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Abstract
The programmed death (PD)-1 interacts with its ligand (PDL-1) delivering a negative signal to T
cells. During human immunodeficiency virus (HIV)-1 infection PD-1 and PDL-1 expression are
increased. Here we show that monocytes and CCR5+ T cells of HIV-uninfected donors upregulated
PDL-1 upon in vitro exposure to HIV. HIV-induced PDL-1 required interferon (IFN)-α, but not IFN-
γ, production. Inhibition of endocytosis, required for HIV-induced IFN-α production, prevented
PDL-1 upregulation. IFN-α-inducing Toll-like receptor (TLR) agonists increased PDL-1 on
monocytes and CCR5+ T cells. CD80 and CD86 were also increased on monocytes and CCR5+ T
cells after HIV exposure, but only CD80 was IFN-α-dependent. IFN-α-receptor subunit 2 (IFNAR2),
was expressed only by CCR5+ T cells and monocytes, explaining why these leukocytes responded
to HIV-induced IFN-α. Finally, T cell proliferation was improved by PDL-1 blockade in HIV-treated
PBMC. In the setting of HIV infection, IFN-α may negatively affect T cell responses by inducing
PDL-1.
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INTRODUCTION
The network of costimulatory molecules (B7 family), expressed on the surface of antigen
presenting cells (APC), and their receptors on T lymphocytes, constitutes a major positive and
negative regulatory system of T cell activation [1;2]. B7.1 (CD80) and B7.2 (CD86), the first
described member of the B7 family, bind to the same receptors CD28 and cytotoxic T
lymphocyte antigen (CTLA)-4, which respectively deliver activating and suppressing signals
to the T cell [1;2]. Other B7 ligands have been described [1], including B7-H1 (homolog 1),
which was initially identified by sequence homology to B7.1 and B7.2 [3]. B7-H1 does not
interact with CD28 or CTLA-4, but was shown to bind programmed death (PD)-1, hence the
B7-H1 alternate name PD ligand 1 (PDL-1). The binding of PDL-1 to PD-1 delivers a negative
costimulatory signal to T cells [4] and contributes to the induction of an anergic phenotype in
self-reactive T cells [5;6]. PDL-1 is expressed on both hematopoietic and nonhematopoietic
cells, and can be induced by interferon (IFN)-γ on different cell type [1;7;8]. Although PDL-1/
PD-1 ligation has been shown to inhibit T cell activation [4;9] and to induce production of the
downregulatory cytokine interleukin (IL)-10 [3], a potential stimulatory effect has been
suggested under certain experimental conditions [3;10]. In addition, PD-1 has a second ligand,
namely PDL-2 (or B7-DC), which is expressed mainly on macrophages and dendritic cells
(DC), has higher affinity for PD-1 than PDL-1 does and can be induced by interleukin (IL)-4
[1]. However, the consequences of ligation of PD-1 by either PDL-1 or PDL-2 are still not
fully understood [1].

During chronic viral infections, the PDL-1/PD-1 system has been suggested to play a role in
suppressing efficient anti-viral T cell responses [5;11;12;13;14]. In particular, the human
immunodeficiency virus type 1 (HIV) establishes a chronic infection characterized by the
progressive loss of T cell function in humans [15;16]. CD4+ and CD8+ T cells from HIV-
infected patients, including HIV-specific T cells, express increased levels of PD-1, which
contribute to what has been referred to as “exhaustion” of protective immunity [17;18;19;20].
Similarly, high PD-1 expression is associated with impaired proliferative response of simian
immunodeficiency virus (SIV)-specific CD8+ T cells during both acute and chronic infection
[21]. We previously reported that increased PDL-1 expression on monocytes, B cells and T
cells from HIV-infected individuals is associated with increased production of IL-10 and
correlates directly with plasma viral load and inversely with CD4 count [22]. Furthermore
sustained expression of PDL-1 on T cells was described even in patients undergoing successful
antiretroviral therapy [23]. Chronic T cell stimulation has been proposed to cause increased
PD-1 expression on HIV-specific T cells [17;18;19], whereas the causes of increased PDL-1
expression during HIV infection are still obscure. In particular, T cell responses associated
with production of the PDL-1-inducing cytokine IFN-γ are progressively impaired in HIV-
infected patients [24;25], suggesting that other immune mediators may contribute to the altered
expression pattern of PDL-1 on immune cells.

In the present study we investigated PDL-1, as well as CD80 and CD86, expression in
peripheral blood mononuclear cells (PBMC) from HIV-uninfected donors after in vitro
exposure to reverse transcription-deficient (treated with aldrithiol-2, AT-2) or infectious HIV.
We found that AT-2 HIV increased PDL-1 in monocytes (CD14+) and CCR5+ T cells
(CD3+CCR5+), but not B cells (CD19+) or CCR5− T cells. Importantly, PDL-1 induction was
mediated by IFN-α signaling, rather than IFN-γ. PDL-1 induction was also achieved using
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other IFN-α-inducing stimuli, such as Toll-like receptor (TLR) agonists. AT-2 HIV-induced
PDL-1 expression was prevented by chloroquine-mediated inhibition of endosomal
acidification, suggesting a role for TLR activation and IFN-α production by plasmacytoid DC
(pDC). Similar AT-2 HIV-induced increases were observed for CD80 and CD86 on monocytes
and CCR5+ T cells, but only the effect on CD80 appeared to be IFN-α-dependent. We observed
that the expression of the IFN-α receptor subunit 2 (IFNAR2) was restricted to CCR5+ T cells
and monocytes, possibly explaining their unexpected responsiveness to HIV-induced IFN-α.
Finally, we demonstrated that AT-2 HIV-induced PDL-1 inhibited T cell proliferative
responses in vitro.

MATERIAL & METHODS
Isolation and culture of blood leukocytes

Blood samples were obtained from healthy donors under an NIH IRB-approved protocol
developed by the Department of Transfusion Medicine, NIH, Bethesda, MD; and HIV-infected
patients (N=14) who were involved in the USAF Natural History Study. All blood samples
were collected under protocols that were reviewed and approved by the Institutional Review
Boards of the USAF Wilford Hall Medical Center, Lackland AFB, TX and of the National
Cancer Institute, Bethesda, MD. Nine of the HIV-infected patients were receiving highly-active
antiretroviral therapy (HAART), consisting of a combination of two reverse-transcriptase
inhibitors and one protease inhibitor, at the time of enrollment. Five of the HIV-infected
patients were HAART-free at the time of enrollment. Plasma viral loads and CD4 counts for
all HIV-infected patients included in the study are summarized in Table 1. HAART-treated
patients had significantly lower viral load compared to HAART-free patients (P=0.019),
whereas CD4 counts were not significantly different between the two groups. In vitro
experiments were performed using peripheral blood mononuclear cells (PBMC) isolated by
density centrifugation from peripheral blood lymphocyte separation medium (Cambrex,
Gaithersburg, MD). Cells were cultured in RPMI 1640 (Invitrogen, Gaithersburg, MD)
containing 10% fetal bovine serum (Hyclone, Logan, UT) and 1% Pen-Strep-Glut (Invitrogen).
Monocytes were isolated from healthy donor PBMC by positive selection using a CD14
isolation kit (Miltenyi Biotech, Auburn, CA).

Preparation of noninfectious AT-2 HIV-1
All virus preparations were kindly provided by Dr. Jeffrey D. Lifson, National Cancer Institute,
Frederick, MD. HIV-1MN (X4-tropic) and HIV-1Ada (R5-tropic) were inactivated with 1 mM
Aldrithiol-2 (AT-2) for 18h at 4°C (AT-2 HIV-1), as described [26]. Microvesicles, isolated
from uninfected cell cultures were employed as a negative control (mock) [26].

Stimulation and culture of PBMC
PBMC were cultured with noninfectious AT-2 HIVMN (TCID50 = 106), AT-2 HIVAda
(TCID50 = 1000) or their non-AT-2-treated infectious counterparts at 300 ng/mL p24CA

equivalent overnight as previously described [27], unless otherwise specified. Experiments
conducted using AT-2 HIVMN, AT-2 HIVAda or non AT-2-treated infectious HIV-1MN or
HIV-1Ada gave comparable results. Only results obtained using AT-2 HIVMN are shown. A
mixture of 12 different species of rIFN-α (IFN-α sampler kit, R&D Systems) was used at the
final concentration of 1000 U/ml. rIFN-γ (Peprotec, Rocky Hill, NJ) was used at 1 ng/ml.
Endotoxin-free class A CpG-ODN 2216 (5′-ggGGGACGATCGTCgggggG-3′), class B CpG-
ODN 2006 (5′-TCGTCGTTTTGTCGTTTTGTCGTT-3′), and class C CpG-ODN 2395 (5′-
TCGTCGTTT-TCG-GCGCGCGCCG-3′) were provided by Coley Pharmaceutical Group,
Inc. (Wellesley, MA). Class A CpG-ODN was used at a concentration of 4 μg/ml while the
class B and class C CpG-ODN were used at a concentration of 1.5 μg/ml, based on previous
experiments in which optimal concentrations for these CpG-ODN were determined [28].
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Agonists for TLR7 (3M-001), TLR8 (3M-002) and TLR7/8 (3M-011) were provided by 3M
Pharmaceutical (St. Paul, MN. The TLR7 agonist was used at a concentration of 0.3μM while
the TL8 and TLR7/8 agonists were used at 3.0 μM, in which optimal concentrations were
determined previously [29].

Blocking assays
Blocking of type I or type II IFN was performed by pre-incubating PBMC with 5 μg/ml anti-
IFNAR (Invitrogen) or 10 μg/ml anti-IFNGR (R&D systems, Minneapolis, MN) for 30 min
before addition of AT-2 HIV.

Flow cytometry
After stimulation in culture, cells were washed and incubated for 20 min at room temperature
in PBS containing 2% mouse serum (Sigma) with different combinations of the following
antibodies: Peridinn chlorophyll protein (PerCP)-conjugated anti-CD3 (BD Biosciences),
Phycoerythrin-Cy7 (PE-Cy7)-conjugated or fluorescein isothiocyanate (FITC)-conjugated
anti-CD14 (all from BD Biosciences), PE-Cy7-conjugated anti-CD19 (BD Biosciences),
Allophycocyanin Cy7 (APC-Cy7)-conjugated or PE-conjugated anti-CCR5 (all from BD
Biosciences), APC-conjugated or APC-Cy7-conjugated anti-CD4 (BD Biosciences), APC-
conjugated anti-PDL-1 (eBioscience), FITC-conjugated CD86 (BD Biosciences), PE-
conjugated anti-CD80 (BD Biosciences), APC-Cy7-conjugated anti-HLA-DR, PE-conjugated
anti-IFNAR2 (Invitrogen). Cells were washed twice in ice-cold DPBS and FACS analysis was
performed on a FACSCanto flow cytometer using FACSDiva software (BD Biosciences).
Proliferation was measured by flow cytomtery using carboxyfluorescein diacetate
succinimidyl ester (CFSE) as described previously [30]. FlowJo software (Treestar, Ashland,
OR) was used to analyze flow cytometry data.

Cytokine detection
Culture supernatants were tested for soluble IFN-α (Cell Sciences, Canton, MA) or IFN-γ
(R&D Systems) by ELISA according to the manufacturer’s instructions.

Proliferation experiment
CFSE-labeled PBMC from three different donors were cultured in presence or absence of AT-2
HIV as described above. After 24 hours cells were washed twice with DPBS and incubated for
30 min with 10 μg/ml anti-PDL-1 antibody (eBioscience) before addition of 1μg/ml OKT3
anti-CD3 (eBioscience). Proliferation was measured by flow cytometry on CD3+ CD4+ (CD4
T cells) and CD3+ CD8+ (CD8 T cells) gated PBMC. Calculation of division index (number
of cell divisions/total cell number) and proliferation index (number of cell divisions/number
of divided cells) was performed using FlowJo software (Treestar).

Statistical analysis
All experiments were repeated on PBMC from at least three different donors. Statistical
analyses were performed using the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA).
Differences between treated and untreated cells were assessed using a two-tailed paired
Student’s t-test. Differences between HIV-1-infected and uninfected donors were assessed
using a non-parametric two-tailed Mann-Whitney U test. In all cases P<0.05 was considered
statistically significant. Univariate distributions of flow cytometric data were performed by
probability binning, in 300 bins using FlowJo software [31].
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RESULTS
Increased PDL-1 expression on monocytes and CCR5+ T cells after exposure to AT-2 HIV

We previously reported that monocytes, T cells and B cells from HIV-infected patients express
increased levels of PDL-1 [22]. Therefore, we investigated whether in vitro exposure of PBMC
from HIV-uninfected donors to AT-2 HIV would result in PDL-1 induction in these same cell
types. PDL-1 surface expression was analyzed on monocytes (CD14+), B cells (CD19+) and
T cells (CD3+) using flow cytometry (Fig. 1A). Exposure to AT-2 HIV increased PDL-1
expression on monocytes and CCR5+ T cells, but induced only minor changes on B cells and
CCR5− T cells (Fig. 1A). Of note, after exposure to AT-2 HIV, the vast majority of monocytes
and CCR5+ T cells became positive for PDL-1 (monocytes: 94.95±4.73%; CCR5+ T cells:
83.80±14.56%) (Fig. 1A).

Because HIV directly interacts with CD4-expressing cells through the envelope glycoprotein
gp120, we analyzed whether the HIV-induced increase in PDL-1 was restricted to CD4+ cells
within the PBMC. We did not find any association between expression of CD4 and upregulation
of PDL-1 in the AT-2 HIV-treated PBMC, in that CD4+ and CD4− cells responded to HIV-
exposure with comparable increases of PDL-1 expression (Fig. 1B), quantified both as mean
fluorescence intensity (MFI) and as proportion of PDL-1+ cells (data not shown). Even among
T cells, the level of PDL-1 induction was comparable between CD4 and CD8 T cells, provided
that they expressed CCR5, suggesting that the direct interaction of T cells with HIV through
engagement of CD4 by gp120 is not required for PDL-1 upregulation. This result is consistent
with the hypothesis that the induction of PDL-1 may be mediated by the induction of immune
mechanisms not limited to CD4+ cells.

PDL-1 expression was affected by AT-2 HIV in a dose-dependent manner on both monocytes
and CCR5+ T cells (Fig. 1C). These results suggest that exposure to HIV is responsible for the
increased PDL-1 expression on monocytes and T cells in PBMC from HIV-infected patients.

All results shown throughout the study were obtained using AT-2 HIVMN (X4-tropic) virus;
comparable results were obtained when AT-2 HIVMN, AT-2 HIVAda (R5-tropic) or their non-
AT-2-treated, infectious counterparts were used (Fig. 1D). The fact that both X4- and R5-tropic
viruses induced similar PDL-1 upregulation on CD4 and CD8 T cells suggests that the selective
effect on CCR5+ T cells does not depend on signaling through this chemokine receptor, which
may be engaged by R5-, but not X4-tropic HIV.

PD-1 can bind both PDL-1 and PDL-2. Therefore, we investigated whether PDL-2 was also
induced on monocytes and CCR5+ T cells in AT-2 HIV-treated PBMC. No change of PDL-2
expression was observed on monocytes or CCR5+ T cells after exposure to AT-2 HIV (Fig.
1E).

Increased PDL-1 expression in monocytes and CCR5+ T cells from HIV-infected patients
We analyzed PDL-1 expression in PBMC from a group of HIV-infected patients (N=14; Table
1) and uninfected donors (N=8). Monocytes from HIV-infected patients showed increased
levels of PDL-1 expression compared to uninfected healthy control donors (Fig. 2A) measured
as MFI (Fig. 2B) or frequency of PDL-1+ subpopulation (Fig. 2C). Similar, CCR5+ T cells
from HIV-infected patients showed increased levels of PDL-1 expression compared to
uninfected controls (Fig. 2A, 2B and 2C). These results confirm our previous findings of
increased PDL-1 expression in HIV-infected patients [22] and better define their phenotype
based on CCR5 expression.
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IFN-γ is not required for AT-2 HIV-mediated induction of B7 molecules
IFN-γ is a known regulator of PDL-1 [1;7;8] and we have previously shown that AT-2 HIV
induces IFN-γ mRNA expression in PBMC [30]. Here we found that IFN-γ production,
measured by ELISA, was increased approximately 5-fold by AT-2 HIV (Fig. 3A). We then
investigated whether blocking antibodies against the IFN-γ receptor (anti-IFNGR) would block
the effect of AT-2 HIV on PDL-1. Anti-IFNGR did not prevent AT-2 HIV-induced PDL-1 on
either monocytes or CCR5+ T cells (Fig. 3B). This lack of effect was not due to inefficient
blocking, because in the same experiments anti-IFNGR inhibited PDL-1 induction by rIFN-γ
(1 ng/ml, approximately 25–50 fold higher than the amount of IFN-γ induced by AT-2 HIV in
PBMC) (Fig. 3B). In addition, no increase in PDL-1 expression was observed when PBMC
were cultured in presence of rIFN-γ at concentrations comparable to those observed in
supernatants of AT-2 HIV-treated cells (10–100 pg/ml) (data not shown), suggesting that the
amount of IFN-γ produced by PBMC in response to AT-2 HIV is not sufficient to produce an
effect on PDL-1 expression on monocytes and CCR5+ T cells.

We also investigated whether expression of other surface proteins of the B7 family, namely
B7.1 (CD80) and B7.2 (CD86), was affected by AT-2 HIV. CD80, and to a lesser extent CD86,
were upregulated on both monocytes and CCR5+ T cells after exposure of PBMC to AT-2 HIV
(Fig. 3B). Similar to PDL-1, anti-IFNGR did not inhibit HIV-induced CD80 and CD86 on
either monocytes or CCR5+ T cells (Fig. 3B). In addition, stimulation of PBMC with rIFN-γ
(1 ng/ml) had no effect on CD80 and CD86 expression on monocytes and CCR5+ T cells (Fig.
3B). These results suggest that stimuli other than IFN-γ are involved in HIV-mediated induction
of PDL-1, CD80 and CD86 on monocytes and CCR5+ T cells.

Type I IFN regulates PDL-1 expression on monocytes and CCR5+ T cells
Recent evidence suggests that IFN-α may induce PDL-1 in different cell types [20;32], and
HIV activates pDC to produce IFN-α [27]. Therefore, we investigated whether IFN-α-signaling
was involved in AT-2 HIV-mediated PDL-1 induction. We measured IFN-α production in
supernatants of AT-2 HIV-treated PBMC and observed an approximate 20-fold increase
compared to mock-treated PBMC (Fig. 4A). Furthermore, rIFN-α induced PDL-1 on
monocytes and CCR5+ T cells, which was partially inhibited by anti-IFNAR (Fig. 4B).

Subsequently, PBMC from HIV-uninfected donors were cultured with AT-2 HIV in presence
or absence of antibodies blocking the cellular receptor for IFN-α (anti-IFNAR). Incubation
with anti-IFNAR greatly reduced AT-2 HIV-induced PDL-1 on both monocytes (2-fold) and
CCR5+ T cells (3-fold) (Fig. 4C). Thus, monocytes and CCR5+ T cells upregulate PDL-1 in
response to IFN-α, and IFN-α is partially responsible for AT-2 HIV-induced PDL-1.

Type I IFN is required for AT-2 HIV-induced CD80, but not CD86 expression, on monocytes
and CCR5+ T cells

We investigated whether expression of other surface proteins of the B7 family, namely B7.1
(CD80) and B7.2 (CD86), was affected by AT-2 HIV in a type I IFN-dependent manner.
Interestingly, anti-IFNAR reduced AT-2 HIV-induced expression of CD80 (Fig. 4D), but not
CD86 (Fig. 4E), on monocytes and CCR5+ T cells. These results suggest that, although the
expression of all the B7 molecules analyzed is increased by exposure to AT-2 HIV, CD86
differs from CD80 and PDL-1 in that its regulation is not strictly dependent on IFN-α.

Role of TLR agonists and endocytosis in PDL-1 induction
pDC are responsible for IFN-α production in AT-2 HIV-exposed PBMC [27] and HIV-
mediated activation of pDC requires endocytosis [33]. Therefore, we investigated whether
inhibition of endocytotic pathways by incubation with chloroquine, an inhibitor of endosomal
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acidification, would prevent AT-2 HIV-mediated PDL-1 induction. Chloroquine prevented the
increase of PDL-1 expression induced by AT-2 HIV in both monocytes and CCR5+ T cells
(Fig. 5A). We then tested whether other stimuli which induce IFN-α could mimic the effect of
AT-2 HIV on PDL-1 expression. PBMC from HIV-1-uninfected donors were cultured in the
presence of agonists of different TLR. We found that TLR9 agonists which target pDC to
induce IFN-α production (class A and class C CpG oligodeoxynucleotide (ODN) [34;35]), but
not those targeting B cells (class B CpG ODN [36]), also induced increased expression of
PDL-1 on monocytes (Fig. 5B and 5C). Similarly, agonists targeting TLR7 (3M-001), TLR8
(3M-002) or TLR7/8 (3M-011), which also induced IFN-α production (Fig. 5B), resulted in
upregulation of PDL-1 on monocytes (Fig. 5C). Surprisingly, when CCR5+ T cells were
analyzed under the same conditions, we found a bimodal distribution of PDL-1 expression
after TLR stimulation (Fig. 5C). However, when CCR5 and PDL-1 expression were analyzed
simultaneously on T cells from PBMC treated with TLR agonists, we observed that PDL-1
was upregulated only on T cells with the highest levels of CCR5 expression (Fig. 5D). Thus,
although TLR agonists and HIV induced a different pattern of PDL-1 expression on T cells,
in both cases high expression of CCR5 was characteristic of the subpopulation of T cells which
upregulate PDL-1. TLR9-, TLR7- and AT2-HIV-dependent increases of PDL-1 expression
were also observed in mDC (Lin1−/HLA-DR+/CD11c+) and pDC (Lin1−/HLA-DR+/
CD123+) (data not shown), confirming previous reports of IFN-α- and TLR-induced PDL-1
on mDC [20] and pDC [37], respectively. Notably, PDL-1 induction in response to AT-2 HIV
or TLR agonists was also observed at the mRNA expression level in unseparated PBMC (data
not shown), suggesting that PDL-1 upregulation involves modulation of gene expression. Thus,
exposure to stimuli which activate pDC, similar to HIV, may lead to upregulation of PDL-1
on monocytes and CCR5+ T cells via mediation by type I IFN. These results also clarify why
also CD8 T cells, which do not directly interact with HIV, upregulated PDL-1 upon exposure
of PBMC to HIV. Thus, HIV-induced type I IFN production is sufficient to induce PDL-1
upregulation in the CCR5-expressing subset of T cells, independent of whether they express
CD4 and directly interact with the virus.

IFNAR2 expression is restricted to CCR5-expressing leukocytes
Because we found that HIV-induced IFN-α had an effect only on certain leukocytes subsets,
we analyzed the expression of the IFN-α-specific subunit of the IFN-α/β receptor IFNAR2 in
relation to CCR5. We found that monocytes, which express CCR5, and CCR5+ T cells stained
positive for IFNAR2, both in presence and in absence of HIV (Fig. 6A). Therefore, the MFI
of IFNAR2 staining was significantly higher in CCR5+ T cells compared to their CCR5−
counterpart, irrespective of exposure to HIV (Fig. 6B). No IFNAR2 expression was detected
on B cells and no difference in IFNAR2 expression was observed between CCR5+ CD8+ and
CCR5+ CD4+ T cells (data not shown), confirming that T cell sensitivity to IFN-α/β signaling,
rather than direct interaction with the virus through gp120-CD4 engagement, accounts for their
susceptibility to PDL-1 upregulation.

HIV-induced PDL-1 inhibits T cell proliferation
We tested whether AT-2 HIV-induced PDL-1 exerted inhibitory activity in the context of T
cell stimulation. Therefore, CFSE-labeled PBMC from three HIV-uninfected donors were
cultured in the presence or absence of AT-2 HIV for 24 hours. These cells were then stimulated
with anti-CD3 (OKT3) antibodies, in presence of antibodies blocking PDL-1 (anti-PDL-1) or
isotype control antibodies. Proliferation of CD4+ and CD8+ T cells was evaluated after 3 days
by CFSE dilution. Pre-treatment with AT-2 HIV significantly inhibited proliferation of both
CD4 and CD8 T cells, expressed by both division and proliferation indices (Fig. 7A, upper
panels and Fig. 7B). Anti-PDL-1 significantly increased the proliferation of CD4 and CD8 T
cells in AT-2 HIV-pretreated PBMC (Fig. 7A, lower panels and Fig. 7B). Considered together,
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these data suggest that HIV-induced PDL-1 exerts a downmoduatory effect on CD4 and CD8
T cell function.

DISCUSSION
Increased expression of PD-1 contributes to the impairment of cytotoxic function of HIV-
specific CD4+ and CD8+ T cells in HIV-infected individuals [17;18;19;21]. The inhibitory
effect of PD-1 requires engagement by its ligand PDL-1, which we previously reported to be
increased in monocytes, B cells and T cells during HIV infection [22]. Here we show that
exposure of PBMC from HIV-uninfected donors to reverse-transcription deficient AT-2 HIV,
or to its infectious counterpart, activates PDL-1 expression on monocytes and CCR5+ T cells.
Type I IFN, rather than IFN-γ, was required for HIV-mediated PDL-1 induction and other
stimuli inducing IFN-α production, as well as rIFN-α, resulted in similar PDL-1 upregulation.
The restriction of IFNAR2 expression to CCR5+ monocytes and CCR5+ T cells may explain
the selective effect of IFN-α on to these cell subsets. Although AT-2 HIV exposure induced
production of low levels of IFN-γ (<50pg/ml), no increase of PDL-1 expression was observed
when rIFN-γ was used at a similar concentration (10–100 pg/ml) to stimulate PBMC,
suggesting that AT-2 HIV-induced IFN-γ may not reach levels sufficient to induce PDL-1
expression. This finding is particularly interesting in the setting of HIV infection, during which
immune responses associated with IFN-γ production are progressively impaired [15;16;24;
25], while high levels of IFN-α can be detected in both plasma and lymphoid tissues during
different stages of the disease [38;39] and may contribute to the increased levels of PDL-1
reported herein and in our previous study [22]. In addition, inhibition of endosomal
acidification, which is required for HIV-mediated activation of pDC and IFN-α production
[33], also prevented PDL-1 upregulation. Interestingly, PDL-1 expression was not upregulated
on B cells in the presence of AT-2 HIV, nor did B cells express detectable levels of IFNAR2,
suggesting that the increased PDL-1 expression observed in vivo in these cells [22] is the
consequence of other immunologic events occurring during the infection. The necessity for
production of IFN-α/β in response to HIV explains why upregulation of PDL-1 was observed
in both CD4 and CD8 T cell subsets. Thus, although CD8 T cells do not interact directly with
HIV via gp120-CD4 engagement, they are responsive to type I IFN signaling, provided that
they express IFNAR2. However, the gp120-CD4 interaction was shown to be strictly required
for HIV to activate pDC and induce IFN-α/β production[33;40].

The subset of T cells which upregulated PDL-1 after treatment of PBMC with IFN-α-inducing
stimuli, including HIV, presented the unexpected CCR5-expressing phenotype. The CCR5+

phenotype of PDL-1 expressing T cells was confirmed by analysis of PBMC from a group of
HIV-infected patients and could be explained by the fact that IFNAR2 expression is restricted
to the CCR5+ subset of T cells. The selective expression of IFNAR2 in this T cell subset may
have interesting implications in the setting of HIV infection. Indeed, CCR5+ memory CD4+ T
cells are the main target for HIV infection during the acute phase of the disease, in particular
at lymphoid and mucosal sites where this population is enriched [31;41;42;43;44]. The
extensive depletion of CCR5+ CD4+ T cells during acute infection was suggested to be caused
by direct cytopatic infection or by CD8+ T cell-mediated killing [31;41;44;45;46;47].
Interestingly, the characteristic expression of IFNAR2 by CCR5+ CD4+ T cells may render
them particularly susceptible to IFN-α-induced apoptotic mechanisms [48;49], contributing to
their loss. Furthermore, a recent report demonstrates that the frequency of CCR5+ CD4 T cells
is reduced in non-human primate natural hosts of HIV and SIV, compared to the disease-
susceptible hosts [50]. It is therefore possible to speculate that disease-resistant species may
be characterized by a reduced number of IFNAR2-expressing CD4 T cells, and therefore less
IFN-α-sensitive CD4 T cells.
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Exposure to AT-2 HIV resulted in increased expression of CD80 and CD86 on both monocytes
and activated T cells. Both pDC and mDC in HIV-infected patients express high levels of CD80
and CD86, and can be further activated by TLR engagement [51]. Similar increases in the
expression of costimulatory molecules have been reported on circulating T cells during HIV-1
infection [52;53;54;55] and are considered to be the consequence of chronic T cell activation.
Our data provide an alternate, non-exclusive explanation suggesting that, even in the absence
of productive infection and/or chronic antigen presentation, exposure of blood cells to HIV
virions can drive the expression of costimulatory molecules, and that this effect is IFN-α-
dependent in the case of CD80, but not CD86. The difference in CD86 regulation may partially
explain our previous finding that CD80 mRNA, but not CD86 mRNA, was increased in tonsils
from chronically HIV-infected patients not receiving antiretroviral therapy [56]. In fact, in a
separate study we found high IFN-α production in tonsils of untreated patients from the same
cohort [38]. IFN-α production in lymphoid tissue may drive preferential expression of CD80
and PDL-1, rather than CD86. Although in vitro both CD80 and CD86 bind CTLA-4 with
higher affinity than CD28, CD80 was suggested to interact mainly with CTLA-4 in vivo,
exerting immune downregulatory function [57]. In addition, recent work by Butte and
colleagues highlighted a new possible mechanism of PDL-1/B7-mediated downmodulation of
T cell activity [58]. Thus, PDL-1 and CD80 can directly engage each other, resulting in a
bidirectional interaction which ultimately inhibits T cell activation, overlapping with the effects
of CTLA-4-B7 and PDL-1-PD-1 interactions [58]. Therefore, it is possible that type I IFN
production in response to HIV may lead to the preferential expression of negative costimulatory
regulators (CD80 and PDL-1), which may consequently dampen T cell responses.

Defective allo-antigen presentation has long been known in APC from HIV-infected
individuals [59]. The impairment of antigen-presenting function may be the consequence of
two non-mutually exclusive mechanisms: 1) downregulation of activating signals, such as
MHC expression and positive costimulators; and/or 2) upregulation of suppressive factors.
Here we provide evidence that innate immune functions, such as the HIV-induced activation
of pDC to produce type I IFN [27], may lead to the generation of a suppressive phenotype in
certain APC, partially accounting for the known defects in their immune stimulatory capacity.
This hypothesis is consistent with our findings that anti-PDL-1 improved the proliferative
responses of both CD4 and CD8 T cells after exposure to AT-2 HIV.

In the setting of a chronic infection such as HIV, during which constant immune stimulation
may contribute to the exhaustion of T cell function [20;25], the combined effect of deficient
antigen-presentation capacity and T cell dysfunction could allow for the establishment and
maintenance of viral reservoirs protected from efficient immune responses and increase the
susceptibility to secondary infection, typical of immunodeficient individuals. The PD-1/PDL-1
system may play an important role in this dysfunction, and may be considered as a therapeutic
target not only to improve anti-HIV immune responses, but also to ameliorate the immune
function in response to other pathogens in HIV-infected individuals.
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Figure 1. HIV induces PDL-1 expression on monocytes and CCR5+ T cells
(A) Flow cytometry contour plot showing gating on monocytes (CD14+ cells) and B cells
(CD19+) (left upper panel), or CCR5+ and CCR5− T cells (CD3+ cells) (right upper panel);
lower panels show flow cytometry histograms of PDL-1 expression in the gated subpopulations
after 24 hours of culture of PBMC in presence of AT-2 HIVMN (experiments conducted using
AT-2 HIVAda or non-AT-2-treated HIV-1MN or HIV-1Ada gave comparable results) or control
microvescicles (Mock). (B) Flow cytometry contour plot showing simultaneous expression of
CD4 and PDL-1 in PBMC after 24 hours of culture in presence of AT-2 HIV or control
microvescicles (Mock). (C) Flow cytometry histograms of PDL-1 expression gated on
monocytes (CD14+ cells) or CCR5+ T cells (CD3+ cells) after 24 hours of culture in presence
of different concentrations of AT-2 HIV. (C) Flow cytometry histograms of PDL-1 expression
gated on monocytes (CD14+ cells) or CCR5+ T cells (CD3+ cells) after 24 hours of culture in
presence of AT-2 HIVMN AT-2 HIVAda or their infectious counterparts. (E) Flow cytometry
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histograms of PDL-2 expression gated on monocytes (CD14+ cells) or CCR5+ T cells
(CD3+ cells) after 24 hours of culture of PBMC in presence of AT-2 HIV or control
microvescicles (Mock). In all cases one example characteristic of at least five independent
experiments is shown.
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Figure 2. Increased PDL-1 on monocytes and CCR5+ T cells form HIV-infected parients
(A) Flow cytometry histograms of PDL-1 expression gated on monocytes (CD14+ cells) or
CCR5+ T cells (CD3+ cells) from PBMC of one HIV-uninfected healthy control (HC) and one
HIV-infected (HIV+); open lines represent the baseline fluorescence of staining with isotype
antibody, solid lines represent fluorescence of staining with anti-PDL-1 antibody. (B) Box
plots showing PDL-1 MFI in monocytes and CCR5+ T cells measured in 14 HIV+ and 8 HC.
(C) Box plots showing frequency of PDL-1-expressing cells within monocytes and CCR5+ T
cells measured in 14 HIV+ and 8 HC. In (B) and (C) horizontal bars represent median values;
upper and lower limits of boxes are 75th and 25th percentiles; vertical lines extend to 90th and
10th percentiles.
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Figure 3. IFN-γ-signaling is not required for AT-2 HIV-induced PDL-1, CD80 and CD86
(A) Detection of IFN-γ by ELISA in supernatants from PBMC cultured in presence of AT-2
HIV or control microvescicles (Mock). (B) Surface expression of PDL-1, CD80 and CD86
analyzed by flow cytometry, gating on monocytes (CD14+ cells) or CCR5+ T cells (CD3+

cells), in PBMC cultured for 24 hours in presence of control microvescicles (Mock), AT-2 HIV
alone or in presence of blocking antibodies against the cellular receptor for IFN-γ (anti-
IFNGR), as well as rIFN-γ alone or in presence of anti-IFNGR. Flow cytometry histograms
for one example characteristic of four independent experiments are shown.
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Figure 4. AT-2 HIV-induced PDL-1 and CD80, but not CD86, is IFN-α-dependent
Detection of IFN-α (A) by ELISA in supernatants from PBMC cultured in presence of AT-2
HIV or control microvescicles (Mock). (B) Surface expression of PDL-1 analyzed by flow
cytometry, gating on monocytes (CD14+ cells) or CCR5+ T cells (CD3+ cells), in PBMC
cultured for 24 hours with rIFN-α alone or in presence of blocking antibodies against the
cellular receptor for IFN-α (anti-IFNAR). Surface expression of PDL-1 (C), CD80 (D) and
CD86 (E) analyzed by flow cytometry, gating on monocytes (CD14+ cells) or CCR5+ T cells
(CD3+ cells), in PBMC cultured for 24 hours in presence of control microvescicles (Mock),
AT-2 HIV alone or in presence of blocking antibodies against the cellular receptor for IFN-α
(anti-IFNAR), as well as rIFN-α. Flow cytometry histograms for one example experiment are
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shown beside bar graphs, which summarize mean fluorescence intensity (MFI) obtained for
the same conditions in five independent experiments. Mean values ± standard error are shown
in the bar graphs. P<0.05 was considered statistically significant; NS = not significant
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Figure 5. AT-2 HIV-induced PDL-1 is endocytosis-dependent and can be mimicked by TLR
agonists which induce IFN-α production
(A) Surface expression of PDL-1 analyzed by flow cytometry, gating on monocytes (CD14+

cells) or CCR5+ T cells (CD3+ cells), in PBMC cultured for 24 hours in presence of control
microvescicles (Mock), AT-2 HIV alone or in presence of chloroquine. (B) Detection of IFN-
α by ELISA in supernatants from PBMC cultured in presence or absence of different TLR
agonists. (C) Surface expression of PDL-1 analyzed by flow cytometry, gating on monocytes
(CD14+ cells) or CCR5+ T cells (CD3+ cells), in PBMC cultured for 24 hours in presence or
absence of different TLR agonists. (D) Left panel: dot plot flow cytometry graph of one
example experiment showing staining for PDL-1 and CCR5 on gated T cells (CD3+ cells) from
PBMC cultured for 24 hours in presence of the TLR9 agonist class A CpG ODN; right panel:
detail of PDL-1 expression shown by flow cytometry histograms in the three populations of T
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cells defined in the left panel according to different patterns of CCR5 expression. In (A) and
(C) flow cytometry histograms for one example experiment are shown beside bar graphs, which
summarize mean fluorescence intensity (MFI) obtained for the same conditions in five
independent experiments. Mean values ± standard error are shown in the bar graphs in (A),
(B), (C). All P values indicated in (B) and (C) refer to comparison with the control. P<0.05
was considered statistically significant; NS = not significant.
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Figure 6. IFNAR2 expression is restricted to CCR5-expressing cells
A) Flow cytometry contour plots showing CCR5 and IFNAR2 expression on monocytes
(CD14+ cells; left panels) and T cells (CD3+ cells; right panels) from PBMC exposed to mock
(upper panels) or AT-2 HIV (lower panels). One example of three independent experiments is
shown. B) Bar graphs showing MFI of IFNAR2 staining in CCR5+ CD3+ cells (open bars) and
CCR5− CD3+ cells (solid bars) from PBMC exposed to mock or AT-2 HIV. Mean values ±
standard error are shown.
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Figure 7. AT-2 HIV-induced PDL-1 inhibits CD4 and CD8 T cell proliferation
PBMC from three different donors were cultured with AT-2 HIV or control microvescicles
(Mock). After 24 hours, T cell proliferation was induced by addition of anti-CD3 Ab, in
presence or absence of blocking antibodies against PDL-1 (anti-PDL-1). Dilution of the CFSE
staining was analyzed by flow cytometry for CD4+ and CD8+ T cells (CD3+ cells). A) Upper
panels: flow cytometry histograms showing proliferative responses of CD4 (left panel) and
CD8 T cells (right panel) in PBMC pre-treated with AT-2 HIV (tinted line) or mock (dotted
line). Lower panels: flow cytometry histograms showing proliferative responses of CD4 (left
panel) and CD8 T cells (right panel) in PBMC pre-treated with AT-2 HIV and stimulated in
presence (heavy line) or absence (tinted line) of anti-PDL-1. One representative of 3
independent experiment is shown. B) Bar graphs showing division index (number of cell
divisions/total cell number) and proliferation index (number of cell divisions/number of
divided cells) of CD4 (left panels) and CD8 T cells (right panels) pretreated with AT-2 HIV
or mock and stimulated with anti-CD3 in presence (solid bars) or absence (open bars) of anti-
PDL-1. Mean values ± standard error are shown.
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Table 1

Clinical data of HIV-infected patients.

Patient Viral Load CD4 count HAART

1 8,030 69 16 years
2 <50 402 5 years
3 <50 1235 10 years
4 <50 423 years not available
5 <50 1022 8 years
6 <50 664 2 years
7 <50 692 6 years
8 <50 1461 9 years
9 >100,000 367 13 years
10 45,200 258 No HAART
11 25,400 552 No HAART
12 19,700 359 No HAART
13 94,200 540 No HAART
14 55,500 640 No HAART

Viral load: HIV RNA copies / ml

CD4 Count: Cells / mm3
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