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Hyperimmune activation is a strong predictor of disease progression during pathogenic immunodeficiency
virus infections and is mediated in part by sustained type ITFN signaling in response to adventitious microbial
infection. The immune inhibitory receptor programmed death-1 (PD-1) regulates functional exhaustion of
virus-specific CD8" T cells during chronic infections, and in vivo PD-1 blockade has been shown to improve viral
control of SIV. Here, we show that PD-1 blockade during chronic SIV infection markedly reduced the expression
of transcripts associated with type I IFN signaling in the blood and colorectal tissue of rhesus macaques (RMs).
The effect of PD-1 blockade on type I IFN signaling was durable and persisted even under conditions of high
viremia. Reduced type I IFN signaling was associated with enhanced expression of some of the junction-associ-
ated genes in colorectal tissue and with a profound decrease in plasma LPS levels, suggesting a possible repair
of gut-associated junctions and decreased microbial translocation into the blood. PD-1 blockade enhanced
immunity to gut-resident pathogenic bacteria, control of gut-associated opportunistic infections, and survival
of SIV-infected RMs. Our results suggest PD-1 blockade as a potential novel therapeutic approach to enhance

combination antiretroviral therapy by suppressing hyperimmune activation in HIV-infected individuals.

Introduction

The immune inhibitory receptor programmed death-1 (PD-1) plays
an important role in regulating functional exhaustion of virus-specific
CD8" T cells during chronic infections (1). Studies in mice demonstrat-
ed that PD-1 plays a critical role in determining the functionality of
virus-specific CD8* T cells in the control of chronic lymphocytic cho-
riomeningitis virus (LCMV) infection (2). Later studies extended these
observations to HIV/SIV-specific T cells in vitro (3-7). More recently,
we (8, 9) and others (10) have demonstrated that in vivo PD-1 block-
ade during chronic SIV infection restores the function of SIV-specific
cellular and humoral immune responses and improves viral control.
PD-1 and its ligands are expressed on many different immune cells,
and thus in vivo blockade of PD-1 signaling could influence many
immunoregulatory pathways. To gain insight into the influence of in
vivo PD-1 blockade on these pathways during chronic SIV infection, we
performed transcriptional profiling of more than 23,000 genes (52,865
probesets) expressed in colorectal mucosa (referred to hereafter as gut,
a preferential site of virus replication) and blood of SIV-infected rhe-
sus macaques (RMs) using RNA obtained at 14 days following in vivo
blockade. For these analyses, we used samples obtained from a previ-
ously reported study (8) in which we treated 9 SIV-infected macaques
with an antibody to human PD-1 and 5 SIV-infected macaques with a
control antibody on days 0, 3, 7,and 10. Of the 9 PD-1 antibody-treat-
ed animals, 5 received the antibody at 10 weeks (early chronic phase)
and 4 received it at 90 weeks (late chronic phase) after infection.
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Results and Discussion
Comparison of transcriptional profiles between PD-1 antibody-
(n = 5) and control antibody-treated (n = 3) SIV-infected RMs at
14 days following PD-1 blockade revealed significant changes
(>1.5-fold change and P < 0.05) in 236 genes in the gut and 312
genes in blood. We then categorized these significantly altered
genes in terms of their role in biological pathways using ingenuity
pathway analysis (IPA). Consistent with our prior findings (8), IPA
also revealed a significant upregulation of genes associated with
TCR signaling (Figure 1A). However, we observed a significant
downregulation of genes involved in type I IFN and IFN regula-
tory factor (IRF) activation signaling, which suggested a negative
influence on these pathways and possible reduction of immune
activation in PD-1 antibody-treated SIV-infected RMs.

Sustained high levels of type I TFN responses in blood, lymphoid,
and gut tissue of pathogenic SIV-infected RMs have been implicated
in immune activation and faster disease progression (11-13). Also,
HIV-specific T cells from progressors compared with controllers
express higher levels of type I IFN-responsive genes (14). We further
looked into the individual genes involved in IFN signaling that were
significantly modulated at 14 days following PD-1 blockade in our
microarray analyses and found a number of type I IFN stimulatory
genes (ISGs) to be downmodulated by about 2- to 4-fold following
PD-1 blockade, in both blood and gut (Figure 1B and Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JCI60612DS1). Temporal microarray analysis of ISG
expression before and after PD-1 blockade in two SIV-infected late
chronic RMs also revealed a similar downregulation of many ISGs
(Supplemental Figure 2). It is important to note that consistent with
previous reports (12, 13), expression of all of these ISGs was greatly
increased following SIV infection (Figure 1B).
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Figure 1

PD-1 blockade downregulates type | IFN responses in SIV-infected RMs. (A) IPA of differentially regulated genes (P < 0.05 and >1.5-fold change)
in blood and colorectum (Gut) of SIV-infected RMs at 14 days following PD-1 blockade. Percentage of genes that were up- or downregulated in
a pathway in the PD-1 antibody—treated (n = 5) compared with control antibody—treated group (n = 3) are shown. (B) Heat maps of ISGs in SIV-
negative (Uninfected; n = 4), control antibody—treated (Control, n = 3), and PD-1 antibody—treated (PD-1, n = 5) animals that were significantly
downregulated at 14 days following PD-1 blockade. Mean mRNA expression for each group is shown. The fold changes (FC) in the PD-1 group
compared with control group are shown. (C) gPCR analysis of MX7 mRNA in gut tissue of early chronic animals. Fold changes represent fold
increase relative to preinfection value of the same RM. Arrows indicate the time of antibody treatments. (D) SIV RNA copies in the gut of PD-1—

and control antibody—treated early chronic RMs. *P < 0.05.

We next performed quantitative real-time PCR (qQPCR) analysis
to study the mRNA expression kinetics of one of the significantly
modulated ISGs, MX1, in the gut using longitudinal samples from
the same macaque before and after infection, and following PD-1
blockade (Figure 1C). These analyses revealed a strong increase in
MX1 transcripts following SIV infection and significant downregu-
lation following PD-1 blockade that was evident even at 90 days
(last point of analysis) following blockade. As expected, no signifi-
cant reduction in MX1I levels was observed in control antibody-
treated animals. This sustained reduction in immune activation in
PD-1 antibody-treated animals was not due to decreased SIV levels,
as the viral RNA levels were comparable in the gut between anti-
PD-1 antibody-treated and control antibody-treated animals (Fig-
ure 1D) and remained relatively high in the plasma (Supplemental
Figure 3). These results demonstrate that in vivo PD-1 blockade

The Journal of Clinical Investigation

http://www.jci.org

reduces expression of SIV-induced ISGs independent of virus levels,
a condition that is normally seen in chronically SIV-infected sooty
mangabeys (12) and African green monkeys (13).

Sustained proinflammatory responses could lead to changes in
tight junction gene expression and alter the gut permeability bar-
rier (15). So, we next investigated whether in vivo PD-1 blockade
influenced tight junction-associated gene expression and gut per-
meability barrier. First, we analyzed the expression of genes associ-
ated with tight junctions in our microarray analyses. We found
that transcripts encoded by genes associated with tight junctions,
such as claudin 5 (CLDNS), junction adhesion molecule 2 (JAM2),
connexin-45 (Cx45), and connexin-43 (Cx43) increased following
PD-1 blockade (Figure 2A). We then confirmed the upregulation
of transcripts specific for JAM2, CLDNS, and Cx45 using qPCR
analysis, which showed enhanced expression of these genes fol-
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PD-1 blockade enhances gut junction—associated gene expression and reduces microbial translocation in SIV-infected RMs. (A) Heat map of
junction-associated genes in the control antibody-treated (n = 3) and PD-1 antibody—treated (n = 5) animals that were significantly upregulated
at 14 days following PD-1 blockade. Mean mRNA expression for each group is shown. The fold changes in the PD-1 group compared with the
control antibody—treated group are shown. (B) gPCR analysis of CLDN5, JAM2, and Cx45 junctional genes in gut tissue. Fold changes rep-
resent fold increase relative to the average expression in 6 SIV-infected control RMs. (C) LPS levels in plasma in PD-1 antibody— and control
antibody—treated SIV-infected RMs. Arrows indicate the time of antibody treatments. The LPS levels in the PD-1 group were significantly lower
(P =0.009; Wilcoxon rank-sum test) than in the control group at 90 days following blockade.

lowing PD-1 blockade (Figure 2B). It is important to note that all
of these genes have been shown to improve gut permeability bar-
rier function (16-18). These results demonstrate that in vivo PD-1
blockade induces expression of some of the important tight junc-
tion genes during chronic SIV infection and suggest an increase in
gut permeability barrier function. The mechanisms by which PD-1
blockade induces the expression of tight junction genes are not
clear. We speculate that the reduced proinflammatory responses
could have contributed to enhanced survival of gut epithelial cells.
Alternately, PD-1 blockade could directly influence gut epithelial
cells, as these cells express one of the PD-1 ligands, PD-L1 (1).
Previous studies demonstrated an association between decreased
gut permeability barrier function and microbial translocation mea-
sured as increased LPS levels in plasma (19, 20); so, we measured
LPS levels in plasma following SIV infection and PD-1 blockade. As
expected, we observed a significant increase in plasma LPS levels fol-
lowing SIV infection, and we found a dramatic decrease in plasma
LPS levels as early as 14 days following PD-1 blockade (Figure 2C).
By 90 days following blockade, the plasma LPS in all animals
reached preinfection levels. We could not follow LPS levels long-
term in some of the control antibody-treated animals because they
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progressed to AIDS and were euthanized. However, in two of the
control antibody-treated animals, we did not observe a significant
decrease in LPS levels. These results suggest that in vivo PD-1 block-
ade during chronic SIV infection not only restores gut permeability
barrier function but also reduces microbial translocation.
Reduced microbial translocation into the blood could also result
from reduced microbial burden in the gut. Since PD-1 blockade can
enhance the function of immunity against persistent antigens (1), we
investigated the effect of in vivo PD-1 blockade on cellular and humor-
al immunity in blood against the gut-resident pathogens. Specifically,
we studied the antibody and CD8* T cell responses against Campylo-
bacter, one of the common gut-resident bacteria in our macaque colo-
ny. The Campylobacter-specific antibody titers increased significantly
(>2-fold) in sera of 5 of the 9 PD-1 antibody-treated animals at 90 days
following blockade (Figure 3A). Similarly, Campylobacter-specific
CD8" T cell levels increased in 6 of the 9 PD-1 antibody-treated ani-
mals by 90 days following blockade (Figure 3B). A similar increase was
also observed for Salmonella-specific (another gut-resident bacterium)
CD8" T cells in the blood following PD-1 blockade (Figure 3B). Con-
trol RMs did not show any increase in CD8" T cell responses against
Camprylobacter or Salmonella, but rather we observed a gradual decrease
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In vivo PD-1 blockade enhances immunity to pathogenic gut bacteria, decreases occurrence of opportunistic infections, and prolongs survival of
SIV-infected RMs. (A) Anti-Campylobacter antibody titers in serum. (B) IFN-y* CD8* T cell responses in blood. Pre, 0-25 days prior to initiation
of antibody therapy. IFN-y*CD8+ T cell responses in the PD-1 group at 14 days and 90 days following blockade were significantly greater than in
the control group (P < 0.01; Wilcoxon rank-sum test). (C) Incidence of non-SIV-related opportunistic infections in controls (8 no antibody-treated
and 3 control antibody—treated) or PD-1 antibody—treated (PD-1) SIV-infected early chronic RMs. See Supplemental Tables 1 and 2 for details
about the nature of opportunistic infections. Shaded region indicates the period of antibody treatments. *P = 0.01, t test. (D) Kaplan-Meier survival
plot of SIV-infected RMs shown in C. The 8 SIV-infected RMs in the “no antibody” control group were selected based on set point plasma viral
load (between 108 and 107) to match with the set point viral load in the early chronic PD-1 group at the initiation of PD-1 blockade.

in T cell responses in these animals. These results showed that the
enhanced immune responses against gut-resident pathogens could
have contributed to the reduced immune activation and microbial
translocation following PD-1 blockade.

To further confirm the reduced microbial burden in the gut, we
followed the occurrence of opportunistic microbial infections such
as Campylobacter, Cryptosporidium, Shigella, and Trichuris in stool sam-
ples of the 5 early chronic PD-1 antibody-treated RMs following
SIV infection and PD-1 blockade, compared with the 3 early chronic
control antibody-treated and 8 early chronic “no antibody”-treated
SIV-infected RMs with comparable set point viral load (Figure 3C,
Supplemental Figure 3, and Supplemental Tables 1 and 2). For these
analyses, we excluded the late chronic animals, because members of
this group naturally had a low incidence of opportunistic infections,
with lower set point viremia and better preservation of immune func-
tion as evidenced by longer survival. About 10%-20% of the animals in
the control group developed one or more opportunistic infections by
3 months after SIV infection, with about 40% developing infections by
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5 months. Similarly, about 20% of the animals in the PD-1 group were
positive for opportunistic infection(s) at 2 months after SIV infection
(2 weeks before blockade). However, following blockade, all animals in
the PD-1 group remained negative for opportunistic infection(s) for
about 5 months, demonstrating that in vivo PD-1 blockade enhanced
the control of opportunistic infections in the gut.

Hyperimmune activation has been shown to be one of the strong
predictors of disease progression, and the reduction of hyperim-
mune activation by the anti-PD-1 antibody treatment could con-
tribute to enhanced survival. Consistent with this hypothesis,
animals in the PD-1 group survived significantly longer than the
animals in the control group following SIV infection (Figure 3D).
About 55% (6 of 11) of the animals in the control group died by 270
days after SIV infection, whereas all 5§ animals in the early chronic
PD-1 group were alive at this time, demonstrating that in vivo
PD-1 blockade enhanced the survival of SIV-infected RMs despite
high viremia. This enhanced survival persisted even at 350 days
after SIV infection (time of euthanasia to terminate the study), at
Volume 122 Number 5
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which time 4 of 5§ animals in the early chronic PD-1 group had
survived. For the data presented in Figure 3D, we did not include
data from the remaining 4 late chronic PD-1-treated animals for
the reasons discussed above. However, none of these 4 late chronic
PD-1-treated animals showed any evidence of opportunistic infec-
tions following blockade, and all survived for more than 200 days
following PD-1 blockade (data not shown).

In conclusion, our results reveal an unanticipated but critical
finding that a short treatment (10 days) with anti-PD-1 antibody
during chronic SIV infection reduces hyperimmune activation and
microbial translocation even under conditions of high viremia.
More importantly, the reduced hyperimmune activation was asso-
ciated with enhanced survival of SIV-infected RMs. These results
are similar to what is seen in nonprogressive SIV infection in natu-
rally infected hosts (12, 13) and HIV infection in viremic nonpro-
gressors (21). The effects of PD-1 blockade on reducing hyperim-
mune activation could be a result of a combination of enhanced
immunity against gut-resident pathogenic bacteria and repair of
gut permeability barrier function. These results could aid in the
development of novel therapeutic strategies to treat HIV/AIDS.
For example, it may be that combination antiretroviral therapy
in humans reduces hyperimmune activation to just a limited
extent (22) because immunity against opportunistic infections is
only partially restored. Our results suggest that combining PD-1
blockade with highly active antiretroviral therapy (HAART) may
improve the benefits of HAART by enhancing immunity against
opportunistic infections and reducing microbial translocation
and hyperimmune activation.

Methods

Study group. SIV-infected RMs treated with either anti-PD-1 antibody or
control antibody were described previously (8). Briefly, SIV-infected RMs
were treated with therapeutic antibodies at either 10 or 90 weeks after SIV
infection. Eight more SIV-infected macaques without any antibody treat-
ment were used for some analyses. Macaques were infused with mouse
anti-human PD-1 antibody or a control antibody at 3 mg/kg body weight
on 0, 3,7, and 10 days. See Supplemental Methods for more details about

animals, animal care, SIV infection, and anti-PD-1 antibody.

—

.Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ.

9. Titanji K, et al. Acute depletion of activated mem-

LPS levels. Plasma samples were quantified using a limulus amebocyte
assay (Lonza) according to the manufacturer’s protocol. See Supplemen-
tal Methods for details.

qPCR analysis. MX1 gene expression and tight junction gene expres-
sion were measured using SYBR green assays as described previously (12)
with primer sequences listed in Supplemental Table 3. See Supplemental
Methods for details.

Cellular and bumoral responses. The titer of anti-Campylobacter IgG was detected
as described previously for SIV-specific IgG (9), except that Campylobacter pro-
tein (2 ug/well) was used as coating antigen. T cell cytokine profiles were deter-
mined following stimulation with Campylobacter (5 ug) or Salmonella (0.5 ug)
lysates as described previously (8). See Supplemental Methods for details.

Microarray data accession number. Microarray results have been deposited
in the Gene Expression Omnibus database (GEO GSE33933).

Statistics. Significance of gene regulation according to microarray analysis
was determined by 1-way ANOVA test. Significance of changes in LPS levels
and cellular immune responses were determined by Wilcoxon rank-sum
test; opportunistic infections by a 2-tailed ¢ test; and survival by Mantel-
Cox log rank test. For all tests, a P value less than 0.05 was considered
significant. See Supplemental Methods for more details.

Study approval. Macaques were housed at the Yerkes National Primate
Research Center and were cared for under the guidelines established by
the Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory
Animals (publication no. 85-23. Revised 1985) and studied under protocols
approved by the Emory University IACUC.
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