaques tested (Fig. 3A and B).
This enhancement ranged from two- to threefold over the
enhancement observed in the absence of blocking antibody.
Similar enhancement was also observed using a combination of
antibodies to PD-L1 and PD-L2 (data not shown). No prolif-
eration was observed in the absence of P11C peptide and the
presence of blocking antibody alone (Fig. 3A and data not
shown). The majority (�95%) of Gag-CM9 tetramer-positive
cells that was present at the end of stimulation with P11C

peptide expressed granzyme B and perforin (Fig. 3C). How-
ever, the MFI for granzyme B and perforin on tetramer-posi-
tive cells was marginally higher in the presence of blocking
antibody (P � 0.05) (Fig. 3C and D). These results demon-
strate that in vitro blockade of the PD-1:PDL pathway en-
hances the proliferative capacity of SIV-specific CD8 T cells
from macaques chronically infected with a pathogenic SIV or
SHIV.

Low levels of PD-1 expression on SIV-specific memory CD8
T cells elicited via immunization. We next studied the temporal
expression of PD-1 on SIV Gag-specific CD8 T cells at various
times following vaccination to understand the relationship be-
tween antigen persistence and PD-1 expression in macaques.
PD-1 expression on the SIV Gag CM9 tetramer-specific CD8 T
cells was measured in a cohort of macaques that were vaccinated
with a replication-defective DNA/MVA vaccine expressing SIV
gag-pol and HIV env. PD-1 expression was measured at the peak

FIG. 2. PD-1 expression on total and SIV Gag-specific CD8 T cells
in lymph node and rectal mucosal tissue. (A) Fluorescence-activated
cell sorter (FACS) plots representing the expression of PD-1 on total
(open histograms) and SIV Gag CM9 tetramer-specific (filled histo-
grams) CD8 T cells in blood, lymph node, and rectal mucosal tissue
from a SHIV-infected macaque. Cells were stained on the surface with
antibodies to human CD3, CD8 and PD-1, and SIV Gag-CM9 tet-
ramer. CD8-positive cells and tetramer-positive cells were analyzed for
expression of PD-1. The numbers on the FACS plots represent the
frequencies of tetramer-positive cells as a percentage of total CD8 T
cells. (B) Summary of PD-1 expression on total and tetramer-positive
CD8 T cells in blood, peripheral lymph node, and rectal mucosal tissue
from normal and SHIV-infected macaques. For SHIV-infected ma-
caques, analysis was performed at 12 weeks after infection. Each sym-
bol represents an individual macaque.
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(1 week after the MVA boost) and memory phases (2 to 6 months
after the MVA boost) following vaccination. As shown in Fig. 4,
the majority (60 to 98%, with a mean of 83% for the group) of
vaccine-elicited peak effector Gag-specific CD8 T cells expressed
PD-1. These levels were lower than the levels observed on SIV-
specific CD8 T cells during chronic SIV or SHIV infection (Fig.

1). However, a lower proportion of memory cells (30 to 87%, with
a mean of 59%) expressed PD-1 than the peak effector cells (P �
0.003) (Fig. 4A and B). Consistent with their PD-1 expression
levels, in vitro blockade of PD-1 did not enhance the proliferative
capacity of SIV Gag-specific memory cells in four out of the four
tested macaques (Fig. 4C). These results demonstrate that the

FIG. 3. Effect of in vitro blockade of PD-1 on SIV-specific CD8 T cells in SIV- or SHIV-infected macaques. (A) Fluorescence-activated cell
sorter plots representing the frequency of Gag-CM9 tetramer-positive cells following stimulation in vitro. PBMC were prestained with CFSE and
stimulated for 6 days with P11C peptide in the absence and presence of anti-PD-1 blocking antibody. Unstimulated cells (Nostim) in the presence
and absence of blocking antibody served as negative controls. At the end of 6 days, cells were stained on the surface for CD3, CD8, and Gag-CM9
tetramer, acquired on a FACSCalibur, and analyzed using FlowJo software (Treestar, Inc., San Carlos, CA). Cells were gated on CD3 and analyzed
for expression of CD8 and tetramer binding. The numbers on the plots represent the frequency of tetramer-positive cells as a percentage of total
CD8 T cells. (B) Summary of proliferation data for SIV- or SHIV-infected macaques. Fold increase (frequency of tetramer-positive cells in
stimulated cultures over unstimulated cultures) in the frequency of tetramer-positive cells is plotted for each macaque. Each symbol represents an
individual macaque. (C) Granzyme B and perforin expression on tetramer-positive cells following in vitro stimulation in the presence and absence
of blocking antibody. PBMC were stimulated for 6 days with P11C peptide in the absence and presence of anti-PD-1 blocking antibody.
Unstimulated cells (Nostim) served as negative controls. At the end of 6 days cells, were stained on the surface for CD3, CD8, and Gag-CM9
tetramer. Cells were then fixed, permeabilized, and stained for intracellular perforin and granzyme B and acquired on an LSRII apparatus. Cells
were gated on CD3, CD8, and tetramer and analyzed for expression of granzyme B or perforin. The gray filled histograms and black open
histograms represent expression on P11C-stimulated cells in the absence and presence of anti-PD-1 blocking antibody, respectively. The gray open
histograms represent expression on total CD8 T cells in unstimulated cultures. (D) Summary of granzyme B and perforin data for three
SHIV-infected macaques.
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majority of SIV Gag-specific CD8 T cells elicited by a DNA/
MVA vaccine express PD-1 during the peak effector phase, but a
significant proportion of them downregulate PD-1 expression as
they differentiate into memory.

High level of PD-1 expression per cell correlates directly
with viremia following pathogenic SHIV challenge. We evalu-
ated the PD-1 expression on SIV Gag-specific CD8 T cells in
unvaccinated and DNA/MVA-vaccinated macaques following

pathogenic SHIV infection to understand the relationship be-
tween PD-1 expression and viral control. Macaques challenged
with SHIV 89.6P were used for these analyses. At 2 weeks
following challenge, both vaccinated and unvaccinated ma-
caques had high levels of viremia. Vaccinated macaques rap-
idly controlled the virus by 8 to 12 weeks, while unvaccinated
controls failed to control viremia (Fig. 5A) (3, 4). PD-1 expres-
sion was measured at 2 and 12 weeks after the SHIV challenge.
At 2 weeks following challenge, the majority (�95%) of SIV
Gag CM9 tetramer-specific CD8 T cells from both vaccinated
and unvaccinated macaques were positive for PD-1 expression
(Fig. 5B and C). At this time only a small proportion of them
(�5%) expressed elevated levels of PD-1 (PD-1hi) in both
groups (Fig. 5B). However, by 12 weeks after challenge a
marked difference was observed between vaccinated and un-
vaccinated monkeys: while most SIV Gag-specific cells ex-
pressed PD-1 in all monkeys, a significant difference in the
frequencies of PD-1 expression was noted between vaccinated
versus unvaccinated infected animals (Fig. 5C). In addition,
more readily apparent was a markedly higher proportion of
antigen-specific CD8 T cells that showed elevated expression
of PD-1 (PD-1hi) in macaques that failed to control the chal-
lenge infection, whereas such PD-1hi cells were less frequent in
vaccinated macaques (P � 0.05) (Fig. 5D). In 6 out of the 8
unvaccinated SHIV-infected macaques, greater than 25% of
the total PD-1-positive Gag tetramer-specific cells were PD-
1hi, whereas this was true for only 2 out of the 13 vaccinated
SHIV-infected macaques. A similar situation was also ob-
served in unvaccinated SIV-infected macaques. A significant
positive correlation was observed between the frequency of
PD-1hi cells and plasma viremia (P � 0.01; r � 0.43) (Fig. 5E).
These results clearly demonstrate that the virus-specific CD8 T
cells further elevate PD-1 expression in the presence of high
levels of persistent viremia, and the level of PD-1 expression
per cell rather than just PD-1 expression correlates with loss of
viral control.

Enhanced proliferation of SIV-specific CD4 T cells following
in vitro blockade of the PD-1:PDL pathway. We next per-
formed in vitro blockade experiments to evaluate the effect of
blockade of the PD-1:PDL pathway on the proliferative capac-
ity of SIV-specific CD4 T cells. PBMC obtained at 12 weeks
after SIV infection were used for these analyses. A significant
proportion of total CD4 T cells from SIV-infected macaques
expressed PD-1 (Fig. 6A). Stimulation with a peptide pool
specific for SIV Gag resulted in proliferation of Gag-specific
CD4 T cells, and blockade of PD-1 enhanced the proliferative
capacity of these cells in six out of the eight macaques tested
(Fig. 6B and C). This enhancement ranged from two- to three-
fold over the proliferation observed in the absence of blocking
antibody. These results demonstrate that in vitro blockade of
the PD-1:PDL pathway enhances the proliferative capacity of
SIV-specific CD4 T cells from macaques chronically infected
with a pathogenic SIV.

DISCUSSION

As described above, there is compelling evidence that
chronic LCMV and HIV infections cause upregulation of PD-1
on virus-specific T cells and that blockade of the PD-1:PD-1
ligand pathway markedly improves T-cell function in vivo and

FIG. 4. PD-1 expression on total and SIV Gag-specific CD8 T cells
following vaccination with a DNA/MVA SIV vaccine. (A) Fluores-
cence-activated cell sorter plots representing the expression of PD-1
on total and SIV Gag CM9 tetramer-specific CD8 T cells in blood from
a macaque vaccinated with DNA/MVA vaccine. PBMC were stained
on the surface with antibodies to human CD3, CD8 and PD-1, and SIV
Gag-CM9 tetramer. CD8-positive cells and tetramer-positive cells
were analyzed for expression of PD-1. The gray filled histograms and
black open histograms represent PD-1 expression on total and tet-
ramer-specific CD8 T cells, respectively. (B) Summary of PD-1 expres-
sion on tetramer-positive CD8 T cells at the peak (1 week) and mem-
ory (6 months) phases following the MVA boost. (C) Summary of MFI
of PD-1 on tetramer-positive CD8 T cells at the peak (1 week) and
memory (6 months) phases following the MVA boost. (D) Effect of in
vitro blockade of PD-1 on the proliferative capacity of SIV Gag CM9
tetramer-specific memory cells. Cells were stimulated, stained, and
analyzed as described for Fig. 3. Fold increase (frequency of tetramer-
positive cells in stimulated cultures over unstimulated cultures) in the
frequency of tetramer-positive cells is plotted for each macaque. Each
symbol represents an individual macaque.
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in vitro, respectively. Availing the unique model of pathogenic
lentiviral infection in nonhuman primates, we were able to
evaluate the temporal expression of PD-1 on SIV-specific T
cells during acute and various stages of chronic SIV infection
not only in blood but also at sites of preferential virus replica-

tion in the macaque model of AIDS. This enabled us to un-
derstand the kinetics and level of PD-1 expression on virus-
specific T cells at different anatomic locations in the body and
the relationship between PD-1 expression and viral control.
Our results demonstrate that immediately following SIV infec-

FIG. 5. PD-1 expression following SHIV challenge in unvaccinated and DNA/MVA-vaccinated macaques. (A) Viral RNA levels in plasma
following SHIV challenge. (B) Fluorescence-activated cell sorter plots representing expression of PD-1 on total and SIV Gag CM9 tetramer-
specific CD8 T cells in blood from unvaccinated (control) and DNA/MVA-vaccinated macaques at 2 and 12 weeks after SHIV 89.6P challenge.
PBMC were stained on the surface with antibodies to human CD3, CD8 and PD-1, and SIV Gag-CM9 tetramer. CD8-positive cells and
tetramer-positive cells were analyzed for expression of PD-1. The contour plots and black dots represent PD-1 expression on total and
tetramer-specific CD8 T cells, respectively. The boxes on the plots represent PD-1lo (left) and PD-1hi (right) cells. The numbers on the plots
represent the frequency of PD-1hi cells as a percentage of total tetramer-positive cells. (C) Summary of the frequency of PD-1-positive cells as a
percentage of tetramer-positive CD8 T cells at 12 weeks following SIV or SHIV infection in unvaccinated SIV-infected (control SIV), unvaccinated
SHIV-infected (control SHIV), and DNA/MVA-vaccinated SHIV-infected (vaccinated SHIV) macaques. (D) Summary of frequency of PD-1hi

cells on tetramer-positive CD8 T cells at 12 weeks after SIV or SHIV infection. (E) Correlation between the frequency of PD-1hi cells and plasma
viral load at 12 weeks after infection in unvaccinated SIV-infected, unvaccinated SHIV-infected, and DNA/MVA-vaccinated SHIV-infected
macaques. The MFI of PD-1 on tetramer-positive cells could not be used for comparisons between groups because these analyses were performed
using different batches of antibody that resulted in differences in staining intensity. Each symbol represents an individual macaque.
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tion, the majority of SIV Gag-specific CD8 T cells express
PD-1 and further enhance the density of PD-1 expression per
cell over time. In addition, the level of PD-1 expression on
SIV-specific CD8 T cells in lymph node and gut mucosal tissue
was markedly higher compared to the level on SIV-specific
CD8 T cells in blood. Since lymph nodes and gut are the major
sites for replication during chronic SIV and HIV infections
(31), these results demonstrate a clear correlation between the
density of PD-1 expression on virus-specific CD8 T cells and
the site of predominant virus replication and likely point to a
potential functional relation.

Furthermore, the frequency of PD-1-positive total CD8 T
cells in blood did not increase significantly following SIV in-
fection. Similarly, the frequency of PD-1-positive total CD8 T
cells in blood did not differ between healthy uninfected and
SIV- or SHIV-infected macaques (data not shown). However,
the frequency of these cells in lymph nodes and rectal mucosal
tissue was significantly higher in SHIV-infected macaques than
in uninfected macaques. These results demonstrate that large
numbers of PD-1-positive total CD8 T cells accumulate at sites
of preferential virus replication but not in blood following
SHIV infection as well, suggesting that these results were not
restricted to specific lentiviral isolates but a generalized finding
of pathogenic lentiviral infection. The presence of high levels
of PD-1-positive total CD8 T cells in lymph nodes and rectal
mucosal tissue could be due to hyperimmune activation of
these cells at these sites.

The potential functional implication of this PD-1 upregula-
tion was investigated, and the blockade of the PD-1:PDL path-

way in vitro unequivocally enhanced the proliferative capacity
of virus-specific CD8 T cells, demonstrating that the PD-1:
PDL inhibitory pathway may be operational during chronic
SIV infection. In vitro blockade of the PD-1:PDL pathway not
only resulted in enhanced proliferation of SIV-specific CD8
cells but resulted in higher levels of granzyme B and perforin
expression by these proliferating cells, suggesting that these
cells may have better cytolytic potential. These results strongly
suggest that the PD-1:PDL pathway may play an important
role in regulating CD8 T-cell dysfunction during pathogenic
SIV infection in macaques. Our results in SIV- and SHIV-
infected macaques are similar to those that have recently been
reported in HIV-infected people (9, 30, 38). Collectively, these
results strongly suggest that in vivo blockade of the PD-1:PDL
pathway may enhance the frequency and functional quality of
HIV/SIV-specific CD8 T cells that may provide therapeutic
benefit. Based on the higher levels of PD-1 expression on CD8
T cells in lymph node and gut mucosal tissue than in blood, our
results also suggest that the inhibitory effects of the PD-1:PDL
pathway may be more pronounced on virus-specific CD8 T
cells that reside at these nonsystemic compartments, and our
data underscore the added difficulty in having to deliver po-
tential inhibitors of this pathway in vivo to these sites in addi-
tion to systemic compartments.

The mechanistic implications of PD-1 upregulation were
highlighted further by the recognition that SIV Gag CM9 tet-
ramer-specific CD8 T cells elicited by a replication-defective
DNA/MVA vaccine, unlike similar cells analyzed during
chronic infection, failed to exhibit such sustained and marked

FIG. 6. Effect of in vitro blockade of PD-1 on SIV-specific CD4 T cells in SIV-infected macaques. (A) Fluorescence-activated cell sorter
(FACS) plots representing the expression of PD-1 on total CD4 T cells in blood from a SIV-infected macaque. PBMC were stained on the surface
with antibodies to human CD3, CD4, CD8, and PD-1. CD3�, CD4�, and CD8	 cells were analyzed for expression of PD-1. (B) FACS plots
representing the frequency of Gag-specific CD4 T cells following stimulation in vitro. PBMC were prestained with CFSE and stimulated for 6 days
with Gag peptide pool in the absence and presence of anti-PD-1 blocking antibody. Unstimulated cells (Nostim) served as negative controls. At
the end of 6 days cells were stained on the surface for CD3, CD8, and intracellular Ki-67, acquired on a FACSCalibur, and analyzed using FlowJo
software (Treestar, Inc., San Carlos, CA). CD4 cells (CD3�, CD8	) were analyzed for CFSE dilution and Ki-67 expression. The numbers on the
plots represent the frequency of CFSE	, Ki-67� cells as a percentage of total CD4 T cells. (C) Summary of proliferation data for SIV-infected
macaques. Fold increase (frequency of CFSE-negative, Ki-67-positive cells in stimulated cultures over unstimulated cultures) in the frequency of
Gag-specific cells is plotted for each macaque. Each symbol represents an individual macaque.
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expression of PD-1. These results suggest that antigen persis-
tence does play a role in this phenomenon and elimination of
such high antigenemia results in a decrease of PD-1 expression
on antigen-specific memory T cells. Interestingly, though, this
downregulation was a slow process and occurred over several
months, although MVA is known to persist only for a short
period of time (16). These results demonstrate that SIV-spe-
cific CD8 T cells express PD-1 following exposure to antigen,
and the level of antigen persistence determines the frequency
of PD-1-positive cells as well as the density of PD-1 expression
per cell. Following vaccination, as the antigen is being cleared,
antigen-specific CD8 T cells downregulated PD-1 expression,
whereas following infection, under continued persistence of
antigen, they further enhanced PD-1 expression. Consistent
with the level of PD-1 expression, in vitro blockade of the
PD-1:PDL pathway enhanced the proliferative capacity of vi-
rus-specific CD8 T cells following chronic infection but not
following vaccination. Thus, our results strongly suggest that
the level of PD-1 expression per cell rather than the presence
or absence of PD-1 expression may determine the inhibitory
effects of the PD-1:PDL pathway.

Temporal expression studies following SHIV challenge in
unvaccinated and DNA/MVA-vaccinated macaques revealed
that soon after challenge (week 2) the majority of Gag-specific
CD8 T cells express PD-1. However, the level of PD-1 expres-
sion on these cells was further elevated (PD-1hi) only in those
macaques that failed to control the challenge infection by 6 to
12 weeks. A significant positive correlation was observed be-
tween the frequency of PD-1hi cells and plasma viremia but not
between the frequency of total tetramer-specific PD-1-positive
cells and plasma viremia (data not shown). These results again
confirm the results that were obtained following chronic SIV
infection, clearly demonstrating that in the presence of persist-
ing levels of viral antigen/infection virus-specific CD8 T cells
elevate the density of PD-1 expression per cell.

Of interest was also the finding that CD4 T cells from SIV-
infected macaques express PD-1, and in vitro blockade of the
PD-1:PDL pathway restores the function of SIV-specific CD4
T cells. These results suggest that in vivo blockade of the
PD-1:PDL pathway may increase the frequency of virus-spe-
cific CD4 T cells and restore their function. Restoration of
CD4 T-cell function during chronic SIV infection may have
positive as well as negative effects. The enhanced CD4 help
may enhance the CD8 T-cell function and affinity maturation
of antibody that may help to improve control of virus replica-
tion. On the other hand, the enhanced CD4 response may
provide more targets for virus replication, as HIV-specific CD4
T cells have been shown to be the preferential targets for virus
replication (11). A balance of these positive and negative ac-
tivities may determine the therapeutic benefit, and our results
suggest that in vivo blockade approaches may need to be per-
formed in combination with antiviral drug therapy.

In conclusion, our results demonstrate that the PD-1:PDL
inhibitory pathway is operational during chronic SIV infection
and suggest that in vivo blockade of the PD-1:PDL pathway
may enhance the magnitude and functional quality of SIV-
specific CD8 and CD4 T cells that may provide therapeutic
benefit. They also suggest that the SIV/macaque model of
AIDS would be an ideal model to test the safety and thera-
peutic benefit of in vivo blockade of the PD-1:PDL pathway. In

addition, they suggest that the blockade may be more effective
in the chronic rather than the acute phase of infection, e.g.,
between 6 and 12 weeks rather than 2 weeks after infection, by
which time the level of PD-1 expression per cell is elevated.
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