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Abstract
High-level T-cell expression of PD-1 during SIV infection is correlated with impaired
proliferation and function. We evaluated the phenotype and distribution of T-cells and Tregs
during antiretroviral therapy plus PD-1 modulation (using a B7-DC-Ig fusion protein) and post-
ART. Chronically SIV-infected rhesus macaques received: 11 wk of ART (Group A); 11 wk of
ART plus B7-DC-Ig (Group B); 11 wk of ART plus B7-DC-Ig, then 12 wk of B7-DC-Ig alone
(Group C). Continuous B7-DC-Ig treatment (group C) decreased rebound viremia post-ART
compared to pre-ART levels, associated with decreased PD-1hi expressing T-cells and Tregs in
PBMCs, and PD-1hi Tregs in lymph nodes. It transiently decreased expression of Ki67 and α4β7 in
PBMC CD4+ and CD8+ Tregs for up to 8 wk post-ART and maintained Ag-specific T-cell
responses at low levels. Continued immune modulation targeting PD-1hi cells during and post-
ART helps maintain lower viremia, keeps a favorable T-cell/Treg repertoire and modulates
antigen-specific responses.
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Introduction
T cell exhaustion, which leads to progressive loss of T cell antigen-specific function, is one
of the major hurdles in the efficient treatment of chronic viral infections (1–3) and malignant
neoplastic diseases (4, 5). Programmed death 1 (PD-1), an inhibitory surface co-receptor, is
a member of the CD28/B7 family that is expressed on T cells, B cells and myeloid-derived
cells (6, 7). There are two known ligands of PD-1: PD-L1 (B7-H1) and PD-L2 (B7-DC),
which are expressed on the surface of a variety of hematopoietic (T cells, B cells, dendritic
cells and macrophages) and non-hematopoietic cells (endothelial cells and fibroblasts) (8–
12). Upon ligand-receptor interaction, PD-1 dampens TCR signaling, thus reducing cell
proliferation and cytokine production, while favoring cell anergy and apoptosis (3, 6). PD-1
over-expression has been associated with T cell and Treg dysfunction in a variety of chronic
viral infections such as HCV, HBV, HIV/SIV and LCMV (1, 13–20). Particularly in the
case of HIV infection, increased PD-1 expression on antigen-specific CD4+ and CD8+ T
cells has been associated with T cell exhaustion and disease progression (1), and has been
identified as a unique marker for failing immune reconstitution in HIV patients undergoing
antiretroviral therapy (ART) (21). Similarly, PD-1 expression levels have also been used as
a reliable indicator of low-level HIV-1 and SIV replication (22). Although ART has
decreased the morbidity and mortality associated with HIV infection globally (23), complete
eradication of the viral reservoir (24, 25), as well as reduction of ART-associated side-
effects, remain priorities in the development of new treatment strategies against HIV
infection (26). Similarly, the identification of immunomodulatory therapies that might assist
in viral reservoir eradication and improve Ag-specific immune responses is of great
therapeutic interest.

Given that PD-1 over-expression has been extensively associated with T cell exhaustion,
recent efforts have been directed towards improving T cell functionality during chronic viral
infection and neoplastic malignancies by in vivo PD-1 blockade (2, 27–31). In the present
study, we chose to target PD-1 by using B7-DC-Ig (Amplimmune, Inc.), a fusion protein
consisting of the extracellular domain (ECD) of human B7-DC and the hinge and Fc domain
of human IgG1. Murine B7-DC-Ig (ECD of murine B7-DC fused with the hinge and Fc
domain of murine IgG2a) in combination with cyclophosphamide, has been previously
shown to enhance vaccine-mediated Ag-specific immune responses in a murine TC-1 tumor
model. Furthermore, the enhancement of Ag-specific immune responses was due to a
decrease in the number of tumor-infiltrated Tregs and to an overall decrease in PDhi CD8+ T
cells. Importantly, murine B7-DC-Ig does not block PD-1/PD-L1 interaction or PD-1
detection by flow cytometry, and acts only on cells expressing high amounts of PD-1 on the
cell surface (32). In order to test the potential PD-1 immunomodulatory properties of B7-
DC-Ig in the context of SIV infection, we used chronically SIVmac251-infected rhesus
macaques and treated them with a triple cocktail of antiretroviral drugs with or without
supplemental PD-1 immunomodulation (through the use of B7-DC-Ig). Concurrently, we
also evaluated the impact of continuous PD-1 immunomodulation as a single therapeutic
agent, by continuing B7-DC-Ig treatment for up to 12 wks post-ART release. Because of the
well-documented effects of ART on Tregs and T-cells, throughout the study we evaluated
the phenotype and distribution of both cell types in different tissue compartments and T-cell
functionality. Our results suggest that prolonged in vivo targeting of PD-1 with B7-DC-Ig
during and after ART favors lower systemic viral loads and helps maintain a favorable Treg
and T cell repertoire.
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Materials and Methods
Animals and sample collection

Fourteen naive and twenty-three SIVmac251-positive rhesus macaques, chronically infected
for 23 to 65 weeks, were housed at Advanced BioScience Laboratories, Inc. (ABL;
Kensington, MD) or the NIH Animal Center (Poolesville, MD). Animals were maintained
according to Institutional Animal Care and Use Committee guidelines and the NIH Guide
for the Care and Use of Laboratory Animals. Fifteen of the SIV-infected macaques, recycled
from previous vaccine studies (33, 34) were divided into three treatment groups (Fig. 2A)
based on their previous immunization status, VL and CD4+ T-cell counts. Two macaques in
Groups A and B and one in Group C were Mamu A*01 positive; Group C also contained
one B*08 positive macaque (Fig. 3B–D). ART composition and dosages were previously
described (35). B7-DC-Ig fusion protein (Amplimmune, Inc; Gaithersburg, MD) was
administered intravenously weekly at 10 mg/kg. B7-DC-Ig binding to macaque CD3+ T-
cells was confirmed by direct staining of PBMC with APC-conjugated B7-DC-Ig (data not
shown).

Blood samples were collected by venipuncture of anesthetized animals into EDTA-treated
collection tubes. Peripheral blood mononuclear cells (PBMC) were obtained using Ficoll-
Paque PLUS gradients (GE Healthcare; Piscataway, NJ). Cells were washed and
resuspended at 1×106 cells/ml in R-10 medium (RPMI 1640 containing 10% FBS, 2 mM L-
glutamine, 1% non-essential amino acids, 1% sodium pyruvate and antibiotics). Lymph
node (LN) biopsies were minced, passed through a 40 µm cell strainer, and lysed to remove
red blood cells. Rectal biopsies were digested for 60 min on an orbital shaker in R-10
medium containing 1 mg/mL of collagenase II (Sigma; St Louis, MO). VL in plasma and
rectal tissue were determined by NASBA (36).

Flow Cytometry
Anti-human fluorochrome-conjugated monoclonal antibodies (mAbs) known to cross-react
with rhesus macaques and used in the present study are described in Table 1. Yellow and
aqua LIVE/DEAD viability dyes (Invitrogen; Grand Island, NY) were used to exclude dead
cells. For multiparametric flow cytometry analysis, PBMCs and tissue mononuclear cells
were stained for specific surface molecules, fixed and permeabilized with either the
Transcription Factor Staining Buffer Set (eBioscience; San Diego, CA) or with the Cytofix/
Cytoperm Kit (BD Biosciences; San Jose, CA), and then stained for specific intracellular
molecules. At least 500,000 singlet events (PBMCs) or 30,000 CD3+ singlet events (tissue
mononuclear cells) were acquired on a 4-laser LSR II SORP (BD Biosciences) and analyzed
using FlowJo Software (TreeStar Inc; Ashland, OR). For all samples, gating was established
using a combination of isotype and fluorescence-minus-one controls. Given that PD-1hi cells
are enriched in the LN of SIV-infected macaques, we used LN cells to set up the flow
cytometry gates that differentiate PD-1 negative, dim and high expression levels.

T cell Recall Assays
T cell recall responses were assayed by stimulating 2 × 106 PBMCs with 1 µg/mL SIVmac239
Gag peptide pools (complete sets of 15-mer peptides, overlapping by 11 and spanning the
entire protein; NIH AIDS Research & Reference Reagent Program) for 6 h. Stimulation was
performed in the presence of 10 µg/mL Brefeldin A, 2 µg/mL anti-CD49d and 0.375 µg/mL
PE-Cy7 anti-CD28 (all from BD Biosciences). CD3+ T cells were divided into CD4+ and
CD8+ populations and for each, cells were further subdivided into CD28+ CD95+ central
(CM) and CD28− CD95+ effector memory (EM) cells. Percent cytokine secreting cells
among each memory subset was then determined. Non-stimulated and SEB-treated (5µg/
mL; Sigma) tubes were used as negative and positive controls, respectively. Non-stimulated
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values were subtracted from Gag-stimulated samples to calculate Gag-specific cytokine
secreting cells.

Statistical Analysis
Unless otherwise specified, all data reported were averaged from the number of macaques
indicated in the figure legends. Results are shown as means ± standard errors of the mean.
Data were analyzed using Prism (v5.03, GraphPad Software). A p value of ≤0.05 was
considered statistically significant for each test.

Results
SIV-associated increased levels of PD-1 expression in T cells and Tregs

In order to evaluate the effect of in vivo targeting of the PD-1 pathway during and after
ART, we first analyzed the distribution of PD-1 expressing T cells and Tregs (Fig. 1A) in
peripheral blood mononuclear cells (PBMCs) and lymph nodes (LN). As previously
reported (22), compared to naïve macaques, the frequency of total PD-1 expression in
PBMCs of SIV-infected macaques was increased in both CD4+ and CD8+ T cells, without a
significant increase in CD4+ or CD8+ Tregs (Fig. 1B). Interestingly, when evaluating LN of
SIV-infected macaques, a significant increase in total PD-1 expression was observed in both
T cells and Tregs when compared to naïve animals (Fig. 1C). Similar to previous reports
(22), we confirmed that PD-1 is differentially expressed within CD4+ and CD8+ T cell
subsets in naïve animals, and significantly increased in CD4+ and CD8+ central memory T
cells of SIV-infected macaques (Fig. 1D). Given that PD-1 expression in T cells and Tregs
follows a bimodal distribution (Fig. 2A), and that PD-1hi cells represent an anergic
population of T cells that can be directly targeted by murine B7-DC-Ig in vivo treatment
(32), we separated dimly (PD-1dim) and highly (PD-1hi) PD-1-expressing T cells and Tregs
in SIV-infected macaques. We initially observed that PD-1 expression in CD4+ T cells and
Tregs in SIV-infected macaques was significantly elevated in the PD-1hi subset compared to
naïve macaques, both in PBMCs (Fig. 2B) and LN (Fig. 2C). Similarly, CD8+ PD-1hi T cells
(PBMC and LN) and Tregs (LN only) were also significantly increased (p<0.05) in SIV-
infected macaques when compared to naïve animals (data not shown). Notably, PD-1hi

CD4+ T cells and Tregs in the LN of SIV-infected macaques represented approximately 10–
15% of all CD4+ T cells and Tregs, a significant increase when compared to almost
undetectable levels in naïve macaques (p<0.01, Fig. 2D).

Impact of ART and ART plus B7-DC-Ig treatment regimens on plasma and mucosal viral
loads

In preliminary pilot studies we determined that B7-DC-Ig given alone for 4 wks did not
affect plasma viral loads in chronically SIV-infected macaques (data not shown).
Additionally, administration of ART in order to first decrease viremia in chronically infected
macaques followed by 4 wks of B7-DC-Ig treatment alone did not impact viral loads in
comparison to controls (data not shown). Therefore, we decided to study the effect of B7-
DC-Ig treatment given during 11 weeks of ART, and included one group in which B7-DC-Ig
was administered for an extended period of time following ART cessation. For this purpose,
we divided 15 chronically SIV-infected rhesus macaques into 3 treatment groups (Groups:
A, B and C, Fig. 3A). The following treatments were administered to each group: 1) Group
A: 11 wks of daily ART (ART control group); Group B: 11 wks of daily ART plus weekly
doses of B7-DC-Ig (ART + PD-1 modulation group); group C: 11 wks of daily ART plus
weekly doses of B7-DC-Ig, followed by an additional 12 wks of B7-DC-Ig alone (continued
PD-1 modulation group). Figure 3B–D shows plasma and rectal tissue viral loads for each
animal for the duration of the study. In each group, one animal failed to significantly
respond to ART (Fig. 3B–D, underlined codes) and was therefore not included in further
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analyses. Geometric mean plasma viral loads for the remaining 4 animals per group are
shown in Fig. 4A and display a significant response to ART (>90% reduction in plasma and
tissue VL) over the 11 wk period of treatment in all treatment groups. Although plasma viral
loads were reduced to undetectable levels in only some macaques (Fig. 3B–D), rectal tissue
viral loads were undetectable after 8wk of ART in all assayed animals (Fig. 3B–D and Fig.
4B). As expected, upon ART cessation, plasma and rectal tissue viral loads rebounded in all
animals (Fig. 4A–B). Interestingly, macaques in Group C which remained on B7-DC-Ig for
an additional 12 wk were significantly different from macaques in Groups A and B (p=0.03
for the null hypothesis of equal changes in all 3 groups). Group C animals showed a
decrease in median plasma viremia after ART release (wk 13 to 23) compared to median
pre-ART levels (wk −11 to 0), whereas Groups A and B macaques did not (Fig. 4C).

Dynamics of T cell and Treg biodistribution during combined ART and in vivo PD-1
modulation

Given that during chronic SIV infection the proportional distribution and function of CD4+

and CD8+ T cells and Tregs are altered systemically (37, 38), and that ART treatment is
capable of restoring their normal proportional distribution (39, 40), we monitored these cell
populations throughout the duration of the study in PBMCs, LN and rectal tissue. During the
first 8 wks of ART, we observed a significant increase in the proportion of CD4+ T cells
(Fig. 5A) in all tissue compartments assayed. This increase was only transient, and CD4+ T
cells started to decrease proportionally upon ART termination at wk 11. Conversely, CD8+

T cells transiently decreased in proportion (p<0.05, Fig. 5B) in PBMCs and LN during the
first 8 wks of ART. Interestingly, while CD4+ Tregs increased proportionally during the first
8 wks of ART in LN and rectal tissue, they were proportionally decreased in PBMCs
(p<0.05, Fig. 5C). Furthermore, CD8+ Tregs were significantly increased during the first 8
wks of ART only in LN (p<0.01, Fig. 5D). Overall, neither combined (during ART, group
B) nor prolonged (during and after ART, group C) in vivo PD-1 modulation affected the bio-
distribution of CD4+ and CD8+ T cells and Tregs (Fig. 5A–D).

Effect of B7-DC-Ig on PD-1hi T cells and Tregs
Given that murine B7-DC-Ig affects only cells that express high amounts of surface PD-1
(32), and because high levels of PD-1 expression are observed during the chronic stage of
HIV/SIV infection (2), we monitored the proportion of PD-1hi T cells and Tregs during the
course of this study.

Although ART transiently decreased the percentage of PD-1hi expressing CD4+ (Fig. 6A)
and CD8+ (Fig. 6B) T cells within PBMC, only animals treated with B7-DC-Ig decreased
the percentage of PD-1hi T cells to levels comparable to those of naïve animals (Fig. 6A, B
dotted line). Moreover, continuous B7-DC-Ig treatment (Group C) maintained PD-1hi T-
cells at low proportions for up to 12 wks post- ART (Fig. 6A–B, wk 23). Similarly, PD-1hi

Tregs within PBMC were reduced in Groups B and C that received B7-DC-Ig but not by
ART alone (Fig. 6C–D). Although CD8+ PD-1hi Tregs were maintained at low levels after
ART release by continuous B7-DC-Ig treatment (Fig. 6D wks 19 and 23), CD4+ PD-1hi

Tregs were maintained at low levels by continuous B7-DC-Ig treatment for only 2 wks upon
ART release (Fig. 6C). Similarly to results in PBMC, continuous B7-DC-Ig treatment also
maintained significantly lower levels of LN PD-1hi CD4+ and PD-1hi CD8+ Iregs (Fig. 6G–
H), but not T cells (Fig. 6E–F).

Notably, the continuous B7-DC-Ig treatment did not elicit any toxicity. A previous GLP-
compliant pharmacology and toxicology study in naïve healthy cynomolgus monkeys
showed that a 10 mg/kg weekly repeated dose induced anti-drug antibodies (ADA) in only a
small percentage of animals (data not shown). We did not assess ADA here, but the
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extracellular domain of B7-DC is highly conserved between humans, cynomolgus monkeys
and rhesus macaques (≥96% homology) and we did not expect significant antibody
induction that would alter treatment outcomes. This is supported by the continuous effects of
B7-DC-Ig in Group C macaques on PD-1hi T cells and Tregs in PBMC and LN (Fig.
6A,B,D,G,H).

Prolonged B7-DC-Ig treatment transiently modulates Treg phenotype in SIV-infected
macaques and controls the magnitude of Ag-specific T-cell responses

Increased PD-1 expression is a reliable marker of immune cell exhaustion (1, 41) and HIV/
SIV viral replication and disease progression (16). Increased expression of α4β7 (42, 43) and
Ki67 (44, 45) have also been associated with HIV/SIV pathogenesis and immune
dysfunction. We monitored α4β7 and Ki67 co-expression in CD4+ and CD8+ T cells and
Tregs during the course of the study. While no significant changes in the levels of α4β7 and
Ki67 co-expression were observed in conventional T cells, α4β7 and Ki67 co-expression in
CD4+ and CD8+ Tregs within PBMC and LN cells were impacted by continuous B7-DC-Ig
treatment (Fig. 7A–D). Within PBMC, continuous B7-DC-Ig treatment significantly
decreased CD4+ α4β7 Ki67+ Tregs 2 wks post-ART release (Fig. 7A, Group C vs B, wk 13),
while a transient (albeit non-significant) decrease was observed at wk 13 and 19 in CD8+

α4β7 +Ki67+ Tregs (Fig. 7B). In the LN, ART significantly decreased α4β7 and Ki67 co-
expression in CD4+ and CD8+ Tregs of all groups (Fig. 7C–D, wk 8). Continuous B7-DC-Ig
treatment (Group C) maintained double-positive α4β7

+ and Ki67+ CD4+ and CD8+ Tregs at
significantly lower levels for 2 wks post-ART release (Fig. 7C– D, Group C vs B, wk 13).
Group C macaques also exhibited a slower rebound in CD4+ and CD8+ α4 β 7+Ki67+ Tregs
following ART release at week 11. During ART, both groups exhibited low levels of these
cells (Fig. 7C–D, wk 8). However the subsequent increase between wks 8 and 13 in Group B
was significantly greater than that of Group C (p = 0.029).

As increased PD-1 expression on T-cells during the chronic phase of HIV/SIV infection
leads to T-cell exhaustion (1, 3, 41) and because anti-PD-1 therapy has successfully reversed
T-cell exhaustion in cancer and viral infections (15, 46–48) we examined SIV-specific
functional responses of CD4+ and CD8+ T cells over the course of this study. We evaluated
the combined Gag-specific production of IFN-γ, IL-2 and TNF-α in total memory
(CD95+CD28−/+) CD4+ and CD8+ T cells. B7-DC-Ig treatment (Groups B and C)
maintained Gag-specific cytokine production by total memory CD8+ T cells at levels lower
than those observed pre-ART for 2 weeks post-ART (Fig. 7E, wk 13). Moreover, continued
B7-DC-Ig treatment (Group C) maintained lower Gag-specific cytokine responses in total
memory CD8+ T cells for 8 weeks post-ART (Fig. 7E, wk 19). Similar albeit not statistically
significant trends were observed in Gag-specific cytokine production by total memory CD4+

T cells under continuous B7-DC-Ig treatment (Fig. 7F, Group C).

Discussion
The potential use of immunomodulatory compounds during anti-HIV therapy is of great
interest as a means to boost Ag-specific immune responses and to improve the anti-viral
effects of ART and/or therapeutic vaccination (49–51). Although ART has been successful
at increasing the life expectancy of HIV-infected individuals, the severity of ART-related
side effects has prompted investigations of complementary and/or alternative therapeutic
approaches that may lead to use of alternative anti-viral regimens. In this study, we
investigated the immunomodulatory effects of B7-DC-Ig, during and after ART, in
chronically SIV-infected rhesus macaques. We showed that continuous treatment with B7-
DC-Ig caused a moderate overall decrease for up to 12 wks in the median rebound viremia
after ART release when compared to median pre-ART levels. Furthermore, prolonged B7-
DC-Ig treatment was associated with a decreased proportion of PD-1hi expressing CD8+ and
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CD4+ T cells and Tregs in PBMCs, and of PD-1hi Tregs in lymph nodes for up to 12 wks
post-ART. Similarly, prolonged B7-DC-Ig treatment transiently decreased the expression of
Ki67 and α4β7 in PBMC CD4+ and CD8+ Tregs for up to 8 wks post-ART and maintained
Ag-specific T-cell responses at levels lower to those observed pre-ART. Our results suggest
that continuous immune modulation through the PD-1 pathway using prolonged B7-DC-Ig
treatment during and after ART helps maintain lower systemic VL, keeps a favorable Treg
and T cell repertoire and modulates antigen-specific responses.

Despite the fact that in vivo PD-1 blockade has previously been reported to improve Ag-
specific T cell responses during viral infection (15, 27, 46, 52–54), the immunomodulatory
potential of a molecule that selectively targets PD-1hi -expressing cells had not been
evaluated in the context of chronic SIV infection and antiretroviral therapy. Interestingly,
although plasma viral loads decreased similarly during ART in animals treated with and
without B7-DC-Ig, upon ART-release, macaques that continued to receive B7-DC-Ig (group
C) displayed a lower rebound post-ART plasma viral load when compared to pre-ART
values (Fig. 4A and C). Similar, albeit not statistically significant results were observed in
rectal tissue viral loads 2 wks post-ART (Fig. 4B, wk 13). Further, although frequencies of
CD4+ and CD8+ T cells and Tregs fluctuated similarly across all three treatment groups
(Fig. 5), CD4+ and CD8+ PD-1hi T cells and Tregs within PBMCs maintained the lowest
levels with continued B7-DC-Ig treatment post-ART release (Group C, Fig. 6). Our results
are similar to observations in HBV-infected patients, where treatment with pegylated
interferon led to long-lasting decreases in the percentage of circulating Tregs and levels of
PD-1 expression in CD4+ and CD8+ T-cells in patients that responded to treatment (55). The
mechanism(s) leading to the decreased frequency of PD-1hi T –cells and Tregs has not been
determined, but may include inhibition of proliferation of PD-1hi CD4 T cells and Tregs as
previously reported (32). Additionally, preliminary studies using murine B7-DC-Ig in vitro
suggests the possibility of ADCC-mediated clearance of PD-1 over-expressing cells
(Marshall, S.A. et al. manuscript in preparation).

The extent to which the absolute level of viral suppression during ART affected PD-1hi T
cells and Tregs upon ART release requires further study. Although the magnitude of
declines were similar, plasma viral loads in Groups A and C dropped to lower levels than
that of Group B after 11 weeks of treatment, although tissue viral loads became undetectable
in all 3 groups (Fig. 4A–B). In view of the quick viremia rebound in all groups upon ART
release (Fig. 4A), the prolonged maintenance of low level CD4+ and CD8+ PD-1hi T cells
and Tregs in Group C macaques appears unrelated to viral load rebound (Fig. 6). Similarly,
the slower rebound of Group C macaques in α4 β 7+ Ki67+ CD4+ and CD8+ Tregs in LN
over weeks 8 to 13 also appears unrelated to absolute viral suppression, as all groups
exhibited similar low levels of these cells during ART (Fig. 7C–D, wk 8). Several factors
have been shown to influence stronger control of HIV viremia following release of patients
from ART, including not only a low plasma viral load during primary infection, but also a
higher CD4 count and female gender (56). While CD4 counts here were similar among
macaque groups at ART initiation (Fig. 5), two of the 4 macaques in Group C were females.
Further studies using larger group sizes and extended ART to bring viral loads to near
undetectable levels in all animals will be needed to confirm these initial results of B7-DC-Ig
treatment. (Fig. 5)

Previous studies using anti-PD-1 antibodies have shown promising results in the treatment
of cancerous and viral malignancies (5, 15, 27, 28). These approaches are based on the use
of anti-PD-1 antibodies, which target cells that express PD-1 both at dim and high levels.
Although PD-1 has long been considered a marker for cell exhaustion, recent evidence
shows that in the context of chronic SIV infection, PD-1 expression by T cells is more likely
to be related to a specific differentiation or trafficking stage rather than serving by itself as a
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reliable marker of immune exhaustion (57). Given that our B7-DC-Ig-mediated treatment
uniquely targets PD-1hi expressing cells without blocking PD-1-mediated signaling (32), our
therapy targets mostly exhausted PD-1hi -expressing cells, and does not eliminate all PD-1-
expressing T cell subpopulations. Despite this selective targeting of exhausted PD-1hi-
expressing T cells and Tregs, we did not see an improvement of antigen-specific responses
by CD4+ and CD8+ T cells and thus further experiments are needed to directly compare both
anti-PD-1 immunomodulation approaches (PD-1 blockade and B7-CD-Ig treatment) in anti-
cancer and anti-viral models.

We speculate that the lower levels of exhausted cells in Group C led to improved functional
activities, resulting in a slower rate of viral rebound. A decrease in dysfunctional PD-1hi

Tregs could have favored better Treg functionality and better control of immune activation,
therefore reducing the number of targets for SIV infection. Additionally, the decrease in
PD-1hi T-cells in the PBMC compartment could have provided sustained immune control of
viremia following the initial reductions attributable to ART. Moreover, although the ART/
B7-DC-Ig-mediated decrease of CD4+ PD-1hi T-cells in the LN compartment was not
significant (Fig. 4E), follicular helper CD4+PD-1hi T-cells (Tfh) have been recently shown to
accumulate in LN and serve as SIV reservoirs during chronic infection (58–60). Thus, a B7-
DC-Ig-mediated decrease in Tfh abundance may have contributed to the lower rebound in
plasma VL observed. As the current study did not include phenotypic markers for Tfh cells,
future studies need to further assess the impact of B7-DC-Ig on these cells. Furthermore, the
SIV-mediated accumulation of PD-1hi T cells in the LN (Fig. 2D) may reflect the need of a
higher B7-DC-Ig dose for significantly reducing PD-1hi T cells at this location.

Given that α4β7 blockade has previously been shown to reduce plasma and tissue viral loads
in SIV-infected macaques (61), we hypothesize that the reductions in plasma viral loads
observed in our study might also be due to the B7-DC-Ig-induced transient decrease of
α4β7

+ and Ki67+ CD4+ Tregs observed in PBMCs and LN (Fig 7A and C). As Foxp3 (62)
and CD25 are markers of T cell activation, and α4β7

hi memory CD4+ T cells are
preferentially infected by SIV (42), the overall reduction of α4β7- and Ki67-expressing
CD4+CD25+Foxp3 cells might also reflect an overall decrease in SIV target cell availability
and therefore explain the reduction in plasma viral loads observed in group C.

We initially observed that in SIV-infected rhesus macaques, the highest level of PD-1
expression (PD-1hi cells) was exhibited by CD4+ Treg and T cells residing in the LN (Fig.
2D). Given that ART+B7-DC-Ig treatment significantly reduced the percentages of PD-1hi

CD4+ and CD8+ T cells and Tregs within PBMCs (Fig. 6), we expected an overall increase
in the responding capacity of CD4+ and CD8+ T cells in Ag-specific recall assays. However,
as mentioned above, CD4+ and CD8+ T cell Ag-specific immune responses fluctuated
during ART and ART+B7-DC-Ig treatment but were maintained at levels lower than those
at the start of treatment by continuous administration of B7-DC-Ig (Fig. 7E–F). Although
B7-DC-Ig treatment selectively depletes “exhausted” PD-1hi cells, the reduction in SIV
antigenic load caused by ART presumably led to the decline observed in Ag-specific
immune responses. In this regard, it has previously been reported that HIV-infected
individuals receiving ART have a decrease in the magnitude and diversity of their virus-
specific T cell receptor repertoire (63). Furthermore, initiation of ART has also been
correlated with a decrease in the levels of HIV-specific cytotoxic responses of effector and
memory CD8+ T cells (64, 65).

As summarized in recent reviews, the impact of Treg cells on HIV infection and disease
progression is not clear (66, 67). Treg cells may be detrimental, as they suppress viral-
specific immune responses. On the other hand, Treg cells can control immune activation,
thereby decreasing overall pathology as well as the number of target cells available for HIV
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infection. The Treg dichotomy may be best exhibited during the different phases of disease
progression. As hypothesized by Holmes et al., prior to or during acute HIV infection, Treg
cells may decrease viral-specific immunity while increasing the number of available target
cells (68). In contrast, during the chronic phase of infection, Tregs may reduce immune
activation, thereby reducing viremia and slowing T cell loss. Here, in macaques studied
during the chronic phase of infection, we observed no differences in Treg cells among
groups over the course of the study. However, macaques treated with continuous B7-DC-Ig
exhibited prolonged maintenance of a lower level of PD-1hi Tregs. Loss of these
dysfunctional, exhausted cells could have provided enhanced function relative to the other
groups of macaques, leading to better control of immune activation and better control of
rebound viremia as we observed. Our results thus support the hypothesis of Holmes et al.
(68). We expect that treatment with ART earlier in the disease course together with
prolonged treatment with the B7-DC-Ig immune modulator might have more profound
effects on viremia outcome and allow better discrimination of effects on immune response
and disease progression.
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Highlights

B7-DC-Ig modulates PD-1hi cells in SIV-infected macaques during and post-ART
Continued PD-1 modulation post-ART maintains PD-1hi cells at low levels Continued
PD-1 modulation post-ART maintains a favorable T cell and Treg repertoire
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Figure 1. Increased expression of PD-1 is observed in central memory T cells as well as in CD4+

and CD8+ Tregs in SIV-infected rhesus macaques
Freshly isolated PBMC and LN single-cell suspensions from naïve and SIV-infected rhesus
macaques were stained for analysis of PD-1 expression. (A) Gating strategy used to identify
total CD4+ and CD8+ T cells as well as CD4+ and CD8+ Tregs. PD-1 expression was
evaluated in CD4+ and CD8+ T cells and Tregs in PBMCs (B) and LN (C) cells. (D) PD-1
expression levels were analyzed in naïve (CD28+ CD95−), central memory (CM,
CD28+CD95+), and effector memory (EM, CD28−CD95+) CD4+ and CD8+ T cells. PBMC
data are pooled from 10 naïve and 12 SIV-infected macaques. LN data are pooled from 5
naïve and 12 SIV-infected macaques. Data are shown as means ± SEM. *, p<0.05 and **,
p<0.01 indicate statistically significant differences between the compared groups by Mann-
Whitney Test.

Vargas-Inchaustegui et al. Page 15

Virology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Proportional distribution of PD-1dim and PD-1hi T cells and Tregs in PBMCs and LN
cells of naïve and SIV-infected macaques
(A) PD-1 positive T cells and Tregs display a bi-modal expression pattern both in PBMCs as
well as in lymph nodes. (B–D) Freshly isolated PBMC and LN single-cell suspensions from
naïve and SIV-infected rhesus macaques were stained for analysis of PD-1 expression.
Percentages of CD4+ PD-1dim and PD-1hi T cells and Tregs in PBMCs (B) and LN (C) cells.
(D) Comparative representation of percentages of PD-1hi CD4+ T cells and Tregs in PBMCs
and LN cells. Data are representative (A) or pooled (B–D) from at least 5 naïve and 12 SIV-
infected macaques. Data are shown as means ± SEM. *, p<0.05, **, p<0.01, and ***,
p<0.001 indicate statistically significant differences between the compared groups by Mann-
Whitney Test.
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Figure 3. Therapeutic study design and plasma and rectal tissue viral loads for individual
animals throughout the study
(A) Schematic description of the study design indicating the experimental groups as well as
the treatment administered in each group. Time points (in weeks) for sample collection as
well as type of samples collected are indicated. (B–D) Plasma and rectal tissue viral loads
were obtained at the indicated time points by NASBA. Dotted lines in B–D indicate the
lower limit of viremia detection (50 copies) by NASBA. Viral loads in Group A (ART-only
controls) were previously reported in (35). Animals P149 (Group A), P172 (Group B) and
P798 (Group C) did not respond satisfactorily to ART and were not included in further
analyses. #, Mamu A*01 positive; %, Mamu B*08 positive.
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Figure 4. Impact of ART and prolonged B7-DC-Ig treatment on viral load rebound
Geometric mean plasma (A) and mucosal (B) viremia for each group was determined using
the four animals per group that responded satisfactorily to ART. (C) Pre-ART vs. Post-ART
median plasma viral load changes in each of the assayed groups. The changes in pre- vs
post-ART median viral loads were compared across all three groups by the exact Kruskal-
Wallis test.
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Figure 5. Proportional and compartmental distribution of CD4 and CD8 T cells and Tregs over
the course of the study
Blood, LN and rectal tissue samples (n=4 per group) were collected at different time points
as indicated in Fig. 3A and stained for flow cytometric determination of T cell and Treg
percentages. Proportional counts of CD4+ (A) and CD8+ (B) T cells, as well as, CD4+ (C)
and CD8+ (D) Tregs were done at each indicated time point for each tissue. Data are shown
as means ± SEM. *, p<0.05, **, p<0.01, and ***, p<0.001 indicate statistically significant
differences between the indicated time points by the Wilcoxon signed rank test.

Vargas-Inchaustegui et al. Page 19

Virology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. B7-DC-Ig treatment during and after ART significantly decreases the percentage of
circulatory PD-1hi CD4+ and CD8+ T cells and Tregs
PBMCs and LN cells were isolated at the indicated time points and stained for flow
cytometric analysis of PD-1 expression. CD4+ (A and E) and CD8+ (B and F) PD-1hi T-
cells, as well as, CD4+ (C and G) and CD8+ (D and H) PD-1hi Tregs were monitored for the
duration of the study in PBMC (A–D) and LN (E–H). Dotted lines represent mean values of
each cell population obtained from naïve macaques (10 for PBMCs and 5 for LN). Data are
shown as means ± SEM. *, p<0.05 indicates statistically significant differences between
Group A and Group B or C by the Mann-Whitney Test. #, p<0.05 indicates statistically
significant differences between Group B and Group C by the Mann-Whitney Test.
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Figure 7. Prolonged B7-DC-Ig treatment transiently decreases Ki67 and α4β7 expression in
Tregs and maintains Ag-specific CD8+ T-cell responses at levels lower than those observed
before ART
(A–D) PBMC and LN samples were isolated at the indicated time points and stained for
flow cytometric analysis of Ki67 and α4β7 expression on CD4+ and CD8+ Treg cells. Co-
expression of Ki67 and α4β7 on CD4+ (A) and CD8+ (B) Tregs within PBMCs. (C–D) Co-
expression of Ki67 and α4β7 on CD4+ (C) and CD8+ (D) Tregs within LN cells. Dotted lines
represent mean values of Ki67+α4β7

+ CD4+ and CD8+ Tregs as calculated from naïve
macaques (10 for PBMCs and 5 for LN). (E–F) Combined Gag-specific cytokine responses
(IFN-γ/TNF-α/IL-2) in total memory (CD28+CD95−/+) CD8+ (E) and CD4+ (F) T-cells.
Data are shown as means ± SEM. In C and D, ^^^, p<0.001 indicates statistically significant
differences between the indicated time points by the Wilcoxon signed rank test. *, p<0.05
indicates statistically significant differences between Group A and Group B or C by the
Mann-Whitney Test.#p<0.05 indicates statistically significant differences between Group B
and Group C by the Mann-Whitney Test.
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Table 1

Fluorochrome-conjugated monoclonal antibodies used in the present study

Antigen Clone Fluorochrome Supplier

CD3 SP34-2 Alexa Fluor 700 BD Biosciences

SP34-2 PE-Cy7 BD Biosciences

CD4 19Thy5D7 Qdot655 NIH NHPRR

L200 Qdot605 (custom) BD Biosciences

OKT4 eFluor605NC eBioscience

CD8 3B5 Qdot605 Invitrogen

RPA-T8 eFluor650NC eBioscience

RPA-T8 APC-Cy7 BD Biosciences

CD25 BC96 PE-Cy7 eBioscience

CD28 CD28.2 PE-Cy7 eBioscience

CD28.2 APC BD Biosciences

CD95 DX2 PE-Cy5 BD Biosciences

DX2 PE-Cy5 BioLegend

CD279 (PD-1) eBioJ105 PE eBioscience

Ki67 B56 FITC BD Biosciences

Foxp3 PCH101 PerCP-Cy5.5 eBioscience

Alpha4Beta7 Rhesus recombinant APC NIH NHPRR

IFN-g B27 PE BD Biosciences

TNF-a MAB11 PerCP-Cy5.5 BioLegend

IL-2 MQ1-17H12 APC-Cy7 BD Biosciences
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