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Objective: The programed death-1 (PD1)/programed death-ligand 1 (PD-L1) pathway
plays a critical role in balancing immunity and host immunopathology. During chronic
HIV/SIV infection, there is persistent immune activation accompanied by accumulation
of virus-specific cells with terminally differentiated phenotypes and expression of
regulatory receptors such as PD1. These observations led us to hypothesize that the
PD1/PD-L1 pathway contributes to the functional dysregulation and ineffective viral
control, and its blockade may be a potential immunotherapeutic target.

Methods: Lymph node biopsies from HIV-infected patients (n=23) were studied for
expression of PD1 and PD-L1. In addition, we assessed the safety and biological activity of
a human anti-PD-L1 antibody (Avelumab) in chronically SIV-infected rhesus macaques.

Results: PD-L1 expression was observed in cells with myloid/macrophage morphology in
HIV-infected lymph nodes. Administration of anti-PD-L1 was well tolerated, and no changes
in body weights, hematologic, or chemistry parameters were observed during the study.
Blockade of PD-L1 led to a trend of transient viral control after discontinuation of treatment.

Conclusion: Administration of anti-PD-L1 in chronic SIV-infected rhesus macaques
was well tolerated. Overall, these data warrant further investigation to assess the
efficacy of anti-PD-L1 treatment on viral control in chronic SIV infection as a prelude
to such therapy in humans.
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Introduction

The programed death-1 (PD1)/programed death-ligand
1 (PD-L1) pathway plays a critical role in regulating
immune responses against pathogens by controlling the
balance between immunity and limiting tissue damage. In
chronic viral infections such as HIV/SIV, hepatitis B
virus, and hepatitis C virus, failure to completely
eliminate virus leads to a sustained inflammatory/
activated environment accompanied by the accumulation
of T cells with diminished in-vitro effector function,
‘exhausted T cells’ [1—3]. In HIV/SIV infections, chronic
T-cell immune activation is reflected by increased
expression of a variety of immunomodulatory receptors
including, PD1, CTLA-4, LAG3, CD244/2B4, CD160,
and others [4—11]. In-vitro and in-vivo studies of HIV/
SIV infection have shown that blockade of PD1 is
associated with enhanced virus-specific responses and
improved viral control [12—15]. These observations
support the hypothesis that PD1/PD-L1 interactions
contribute to the functional dysregulation, exhaustion,
and ineffective viral control [8,16—18]. This evidence
suggests that the PD1/PD-L1 pathway may be a potential
target for immune intervention in patients with
HIV infection.

PD1 is expressed upon activation by T, B, and natural
killer (NK) cells, dendritic cells, and activated monocytes,
although its function in the latter is not well defined [19].
PD1 interacts with two ligands, PD-L1 and PD-L2. PD-
L1 is mainly expressed by hematopoietic cells, such as T
and B cells, dendritic cells, macrophages, and some
epithelial cells (lung and vascular endothelium) [19-22].
In contrast, PD-L2 expression is more restricted and
is inducible in dendritic cells, macrophages, bone
marrow—derived mast cells, and some B cells [19,23].

PD1 interaction with its ligands regulates T cell receptor
signaling by distinct mechanisms leading to diminished
effector function, including cytokine secretion, prolifer-
ation, cytotoxicity, motility, and cell survival [24-27]. In
addition, engagement of PD1 with its ligands induces
reverse signaling on PD-L1/PD-L2 expressing cells
[19,28,29].

Lymphoid organs are the primary targets of HIV/SIV
infection [30—33]. In HIV/SIV-infected lymph nodes,
the germinal center (GC) T follicular helper CD4™"
T cells (CD4" Tth) exhibit higher expression of PD1
compared with extra follicular CD4" and CD8™" T cells.
PD-L1 expression has been observed inside and outside
germinal centers [34,35].

To obtain further insights as to the potential role of
PD-L1 blockade in the treatment of HIV infection, we
analyzed the expression of PD1 and PD-L1 in human
lymph node from 23 patients infected with HIV. In
addition, we have evaluated the safety and the effect on
SIV viral load of in-vivo PD1/PD-L1 blockade using
a fully human anti-PD-L1 mAb (MSB0010718C,
Avelumab, EMD-Serono, Inc., Rockland, Massachusetts,
USA) in rhesus (Rh) macaques chronically infected with
SIV ac230, that had previously received IL-15 [36].

Materials and methods

Patient samples
Patient characteristics are described in Supplementary
material and methods and Table S1, http://links.Iww.-
com/QAD/A967.

Study design

Six chronically SIV-infected Rh macaques received
weekly doses of saline (n=3) or a mAb anti-PD-L1
(Avelumab) at a dose of 20 mg/kg (n = 3). At week 24, all
treatments were discontinued, and animals were followed
for 10 additional weeks (Supplementary material and
methods, Fig. S1 and Table S2, http://links.lww.com/
QAD/A967).

Results

Expression of programed death-1/programed
death-ligand 1 in human lymph nodes from
patients with HIV infection

During HIV/SIV infection, there is an increase in PD1
expression on CD4" and CD8" T cells in peripheral
blood [8,10]. To determine the distribution of PD1 and
PD-L1 expression in lymphoid organs, we studied a
cohort of HIV-infected patients (n=23) that had
previously undergone a lymph node biopsy. These
patients had a median of 1 year [interquartile range: 0—4
years| of diagnosed infection (Supplementary Table S1,
http://links.Iww.com/QAD/A967 and Fig. 1a). For
analysis, the patients were divided into three groups on
the basis of viral loads, and the groups showed similar
CD4" and CD8" T cell counts (Fig. 1a). Lymph nodes
were stained with mAbs against PD1 and PD-L1 and
blind-scored for expression of PD1 inside the germinal
center and outside the germinal center (extra follicular).
The score used for expression levels was negative (—),
positive/negative (+/—), weakly positive (w+), and
positive (+, ++, and ++4+). These scores correspond to
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Fig. 1. Expression of programed death-1 and programed death-ligand 1 in human lymph nodes from HIV-infected patients. (a)
HIV-infected patients (n =23) were divided on the basis of viral loads at the time of the lymph nodes biopsy. CD4* and CD8* T-
cell counts are shown on the left y-axis. Viral load is shown on the right y-axis. Nonparametric Mann—Whitney test was used for the
group comparisons, P value less than 0.05 was considered significant. (b) Lymph nodes biopsies (n=23) were blind scored for
programed death-1 expression inside the germinal center, outside the germinal center (GC), and in extra follicular (EF) regions, and
programed death-ligand 1 expression was assessed outside the germinal centers in myloid/macrophage (M) morphology cells:
shown in panel b1. The score used for expression levels was negative (—), positive/negative (+/—), weakly positive (w+), and
positive (+, ++, and +++). These scores correspond to 0, 0.5, 0.7, 1, 2, and 3, respectively: shown in panel b2.

0,0.5,0.7,1, 2, and 3, respectively in Fig. 1b. As reported
by other groups [34,37], PD 18" cells were found within
the germinal center and presumably represent CD4" Tth
cells. PD17 lymphoid were also found scattered in the
extra follicular region (Fig. 1b, b1). PD-L1 expression
was extra follicular and largely restricted to cells with
myloid/macrophage morphology using this scoring
system (magnified black square, Fig. 1b, b1). There
were no significant correlations between expression of

PD1 or PD-L1 and the levels of viremia (Fig. 1b, b2).
Examination of longitudinal specimens from these
patients, obtained 2, 6, and more than 24 months after
the first biopsy, showed no changes in PD1 or PD-L1
expression despite viral suppression (data not shown).
These results suggest that during HIV infection
circulating PD1-expressing CD4" and CD8" T cells
will likely encounter PD-L1 expressing cells in
lymphoid organs.
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Administration of a human anti—programed
death-ligand 1 antibody to chronically SIV-
infected rhesus macaques leads to a trend of
transient virologic control

To test the hypothesis that blockade of the PD1/PD-L1
pathway may facilitate virologic control during HIV/SIV
infection, we studied SIV-infected Rh macaques. We first
examined spleens from Rh macaques infected with
SIV 230 for tissue distribution of PD1, PD-L1, and

SIV-RNA. As previously described [34,37] and similar to
observations in human lymph nodes (Fig. 1a), PD1"¢"
cells were localized within the germinal center overlaying
with CD47 staining. Outside the germinal center (extra
follicular), PD1 expression was dimmer and scattered.
In contrast, PD-L1 expression was scattered within the
germinal center and largely localized to cells with
myeloid/macrophage morphology outside the germinal
center (Fig. 2a).
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Fig. 2. Delay in the viral rebound after cART discontinuation in animals treated with anti—programed death-ligand 1. (a) Spleens
from chronically SIV y.c239-infected rhesus macaques were stained for CD4", CD8™, programed death-1, and programed death-
ligand 1 expression. Magnification images (al: 10x; a2: 20x). SIVmac239 Was detected by RNAscope (a2). (b) Measurements of
CD4™" and CD8* T-cell counts and viral load during study. The control group (n = 3) is represented by black symbols, and the anti—
programed death-ligand 1 treatment group (n = 3) is represented by red symbols. The x-axis represents days of the study, the left
side: Days —30to 161, and right side: Days 161-250. Day 161 indicates interruption of anti—programed death-ligand 1 and cART.
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We next investigated the effects of in-vivo blockade
of PD1/PD-L1 using a fully human anti-PD-L1 mAb in
SIV pacoso-infected  Rh  macaques with combination
antiretroviral therapy (cART)-suppressed viremia. The
animals received 24 weekly doses by intravenous infusion
of saline for the control group (n=3) or 20mg/kg
of anti-PD-L1 (n=3) for the treatment group (Supple-
mentary Fig. S1, http://links.Iww.com/QAD/A967).
After administration of the 24th dose (Day 161), both
cART and anti-PD-L1 were discontinued, and viral loads,
CD4%, and CD8" T cell counts were monitored for an
additional 10 weeks (Fig. 2b and Supplementary Table S2,
http://links lww.com/QAD/A967). At Day 169, animals
had wviral loads of 1.8, 2.9, and 1.2 copies/ml in the
treatment group compared with 3.7, 3.0, and 1.8 copies/
ml in the control group. Following an additional 2 weeks,
SIV levels were 4.4, 4.4, and 4.6 copies/ml in the
treatment group compared with 6.0, 6.4, and 5.2 copies/
ml in the control group (Supplementary Table S2, http://
links.Iww.com/QAD/A967). The comparison of the
area under the curve between the groups after treatment
discontinuation (Days 161-240) did not reach signifi-
cance (Fig. 2b, P=0.14). We found no significant
changes in CD4" or CD8" T cell counts between the
treatment groups (Fig. 2b). In addition, no changes were
observed in the expression of PD1 or PD-L1 by T, B, NK
cells, and monocytes nor in T-cell cytokine secretion
(Supplementary Figs. S2-S5, http://links.lww.com/
QAD/A967). Expression of PD-L1 in splenic cells was
higher than that observed in cells from peripheral blood
mononuclear cells (Fig. S5, http://links.lww.com/QAD/
A967). These results support the design of larger studies
with greater power to assess the efficacy of anti-PD-L1
on SIV viral control to determine its potential use in
HIV-infected patients.

Discussion

In the present study, we describe the expression and
spatial distribution of PD1 and PD-L1 in human lymph
nodes from HIV-infected patients. In addition, we have
assessed the safety and effect of a human anti-PD-L1 mAb
on viral load in chronically SIV-infected Rh macaques.
Administration of anti-PD-L1 was well tolerated, and no
changes in body weights, hematologic, or chemistry
parameters were observed during the study. We found
that administration of anti-PD-L1 led to a trend of
transient viral control after discontinuation of antire-
troviral therapy. These data support larger studies to better
assess the efficacy of anti-PD-L1 administration on viral
control to evaluate its potential use in HIV-infected
patients.

In chronic viral infections such as HIV/SIV, antigen
persistence drives immune activation leading to an
accumulation of terminally differentiated virus-specific

cells in association with failure to achieve virologic
control. Among the main characteristics of these virus-
specific cells are increased expression of regulatory
markers (PD1, CTLA-4, Tim3, and CD160) and
diminished in-vitro effector function in terms of
polyfunctional cytokine secretion, cytotoxicity, and
proliferative capacity [8,10,16,17,38—40]. The PD1/
PD-L1 pathway plays a central role in host defense,
balancing pathogen elimination and limiting host
immunopathology. Even in the setting of suppressed
viral replication by cART, the immune systems of HIV-
infected patients are unable to eliminate residual virus.
This is associated with ongoing chronic immune
activation as reflected by increased expression of PD-1
and PD-L1 [17,41,42]. It is postulated that modulation of
this pathway may lead to better virologic control by
promoting CD8" T-cell expansion.

In the lymphoid organs, the primary targets of HIV
infection, PD1 and PD-L1 are differentially expressed
with _sEeciﬁc spatial distribution and cell expression.
PD1"€" cells, corresponding mainly to CD4" Tth cells,
are localized within the germinal center where they
presumably interact with PD-L1 expressing B cells
[34,37]. In contrast, circulating PD1" T cells will interact
with extra follicular PD-L1 expressing cells, such as
myloid cells. In addition, our finding of a trend in
virologic control associated with administration of anti-
PD-L1 is consistent with previous observations in which
administration of anti-PD1 to chronically SIV-infected
nonhuman primates enhanced proliferation and function
of virus-specific CD8" T cells [12]. The enhanced anti-
SIV response by anti-PD1 administration led to better
virologic control in animals at an early phase of infection
despite high levels of viremia. This effect was transient in
those animals at later stages of chronic infection [12]. In
addition, anti-PD1 treatment was reported to enhance
memory B cell survival and humoral responses against
SIVand to reduce immune activation [12,13,15]. Similar
to the present study, administration of anti-PD-L1
(BMS-936559) to Rh macaque chronically infected with
SIVueo3o led to a delay in viral rebound after
discontinuation of cART, whereas the precise mechan-
isms are unclear [43]. In the present study, two of the
animals in each group previously received infusions of
IL-15 (Table S2, http://links.Iww.com/QAD/A967),
and the potential impact of this prior treatment on the
present results will require further investigation. A recent
study of a single-dose administration of anti-PD-L1 mAb
(BMS-936559, 0.3 mg/kg) in 6 HIV-infected participants
on cART and HIV-1 RNA ofless than 40 and at least 0.4
copies/ml by single-copy assay (SCA) showed that
treatment was well tolerated, and there was a trend
toward an increased proportion of Gag-specific CD8"
T cells in two individuals. No changes were noted in the
SCA over the 28 days postinfusion. This study was
discontinued because of retinal toxicity in the animal
studies [44].
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The PD1/PD-L1 pathway plays a critical role in
balancing immunity against pathogens and host immu-
nopathology. During HIV/SIV infection, T cells and
virus-specific cells express PD1 even in the context of
suppressed viremia. The present data support further
consideration of the blockade of this pathway as
immunotherapy for chronic HIV infection.
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