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Abstract
The programmed death 1 (PD-1) receptor is a negative regulator of activated T cells and is up-
regulated on exhausted virus-specific CD8+ T cells in chronically infected mice and humans.
Programmed death ligand 1 (PD-L1) is expressed by multiple tumors, and its interaction with
PD-1 resulted in tumor escape in experimental models. To investigate the role of PD-1 in
impairing spontaneous tumor Ag-specific CD8+ T cells in melanoma patients, we have examined
the effect of PD-1 expression on ex vivo detectable CD8+ T cells specific to the tumor Ag NY-
ESO-1. In contrast to EBV, influenza, or Melan-A/MART-1-specific CD8+ T cells, NY-ESO-1-
specific CD8+ T cells up-regulated PD-1 expression. PD-1 up-regulation on spontaneous NY-
ESO-1-specific CD8+ T cells occurs along with T cell activation and is not directly associated
with an inability to produce cytokines. Importantly, blockade of the PD-1/PD-L1 pathway in
combination with prolonged Ag stimulation with PD-L1+ APCs or melanoma cells augmented the
number of cytokine-producing, proliferating, and total NY-ESO-1-specific CD8+ T cells.
Collectively, our findings support the role of PD-1 as a regulator of NY-ESO-1-specific CD8+ T
cell expansion in the context of chronic Ag stimulation. They further support the use of PD-1/PD-
L1 pathway blockade in cancer patients to partially restore NY-ESO-1-specific CD8+ T cell
numbers and functions, increasing the likelihood of tumor regression.

Human melanomas express Ags recognized by autologous T lymphocytes (1). Among these
Ags, cancer-germline Ags (CGAs)3 are expressed by tumors of many different histological
types, including melanoma, but not by normal tissues, except testis. Because germ cells in
testis do not express HLA molecules on their surface (2), CGAs represent strictly tumor-
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specific T cell targets (1). In contrast to the large majority of CGAs identified to date, NY-
ESO-1 stimulates spontaneous cellular and humoral responses in patients with NY-ESO-1-
expressing tumors (3, 4). Spontaneous immune responses to NY-ESO-1 are detectable only
in patients with advanced NY-ESO-1-expressing cancer and appear to decrease with tumor
regression, following therapy or surgery (5). Therefore, understanding the failure of
spontaneous NY-ESO-1-specific T cell responses to promote the immunological clearance
of NY-ESO-1-expressing tumors appears critical for the design of novel therapeutic
interventions aimed at overcoming the tumor evasion of host immune responses.

Among the numerous mechanisms of tumor-induced immuno-suppression that contribute to
the resistance of tumors to CTL responses (6), a number of experimental studies in animals
(7, 8) and in vitro (9) have suggested the role of programmed death 1 (PD-1)/programmed
death ligand 1 (PD-L1) interactions in inhibiting the effector functions of tumor-specific
CD8+ T cells (7, 8). PD-1 is a receptor expressed by activated T and B cells (10–13), which
binds to two known ligands: PD-L1 (B7-H1) (11, 14) and programmed death ligand 2 (PD-
L2; B7-DC) (15, 16). PD-1 negatively regulates T cell functions through the engagement of
PD-L1, which is expressed by a wide variety of tissues (11, 13, 14). PD-L1 is also expressed
by human tumors, including melanoma, either constitutively or after treatment with IFN-γ
(7, 8). In chronically infected mice, lymphocytic choriomeningitis virus-specific CD8+ T
cells exhibit a diminished capability to produce cytokines, lyse infected cells, and proliferate
in a progressive and hierarchical fashion (17). These “exhausted” T cells have been shown
to up-regulate PD-1, and blockade of the PD-1/PD-L1 pathway led to increased cytokine
production and proliferation, resulting in a significant reduction of the viral load (18).
Recent studies have further extended these observations made in murine models to humans
chronically infected with HIV (19–21), hepatitis B virus (22) or hepatitis C virus (23, 24)
with partial restoration of cytokine production (IFN-γ and TNF-α, but not IL-2) and
proliferative capacities.

To further define the role of PD-1/PD-L1 interactions in impairing spontaneous CD8+ T cell
responses to melanoma, we have investigated PD-1 expression on ex vivo detectable CD8+

T cells specific to NY-ESO-1 in patients with advanced melanoma. Our findings show the
up-regulation of PD-1 expression on NY-ESO-1-specific CD8+ T cells and demonstrate that
blockade of the PD-1/PD-L1 pathway augments the number of NY-ESO-1-specific CD8+ T
cells producing cytokines and proliferating in response to prolonged stimulation with
cognate Ag.

Materials and Methods
Study subjects and cell lines

Blood samples were obtained under the University of Pittsburgh Cancer Institute (UPCI)
Institutional Review Board-approved protocols 96-099 and 00-079 from 17 HLA-A2+

patients with NY-ESO-1-expressing stage IV melanoma. NY-ESO-1 expression by patients’
tumors was assessed by RT-PCR and/or immunohistochemistry. All patients had serum NY-
ESO-1-specific Abs detected by ELISA assays. Frequencies of NY-ESO-1-specific CD8+ T
cells were assessed ex vivo by flow cytometry using PE-labeled HLA-A2/NY-ESO-1157–165
tetramers. Nine patients who exhibited spontaneous NY-ESO-1-specific CD8+ T cell
responses were included in the study. The percentages of NY-ESO-1-specific CD8+ T cells
isolated from patients’ PBMCs ranged from 0.010% to 2.4% of total CD8+ T cells. PBMCs
used in this study were obtained from patients with no prior immunotherapy. The HLA-
A2+NY-ESO-1+ UPCI-MEL 285.1 melanoma cell line used in this study was derived from
metastatic lesions of one melanoma patient, UPCI-MEL 285, at the University of Pittsburgh
Cancer Institute.
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Phenotypic analysis
CD8+ lymphocytes were purified from PBMCs of patients using MACS Column
Technology (Miltenyi Biotec) and incubated with PE-labeled HLA-A2/NY-ESO-1157–165,
HLA-A2/influenza (Flu)-M58 – 66, HLA-A2/EBV-BMLF1280 –288, or HLA-A2/
MART-126 –35 tetramers. The purity of CD8+ T cells was always >95%. Tetramers were
provided by the Ludwig Cancer Institute for Cancer Research, Lausanne branch. As
controls, we did not observe HLA-A2/NY-ESO-1157–165 and HLA-A2/MART-126 –35
tetramer staining of CD4+ T cells purified from PBMCs of melanoma patients (data not
shown). The minimum percentage of Ag-specific CD8+ T cells detected ex vivo in patients
using these tetramers was 0.010% of total CD8+ T cells. Next, cells were stained with PD-1-
FITC or IgG1-FITC (BD Pharmingen), CD8-energy-coupled dye (ECD), and CD3-PE-Cy5
(Beckman Coulter) conjugated Abs. A violet amine reactive dye (Invitrogen) was used to
assess viability of cells.

Alternatively, after tetramer labeling, cells were stained with the following conjugated Abs
and reagents: PD-1-FITC, CD8-ECD, CD8-allophycocyanin (BD Pharmingen), CD45RA-
ECD, CD45RO-ECD, HLA-DR-ECD, streptavidin-ECD, CD38-PE-Cy5 (Beckman
Coulter), CCR7-PE-Cy7, CD28-PerCP-Cy5.5, CD57-biotin (BD Biosciences), and CD27-
allophycocyanin-Cy7 (eBioscience). Two million events were collected during flow
cytometric analysis on a FACSAria machine (BD Biosciences) and analyzed using FlowJo
software (Tree Star). Additionally, 2 million PBMCs from patients were incubated for 6
days with or without peptide NY-ESO-1157–165 (10 μg/ml) before HLA-A2/NY-
ESO-1157–165 tetramer and PD-1 staining of CD8+ T cells.

To assess PD-L1 expression on APCs, PBMCs of melanoma patients with spontaneous
CD8+ T cell response against NY-ESO-1 were stained ex vivo with CD14-ECD (Beckman
Coulter), CD3-Alexa 700, PD-L1-PE, or IgG-PE (BD Pharmingen) conjugated Abs before
flow cytometric analysis. To assess PD-L1 expression on melanoma cells, 2 million CFSE-
labeled HLA-A2+NY-ESO-1+ UPCI-MEL 285.1 melanoma cells were incubated for 2 days
with 2 million CD8+ T cells isolated from PBMCs of one HLA-A2+ melanoma patient
(MP3) with spontaneous NY-ESO-1157–165-specific CD8+ T cell response. Culture medium
was supplemented with 50 IU/ml rhIL-2 (PeproTech) and 0.5 μg/ml anti-CD28/anti-CD49d
Abs (BD Biosciences). Melanoma cells were then stained with PD-L1-PE or IgG-PE
conjugated Abs and analyzed by flow cytometry. A violet amine reactive dye was used to
assess viability of cells.

Intracellular cytokine staining assay
For in vitro stimulation (IVS) assays, 5 million PBMCs were incubated for 6 days in culture
medium containing 50 IU/ml rhIL-2 (PeproTech) with or without peptide NY-ESO-1157–165,
EBV BMLF1280 –288, or MART-126 –35 (10 μg/ml) in the presence of either anti-PD-1 (AF
1086; R&D Systems), anti-PD-L1, anti-PD-L2 (16-5983 and 16-5888, respectively;
eBioscience), or isotype control (BD Biosciences) Abs (10 μg/ml). On day 6, cells were
restimulated for 6 h with the same peptide (10 μg/ml) with or without anti-PD-L1 or isotype
control Abs (10 μg/ml). Alternatively, 2 million purified CD8+ T cells were incubated for 6
days with 2 million irradiated HLA-A2+NY-ESO-1+ UPCI-MEL 285.1 melanoma cells in
the presence of anti-PD-1, anti-PD-L1, or an isotype control Ab (10 μg/ml). Culture medium
was supplemented with 50 IU/ml rhIL-2 and 0.5 μg/ml anti-CD28/anti-CD49d Abs. On day
6, cells were restimulated with 2 million UPCI-MEL 285.1 melanoma cells for 6 h.

After 1 h of incubation, brefeldin A (Sigma-Aldrich) was added into the culture medium (10
μg/ml). Cells were then stained with PE-labeled tetramers, CD14-ECD, CD19-ECD, CD56-
biotin, streptavidin-ECD (Beckman Coulter), CD8-PE-Cy7 (BD Biosciences), and CD3-PE-
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Cy5.5 (Invitrogen) conjugated Abs. Intracellular staining was performed with IFN-γ-FITC,
IL-2-allophycocyanin (Miltenyi Biotec), and TNF-α-Alexa 700 (BD Pharmingen) Abs. In
ex vivo cytokine production assays, 1 million purified CD8+ T cells were incubated for 6 h
with peptide-pulsed (10 μg/ml) non-CD3 autologous cells in the presence or absence of anti-
PD-1, anti-PD-L1, anti-PD-L2, or isotype control Abs (10 μg/ml) before tetramer and
intracellular cytokine staining. Alternatively, CD8+ T cells were incubated for 6 h with PMA
(1 μg/ml) and ionomycin (0.25 μg/ml) (Sigma-Aldrich) before staining.

CFSE proliferation assay
Five million CFSE-labeled PBMCs were incubated for 6 days in culture medium containing
50 IU/ml rhIl-2 with or without peptide (10 μg/ml) in the presence of either anti-PD-1, anti-
PD-L1, anti-PD-L2, or isotype control Abs (10 μg/ml). On day 6, cells were stained with
PE-labeled tetramers, CD14-ECD, CD19-ECD, CD56-biotin, streptavidin-ECD, CD8-PE-
Cy7, and CD3-PE-Cy5.5 conjugated Abs. One million events per sample were acquired and
analyzed by flow cytometry.

Statistical analysis
Statistical hypotheses were tested with the Wilcoxon signed rank test (for paired results from
the same patient) and the Wilcoxon Mann-Whitney U test (for comparisons between patients
and healthy donors) using SAS version 9.1. Tests were two-sided and considered significant
for p values of <0.05. Because rank tests are not sensitive to the actual values in a
comparison, only to their ranks, differing sets of values can produce identical p values.

Results
PD-1 expression is up-regulated on NY-ESO-1-specific CD8+ T cells

We investigated PD-1 expression on the surface of spontaneous ex vivo detectable NY-
ESO-1-, Flu-, EBV-, and MART-1-specific CD8+ T cells isolated from PBMCs of nine
HLA-A*0201+ (HLA-A2+) stage IV melanoma patients and eight HLA-A2+ healthy donors
(frequencies of NY-ESO-1-, Flu-, EBV-, and MART-1-specific CD8+ T cells are reported in
Table I). Our results showed that PD-1 is highly expressed on spontaneous NY-ESO-1-
specific CD8+ T cells with a mean percentage of PD-1-expressing (PD-1+) cells of 86.9%
(Fig. 1, A and B). Significantly higher PD-1 expression was consistently observed for NY-
ESO-1-specific CD8+ T cells than for Flu- (p = 0.0156) and EBV-(p = 0.0313) specific
CD8+ T cells in the same subjects. The levels of PD-1 expression by NY-ESO-1-specific
CD8+ T cells isolated from PBMCs of the melanoma patients were significantly higher than
those of total effector memory (CD45RO+CCR7−) CD8+ T cells (p = 0.0039). Of note, the
mean percentage of PD-1+ cells among tetramer− (tet−) CD8+ T cells was 7% (data not
shown). In eight of the nine melanoma patients, spontaneous CD8+ T cells directed against
the tumor Ag MART-1 were detectable ex vivo, and PD-1 expression of MART-1-specific
CD8+ T cells was significantly lower than that of NY-ESO-1-specific CD8+ T cells (p =
0.0078). Similar observations were made when analyzing PD-1 expression in terms of mean
fluorescence intensity (MFI) (Fig. 1C). Healthy donors exhibited no detectable NY-ESO-1-
specific CD8+ T cell response and no significant difference with melanoma patients in terms
of PD-1 expression by Flu-specific CD8+ T cells (p = 0.9497), total effector
(CD45RA+CCR7−), and effector memory (CD45RO+CCR7−) CD8+ T cells (p = 0.8335 and
p = 0.0925, respectively) (Fig. 1, D and E). Notably, the percentages of EBV-specific and
MART-1-specific CD8+ T cells expressing PD-1 were, respectively, significantly higher (p
= 0.0082) and lower (p = 0.0019) for healthy donors than for melanoma patients.
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Collectively, our results showed that PD-1 expression on tumor-induced NY-ESO-1-specific
CD8+ T cells in advanced melanoma patients is significantly up-regulated compared with
Flu-, EBV-, and MART-1-specific CD8+ T cells.

PD-1 up-regulation on spontaneous NY-ESO-1-specific CD8+ T cells occurs along with T
cell activation and is not directly associated with an inability to produce cytokines

To investigate the potential association between NY-ESO-1-specific CD8+ T cell
differentiation/activation status and PD-1 expression, we have compared the percentages of
CD8+ T cells from PBMCs of six stage IV melanoma patients that express one of the
following markers—HLA-DR, CD38, CD57, CD45RA, CD45RO, CCR7, CD27, and CD28
—among PD-1+NY-ESO-1 tet+CD8+ T cells (which represent the large majority of NY-
ESO-1-specific CD8+ T cells) and PD-1− EBV tet+CD8+ T cells (which represent the large
majority of EBV-specific CD8+ T cells). The expression of HLA-DR, CD38, and CD57 on
PD-1+ NY-ESO-1-specific CD8+ T cells was significantly higher than on PD-1− EBV-
specific CD8+ T cells (p = 0.0313) (Fig. 2A, upper panel), suggesting that PD-1 up-
regulation occurs along with T cell activation. We also found that PD-1+ NY-ESO-1-
specific CD8+ T cells expressed lower levels of CD45RA and CCR7 and higher levels of
CD45RO than did PD-1− EBV-specific CD8+ T cells (p = 0.0313), whereas both T cell
populations expressed high levels of CD27 and low levels of CD28 (p = 0.6875 and p =
0.3125, respectively). Notably, these differences between PD-1+ and PD-1− cells were also
observed among the tet−CD8+ T cells (Fig. 2A, lower panel).

To determine whether the levels of PD-1 expression on NY-ESO-1-specific CD8+ T cells
are affected by Ag-specific stimulation, we have evaluated PD-1 expression on NY-ESO-1-
specific CD8+ T cells from six melanoma patients after a 6-day IVS with or without cognate
peptide (Fig. 2B). As compared with ex vivo levels, PD-1 expression on NY-ESO-1-specific
CD8+ T cells, but not on total CD8+ T cells, was up-regulated after IVS with cognate
peptide and down-regulated after IVS without peptide. Collectively, our findings suggest
that PD-1 up-regulation on NY-ESO-1-specific CD8+ T cells is associated with a higher
level of T cell activation in the presence of cognate Ag.

We next compared the ability of Ag-specific CD8+ T cells to produce cytokines upon short
ex vivo stimulation with cognate peptide-pulsed APCs (6 h). Our findings in six melanoma
patients showed that spontaneous NY-ESO-1-specific CD8+ T cells produced IFN-γ in their
large majority, TNF-α for a minority of cells, and no IL-2. Following stimulation with PMA
plus ionomycin, we observed a significant increase in the numbers of NY-ESO-1-specific
CD8+ T cells that produced IFN-γ, TNF-α, and IL-2 (Fig. 2C). MART-1-specific CD8+ T
cells, which express low levels of PD-1 by a large majority, exhibited the same cytokine
profile as NY-ESO-1-specific CD8+ T cells after peptide stimulation, whereas EBV-specific
CD8+ T cells, also expressing low levels of PD-1, produced significantly higher levels of
TNF-α and IL-2, albeit similar amounts of IFN-γ.

In agreement with previous studies (25), we have observed that monocytes (CD14+ cells)
present in PBMCs express PD-L1 (Fig. 2D). Next, we measured the percentages of
cytokine-producing NY-ESO-1-specific CD8+ T cells stimulated ex vivo with cognate
peptide-pulsed APCs in the presence of Abs against either PD-1, its ligands PD-L1 or PD-
L2, or an isotype control (Fig. 2E). We observed no significant effect of PD-1 pathway
manipulation upon IFN-γ, TNF-α, and IL-2 production by NY-ESO-1-specific CD8+ T
cells (p > 0.05). Collectively, our findings suggest that PD-1 expression does not directly
affect the capacity of NY-ESO-1-specific CD8+ T cells to produce cytokines upon
stimulation with cognate Ag.
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Blockade of the PD-1/PD-L1 pathway significantly increases frequency of cytokine-
producing NY-ESO-1-specific CD8+ T cells

We next assessed the impact of PD-1 expression on cytokine production by NY-ESO-1-
specific CD8+ T cells after a multiday IVS with peptide-pulsed APCs. PBMCs from six
melanoma patients with spontaneous NY-ESO-1-, EBV-, and MART-1-specific CD8+ T cell
responses were stimulated for 6 days either with NY-ESO-1 peptide, EBV peptide, or
MART-1 peptide in the presence of Abs against PD-1, PD-L1, PD-L2, or an isotype control,
before evaluating cytokine production in response to cognate peptide. As a control, PBMCs
were also incubated for 6 days without cognate peptide. We observed a significant increase
in the numbers of NY-ESO-1-specific CD8+ T cells that produced IFN-γ and TNF-α in the
presence of cognate peptide and anti-PD-L1 Ab, but not anti-PD-L2 (data not shown), as
compared with peptide and isotype control (p = 0.0313; Fig. 3A and Fig. 3, B and C, left
panels), resulting in a 1.8-fold and 2.2-fold change in the numbers of IFN-γ- and TNF-α-
producing NY-ESO-1-specific CD8+ T cells, respectively (Fig. 3, D and E, left panels).
Cross-linking of PD-1 receptor by anti-PD-1 Ab resulted in a significant decrease in the
number of IFN-γ- and TNF-α-producing NY-ESO-1-specific CD8+ T cells (p = 0.0313;
Fig. 3A and Fig. 3, B and C, center panels; 0.4-fold and 0.3-fold change, respectively).
Notably, the number of NY-ESO-1-specific CD8+ T cells that produced IL-2 was extremely
low for all patients (<0.01% of NY-ESO-1 tet+CD8+ T cells), with or without PD-1/PD-L1
pathway blockade (data not shown). In agreement with our data showing that PD-1
expression does not directly affect the capacity of NY-ESO-1-specific CD8+ T cells to
produce cytokines, PD-1/PD-L1 blockade in multiday assay did not significantly increase
the percentages of NY-ESO-1 tet+CD8+ T cells that produced cytokines among total NY-
ESO-1 tet+CD8+ T cells (Fig. 3, B and C, right panels). Consistent with their lower levels of
PD-1 expression, we did not observe any significant influence of PD-1 pathway
manipulation on cytokine production by EBV-specific and MART-1-specific CD8+ T cells
(Fig. 3, D and E, center and right panels). Additionally, we observed that anti-PD-L1 Ab had
no additional effect on cytokine production by NY-ESO-1-specific CD8+ T cells when
added after IVS, before intracellular cytokine staining (Fig. 4), although these cells exhibited
higher levels of PD-1 expression (Fig. 2B).

In agreement with previous studies (26), we observed that naturally occurring NY-ESO-1-
specific CD8+ T cells produce IFN-γ, known to further promote PD-L1 expression by
melanoma cells (9, 27), thus potentially increasing PD-1/PD-L1 interactions in the tumor
microenvironment. Accordingly, we observed that HLA-A2+, NY-ESO-1+ UPCI-MEL
285.1 melanoma cells up-regulated PD-L1 expression after 48 h incubation in the presence
of either IFN-γ (500 IU/ml; Fig. 5A) or HLA-A2-restricted IFN-γ-producing NY-ESO-1-
specific CD8+ T cells (Fig. 5B). We next investigated the role of PD-1/PD-L1 pathway on
cytokine production by NY-ESO-1-specific CD8+ T cells upon stimulation with NY-
ESO-1+ melanoma cells. CD8+ T cells isolated from six melanoma patients (MP3, MP4,
MP6, MP7, MP8, and MP9) among the nine who exhibited the highest levels of circulating
NY-ESO-1-specific CD8+ T cells (Table I) were incubated in vitro for 6 days with the HLA-
A2-matched NY-ESO-1+ melanoma cell line UPCI-MEL 285.1 with Abs against PD-L1,
PD-1, or an isotype control. Following incubation with UPCI-MEL 285.1 cells, we
measured the percentage of NY-ESO-1-specific CD8+ T cells that produced cytokines upon
restimulation with the same melanoma cell line (Fig. 5, C and D). As compared with the
incubation with melanoma cells and isotype control, the numbers of NY-ESO-1-specific
CD8+ T cells that produced IFN-γ and/or TNF-α increased after IVS with melanoma cells
and anti-PD-L1 Ab and decreased after IVS with melanoma cells and anti-PD-1 Ab in all six
patients. Therefore, blockade of the PD-1/PD-L1 pathway in T cell/melanoma cell coculture
appears to promote the expansion of cytokine-producing NY-ESO-1-specific CD8+ T cells,
consistent with our data obtained using PBMCs.
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PD-1/PD-L1 pathway blockade significantly increases the frequency of proliferating and
total NY-ESO-1-specific CD8+ T cells

To evaluate whether PD-1/PD-L1 pathway blockade increases the capacity of NY-ESO-1-
specific CD8+ T cells to proliferate in response to the cognate Ag in a multiday assay,
CFSE-labeled PBMCs from six melanoma patients were stimulated for 6 days with either
NY-ESO-1, EBV, or MART-1 peptides in the presence of Abs against PD-1, PD-L1, PD-
L2, or an isotype control. As a control, PBMCs were incubated for 6 days without cognate
peptide. On day 6, the frequency of proliferating (CFSElow) and total NY-ESO-1, EBV, and
MART-1 tet+CD8+ T cells was assessed by flow cytometry. The addition of anti-PD-L1 Ab,
but not anti-PD-L2 (data not shown), augmented the number of CFSElow and total NY-
ESO-1 tet+CD8+ T cells (p = 0.0313) (Fig. 6A–C), resulting in a 1.5-fold and a 1.8-fold
change in the number of CFSElow and total NY-ESO-1 tet+CD8+ T cells, respectively (Fig.
6, D and E, left panels). Alternatively, stimulation of PD-1 by the agonist anti-PD-1 Ab
resulted in decreased numbers of both CFSElow and total NY-ESO-1 tet+CD8+ T cells (p =
0.0313; 0.8-fold and 0.5-fold change, respectively). Consistent with their lower levels of
PD-1 expression, blockade of the PD-1 pathway did not significantly increase the number of
CFSElow and total EBV and MART-1 tet+CD8+ T cells (Fig. 6, D and E, center and right
panels).

Discussion
Although there is ample evidence that patients with cancers can develop immune responses
directed against Ags expressed by their own tumors, the correlation between tumor Ag-
specific immune responses and positive clinical outcome remains elusive in humans (28). In
particular, spontaneous immune responses to NY-ESO-1, a strictly tumor-specific T cell
target, are detectable only in patients with advanced NY-ESO-1-expressing cancer (4, 29,
30). Therefore, understanding the failure of spontaneous NY-ESO-1-specific T cell
responses to promote tumor regression may help us in the design of novel therapeutic
interventions aimed at overcoming the tumor evasion of host immune responses. Here, we
show for the first time that tumor-induced NY-ESO-1-specific CD8+ T cells that are
detectable ex vivo in patients with advanced NY-ESO-1-expressing mela-noma (i.e., stage
IV melanoma) up-regulate PD-1 expression in contrast to CD8+ T cells directed against
other tumor (MART-1) or viral (Flu, EBV) Ags. In agreement with previous observations of
HIV-specific CD8+ T cells (21, 31), the up-regulation of PD-1 expression by spontaneous
NY-ESO-1-specific CD8+ T cells appears to occur along with T cell activation, which
suggests high levels of tumor Ag-induced T cell activation.

Two studies have previously reported the role of PD-1/PD-L1 blockade on human tumor-
specific T cells in vitro. Blank et al. have retrovirally transduced PBMCs isolated from one
HLA-A2+ healthy donor with high-affinity, CD8-independent TCRs isolated from HLA-
A0201 transgenic mice (9). These T cells have been genetically engineered to become HLA-
A2-restricted p53-specific tumor-reactive T cells and were expanded in vitro with anti-CD3/
CD28 Abs before testing their effector functions in the presence or absence of anti-PD-L1
Ab in short stimulation assays (4–16 h). In contrast to our data on NY-ESO-1-specific CD8+

T cells isolated ex vivo from PBMCs of melanoma patients and which spontaneously up-
regulate PD-1 expression, in this experimental setting (i.e., short stimulation assays) the
authors observed an increase of cytokine-producing CD8+ T cells after PD-1/PD-L1
blockade. Wong et al. have reported the effects of a fully humanized PD-1-abrogating Ab on
the in vitro expansion and function of vaccine-induced MART-1 and gp100-specific CD8+ T
cells (32). In this study, melanoma patients were immunized with analog peptides (MART-1
27L and gp100 209M). The authors tested the impact of the PD-1/PD-L1 blockade, using
purified immature dendritic cells previously prepared in vitro for peptide stimulation with
the analog peptide. These experimental conditions may possibly have contributed to increase
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the activation status of analog peptide-specific CD8+ T cells and therefore PD-1 up-
regulation by these cells in vitro. Notably, and in contrast to the anti-PD-1 Ab used by Wong
et al. (32), our choice of the anti-PD-1 Ab (AF 1086; R&D Systems) was based on a
previous study by Petrovas et al. (20) showing that this Ab acts in an agonist fashion. In this
study, using plate-bound anti-PD-1, the authors observed that PD-1+ CD8+ T cells were the
most sensitive to apoptosis and were the cells that augmented apoptosis to the greatest extent
upon PD-1 ligation.

MART-1-specific CD8+ T cells isolated from PBMCs of the same melanoma patients with
stage IV melanoma and recognizing the MART-1 Ag, commonly expressed by the large
majority of the melanoma cells, expressed lower levels of PD-1 than did NY-ESO-1-specific
CD8+ T cells, albeit at a significantly higher level than MART-1-specific CD8+ T cells
isolated from healthy donors. Therefore, although high tumor load appears to play a critical
role in the up-regulation of PD-1 expression by tumor Ag-specific CD8+ T cells, it may not
be the sole factor in determining the levels of PD-1 up-regulation by CD8+ T cells. Several
hypotheses may be raised to explain these findings. The first one is that MART-1 CD8+ T
cells are stimulated by a potential source of Ag that could be either the MART-1 Ag, which
is expressed in skin melanocytes and pigmented cells in the eye, and/or cross-reactive
peptides derived from viral, bacterial, or human proteins (33). In this scenario, a significant
number of circulating MART-1-specific CD8+ T cells in healthy donors and in melanoma
patients may represent low-affinity T cells with low or no tumor reactivity and therefore
may not be activated in melanoma patients. Alternatively, the absence of PD-1 up-regulation
by MART-1-specific CD8+ T cells may be due to the significant fraction of the MART-1-
specific CD8+ T cells in PBMCs of melanoma patients and healthy donors that are
phenotypically and functionally naive (34, 35). The existence of such cells may explain our
observations of low levels of MART-1-specific CD8+ T cells that are frequently detectable
in PBMCs of healthy donors and that do not upegulate PD-1 expression. In melanoma
patients, the coexistence of nontumor-reactive naive and tumor-reactive effector memory
MART-1-specific CD8+ T cells may explain the higher PD-1 levels observed on MART-1
CD8+ T cells (34, 35).

In healthy donors, EBV-specific CD8+ T cells expressed higher PD-1 levels than in
melanoma patients, which may possibly reflect higher levels of EBV Ag chronically
stimulating lytic cycle Ag-specific CD8+ T cells (36). CD8+ T cell responses against lytic
EBV epitopes (like the EBV BMLF1 epitope used in our study) and latent EBV epitopes
appear to be immunodominant in younger donors with acute infections and older donors
who are long-term carriers, respectively (37). Therefore, the melanoma patients included in
our study with a mean age of 63 years may possibly represent a long-term carrier population
with lower load of lytic Ag than in younger healthy donors. A larger study including a larger
number of healthy donors and melanoma patients with different disease stages from
different age groups will need to be performed to better investigate this issue.

NY-ESO-1-specific CD8+ T cells isolated from PBMCs of patients with stage IV melanoma
produced IFN-γ in their large majority, TNF-α for a minority of cells, and no IL-2,
exhibiting the same cytokine profile as MART-1-specific CD8+ T cells, which express low
levels of PD-1, whereas EBV-specific CD8+ T cells, which also express low levels of PD-1,
produced significantly higher levels of TNF-α and IL-2, albeit similar amounts of IFN-γ.
Notably, PD-1/PD-L1 blockade had no direct effect on the capacity of PD-1+ NY-ESO-1-
specific CD8+ T cells to produce cytokines in ex vivo assays in the context of a short
stimulation with cognate peptide. Therefore, and in agreement with previous studies of
PD-1-expressing HIV-specific CD8+ T cells (20, 31), our findings show that PD-1 up-
regulation has no direct effect on T cell effector function (i.e., cytokine secretion).
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One critical finding in our study is the impact of the PD-1/PD-L1 pathway manipulation in
combination with prolonged Ag stimulation upon the numbers of cytokine-producing,
proliferating, and total PD-1+ NY-ESO-1-specific CD8+ T cells. The numbers of IFN-γ- and
TNF-α-producing, proliferating, and total PD-1+ NY-ESO-1-specific CD8+ T cells
increased significantly after prolonged stimulation with cognate peptide and anti-PD-L1 Ab.
In contrast, they decreased significantly after prolonged stimulation with cognate peptide
and agonist anti-PD-1 Ab. Collectively, and together with our observations that PD-1/PD-L1
blockade did not significantly increase the percentages of NY-ESO-1 tet+CD8+ T cells that
produced cytokines among total NY-ESO-1 tet+CD8+ T cells either in short-term or
multiday cultures, our findings suggest that PD-1 acts as a regulator of NY-ESO-1-specific
CD8+ T cell expansion in the context of chronic Ag exposure and has no major impact on
their functionality on a cell-per-cell basis. In this regard, our data are in line with one
previous study demonstrating that the primary mechanism by which PD-1 affects CD8+ T
cell proliferation is through the regulation of cell survival (20).

Of note, the effects of PD-1/PD-L1 pathway manipulation were often modest and varied
from patient to patient, supporting the hypothesis that other factors besides PD-1 up-
regulation play an important role in regulating the ability of Ag-specific T cells to proliferate
(20). In addition to PD-1 expression, other factors have been proposed as key regulators of T
cell exhaustion such as duration and level of Ag exposure and availability of CD4+ T cell
help (17, 38), suggesting that PD-1/PD-L1 blockade may better work in patients with
reduced tumor burden (postsurgery) in combination with vaccine interventions stimulating
NY-ESO-1-spe-cific CD8+ and CD4+ T cells.

Interestingly, we have shown that manipulation of the PD-1/PD-L1 pathway regulates the
expansion of functional NY-ESO-1-specific CD8+ T cells in the context of a chronic
stimulation with PD-L1+ NY-ESO-1+ melanoma cells, expressing normally processed and
presented epitopes, making our findings more relevant to what occurs at the tumor sites.

Collectively, our data demonstrate that in contrast to EBV-, Flu-, or Melan-A/MART-1-
specific CD8+ T cells, NY-ESO-1-specific CD8+ T cells up-regulate PD-1 expression. The
data also show that in the context of a prolonged Ag presentation by PD-L1+ APCs, the
blockade of the PD-1/PD-L1 pathway can partially restore NY-ESO-1-specific CD8+ T cell
numbers and functions. Therefore, the findings support the use of PD-1/PD-L1 blockade in
the context of combinatorial immunotherapeutic interventions targeting the multiple tumor-
induced immunosuppressive signals. Such trials will define whether the increased number of
tumor-reactive NY-ESO-1-specific CD8+ T cells in patients may further promote broader
antitumor T cell responses through epitope spreading (39, 40), increasing the likelihood of
objective clinical responses. Whether the disruption of the PD-1/PD-L1 pathway may also
result in serious autoimmune effects in vivo will need to be carefully monitored.
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FIGURE 1.
PD-1 expression is up-regulated on NY-ESO-1-specific CD8+ T cells. A, Representative dot
plots from different melanoma patients (MP) showing PD-1 expression on HLA-A2 (A2)/
NY-ESO-1157–165 tet+, A2/EBV-BMLF1280–288, A2/Flu-M58–66, and A2/MART-126 –35
tet+CD8+ T cells (upper panels). Representative examples of NY-ESO-1 tet+ and EBV
tet+CD8+ T cells stained with a FITC-labeled isotype IgG control Ab are also displayed and
were used to establish the threshold for identifying PD-1+ cells (lower panel). Values
indicate the percentage of CD8+ T cells expressing PD-1 among tet+ cells. B–E, Pooled data
showing the percentage and MFI of PD-1 expression on NY-ESO-1-, Flu-, EBV-, and
MART-1-specific as well as total effector (CD45RA+CCR7−) and effector memory
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(CD45RO+CCR7−) CD8+ T cells from nine melanoma patients (B and C) and eight healthy
donors (D and E). Horizontal bars depict the mean percentage and MFI of PD-1 expression
on tet+CD8+ T cells. The p values were calculated using the Wilcoxon signed rank test.
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FIGURE 2.
Activation, maturational, and functional status of NY-ESO-1-specific CD8+ T cells. A,
Pooled data from melanoma patients (n = 6) showing expression of HLA-DR, CD38, CD57,
CCR7, CD45RA, CD45RO, CD27, and CD28 on PD-1+ NY-ESO-1-specific and PD-1−

EBV-specific CD8+ T cells (upper panel) as well as on PD-1+ and PD-1− tet−CD8+ T cells
(lower panel). Horizontal bars depict the mean percentage of cells that express the
corresponding marker. B, Pooled data showing the mean MFI and SD of PD-1 expression by
A2/NY-ESO-1157–165 tet+ (left panel) and total (right panel) CD8+ T cells assessed either ex
vivo or after 6-day IVS with or without cognate peptide (n = 6). C, Pooled data showing
percentages of Ag-specific tet+CD8+ T cells that produce IFN-γ, TNF-α, and IL-2 ex vivo
in the presence of cognate peptide-pulsed APCs or PMA plus ionomycin (n = 6). Horizontal
bars depict the mean percentage of tet+CD8+ T cells that produce cytokines. D, Histograms
showing ex vivo expression of PD-L1 by monocytes isolated from PBMCs of one
representative melanoma patient. Cells were stained either with anti-PD-L1 Abs (gray) or an
isotype control Ab (black line) and analyzed by flow cytometry. As controls, T cells (CD3+

cells) do not express PD-L1. E, Summary data for melanoma patients (n = 6) showing the
mean percentage and SD of A2/NY-ESO-1157–165 tet+CD8+ T cells that produce IFN-γ,
TNF-α, and IL-2 ex vivo after stimulation with cognate peptide-pulsed APCs and with Abs
against PD-L1, PD-L2, PD-1, or an isotype control (IgG). The p values were calculated
using the Wilcoxon signed rank test.
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FIGURE 3.
Blockade of the PD-1/PD-L1 pathway significantly increases frequency of cytokine-
producing NY-ESO-1-specific CD8+ T cells. A, Representative flow cytometry analysis
from one melanoma patient (MP3) showing percentages of IFN-γ- and TNF-α-producing
A2/NY-ESO-1157–165 tet+CD8+ T cells among total CD8+ T cells and (B and C), pooled
data from melanoma patients (n = 6) showing the variation in the number of IFN-γ- and
TNF-α-producing NY-ESO-1 tet+ cells for 105 CD8+ T cells (left and center panels), and
the percentages of NY-ESO-1 tet+CD8+ T cells that produce IFN-γ and TNF-α among total
NY-ESO-1 tet+CD8+ T cells (right panels). PBMCs were incubated for 6 days with (After
IVS with peptide) or without (After IVS without peptide) peptide NY-ESO-1157–165 and
Abs against PD-L1 (aPD-L1), PD-L2, PD-1 (aPD-1), or an isotype control (IgG) before
evaluating intracellular cytokine production of NY-ESO-1 tet+CD8+ T cells in response to
cognate peptide. D and E, Fold change of the number of IFN-γ- and TNF-α-producing NY-
ESO-1, EBV, and MART-1 tet+CD8+ T cells after 6-day IVS with cognate peptide and Abs
against PD-L1, PD-L2, PD-1, or an isotype control Ab. The ratio of the number of cytokine-
producing tet+CD8+ T cells from melanoma patients (n = 6) in the presence of indicated Ab
treatment and isotype control Ab is shown. The p values were calculated using the Wilcoxon
signed rank test.
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FIGURE 4.
Effect of PD-1/PD-L1 pathway blockade performed after IVS on the frequency of cytokine-
producing NY-ESO-1-specific CD8+ T cells. Summary data from melanoma patients (n = 6)
showing the mean fold change and SD in the number of IFN-γ-producing (IFN-γ+) and
TNF-α-producing (TNF-α+) NY-ESO-1 tet+CD8+ T cells after 6-day stimulation with
peptide NY-ESO-1157–165 in the presence of anti-PD-L1 or isotype control Abs added at day
1 (D1) and/or at day 6 (D6) before restimulation with cognate peptide and intracellular
cytokine staining of NY-ESO-1 tet+CD8+ T cells. The ratio of cytokine-producing NY-
ESO-1 tet+CD8+ T cells per 105 total CD8+ T cells measured after 6-day IVS with and
without cognate peptide is displayed. The p values were calculated using the Wilcoxon
signed rank test.
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FIGURE 5.
PD-1/PD-L1 pathway blockade increases the number of cytokine-producing NY-ESO-1-
specific CD8+ T cells upon stimulation with NY-ESO-1-expressing tumor cells. A, Up-
regulation of PD-L1 expression by the HLA-A2+NY-ESO-1+ UPCI-MEL 285.1 melanoma
cells upon treatment with IFN-γ. Melanoma cells were cultured without (left) or with (right)
IFN-γ (500 IU/ml) for 48 h, stained with anti-PD-L1 Abs (gray) or an isotype control Ab
(black line), and analyzed by flow cytometry. B, Expression of PD-L1 by the HLA-A2+NY-
ESO-1+ UPCI-MEL 285.1 melanoma cells before (Day 0) and after (Day 2) incubation with
CD8+ T cells purified from PBMCs of one HLA-A2+ melanoma patient (MP3) with
spontaneous NY-ESO-1-specific CD8+ T cells. Melanoma cells were stained with anti-PD-
L1 Abs (gray) or with an isotype control Ab (black line) and analyzed by flow cytometry. C,
Representative flow cytometry analysis from one melanoma patient (MP3) showing
percentages of IFN-γ- and TNF-α-producing A2/NY-ESO-1157–165 tet+ cells among total
CD8+ T cells, and (D) pooled data from melanoma patients (n = 6) showing the variation in
the number of IFN-γ-producing NY-ESO-1 tet+ cells for 106 CD8+ T cells in the presence
of UPCI-MEL 285.1 cells after 6-day IVS with UPCI-MEL 285.1 cells and anti-PD-L1
(aPD-L1), anti-PD-1 (aPD-1), or isotype control Abs (IgG). The p values were calculated
using the Wilcoxon signed rank test.
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FIGURE 6.
PD-1/PD-L1 pathway blockade significantly increases the frequency of proliferating and
total NY-ESO-1-specific CD8+ T cells. A, Representative flow cytometry analysis from one
melanoma patient (MP3) showing percentages of CFSElow NY-ESO-1 tet+CD8+ T cells
among total CD8+ T cells, and (B and C) pooled data from melanoma patients (n = 6)
showing the variation in the number of CFSElow and total NY-ESO-1 tet+ cells for 105

CD8+ T cells. CFSE-labeled PBMCs were incubated for 6 days with (After IVS with
peptide) or without (After IVS without peptide) peptide NY-ESO-1157–165 and Abs against
PD-L1 (aPD-L1), PD-L2, PD-1 (aPD-1), or an isotype control (IgG). D and E, Fold change
of the number of CFSElow (D) and total (E) NY-ESO-1, EBV, and MART-1 tet+CD8+ T
cells after 6-day IVS with cognate peptide and Abs against PD-L1, PD-L2, PD-1, or an
isotype control (n = 6). The ratio of the number of CFSElow and total NY-ESO-1, EBV, and
MART-1 tet+CD8+ T cells in the presence of indicated Ab treatment and isotype control Ab
is shown. The p values were calculated using the Wilcoxon signed rank test.
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Table I

Ex vivo percentages of spontaneous NY-ESO-1157–165, Flu-M58 – 66, EBV-BMLF1280 –288, and

MART-126 –35 tet+CD8+ T cells in melanoma patients and healthy donors included in this studya

Subjects

Percentage of Ex Vivo tet+CD8+ T Cells/Total CD8+ T cells

NY-ESO-1157–165 Flu-M58–66 EBV-BMLF1280–288 MART-126–35

Melanoma patients

 MP1 0.016 0.091 0.060 0.020

 MP2 0.011 0.056 ND 0.030

 MP3 2.400 ND 0.630 0.031

 MP4 0.021 0.017 0.033 0.410

 MP5 0.010 0.560 0.340 0.031

 MP6 0.069 ND 0.640 0.034

 MP7 0.026 0.027 ND 0.011

 MP8 0.041 0.450 ND ND

 MP9 0.056 0.022 2.160 0.023

  Median 0.026 0.056 0.485 0.031

Healthy donors

 HD1 ND 0.026 0.075 0.030

 HD2 ND 0.013 0.041 0.014

 HD3 ND 0.012 ND 0.120

 HD4 ND 0.110 0.640 0.044

 HD5 ND 0.021 0.100 0.046

 HD6 ND 0.014 0.062 0.037

 HD7 ND 0.640 0.024 0.052

 HD8 ND 0.026 0.010 0.066

  Median NA 0.024 0.062 0.045

a
ND indicates not detectable; NA, not applicable.
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