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Abstract
Cytotoxic T cells that are present in tumors and capable of recognizing tumor epitopes are
nevertheless generally impotent in eliciting tumor rejection. Thus, identifying the immune escape
mechanisms responsible for inducing tumor-specific CD8+ T cell dysfunction may reveal
effective strategies for immune therapy. The inhibitory receptors PD-1 and Tim-3 are known to
negatively regulate CD8+ T cell responses directed against the well-characterized tumor antigen
NY-ESO-1. Here, we report that the upregulation of the inhibitory molecule BTLA also plays a
critical role in restricting NY-ESO-1-specific CD8+ T cell expansion and function in melanoma.
BTLA-expressing PD-1+Tim-3− CD8+ T cells represented the largest subset of NY-ESO-1-
specific CD8+ T cells in melanoma patients. These cells were partially dysfunctional, producing
less IFN-γ than BTLA− T cells, but more IFN-γ, TNF and IL-2 than the highly dysfunctional
subset expressing all three receptors. Expression of BTLA did not increase with higher T cell
dysfunction or upon cognate antigen stimulation, as it does with PD-1, suggesting that BTLA
upregulation occurs independently of functional exhaustion driven by high antigen load. Added
with PD-1 and Tim-3 blockades, BTLA blockade enhanced the expansion, proliferation and
cytokine production of NY-ESO-1-specific CD8+ T cells. Collectively, our findings indicate that
targeting BTLA along with the PD-1 and Tim-3 pathways is critical to reverse an important
mechanism of immune escape in patients with advanced melanoma.
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Introduction
T cell exhaustion represents a progressive loss of T cell function occurring upon chronic
exposure to high antigen load and has first been reported in mice chronically infected with
LCMV (1). Exhausted CD8+ T cells upregulate multiple inhibitory receptors, including
PD-1, 2B4, CTLA-4, CD160 and LAG-3 (2). The expression of multiple inhibitory
receptors by T cells is associated with greater exhaustion and more severe infections.
Several lines of evidence support the role of inhibitory pathways in impeding effective anti-
tumor T cell immune responses. First, tumor antigen (TA)-specific CTLs present in PBLs or
at tumor sites have been shown to upregulate PD-1 expression (3, 4). Second, a highly
dysfunctional subset of TA-specific T cells present at the periphery or at tumor sites, co-
upregulates PD-1 and T cell immunoglobulin and mucin-domain-containing molecule 3
(Tim-3) expression (5, 6). PD-1 and Tim-3 pathway blockades act in synergy to enhance
TA-specific CD8+ T cell numbers and functions in patients with advanced melanoma and
induce tumor regression in animals (5, 6).

Whether distinct TA-specific CD8+ T cell subsets exhibiting variable levels of dysfunction
and expressing different sets of inhibitory molecules exist has not been determined yet. Such
information may provide novel therapeutic targets to reverse tumor-induced T cell
dysfunction in patients with advanced cancers. To address this question, we have
investigated the expression of the B and T cell lymphocyte attenuator (BTLA; CD272) in
combination with PD-1 and Tim-3 on spontaneous NY-ESO-1-specific CD8+ T cells from
patients with advanced melanoma. BTLA, an immunoglobulin-like molecule that belongs to
the CD28 family, is expressed by a range of cells, including T cells, B cells, NK cells and
APCs (7-9). BTLA is an inhibitory receptor involved in negative regulation of T cell
function. BTLA deficient mice exhibit severe experimental autoimmune encephalomyelitis,
prolonged airway allergic inflammation and higher rejection of minor mismatched allografts
(8, 10, 11). BTLA inhibits T cell proliferation and cytokine production in vitro and mediates
the negative regulation of CD8+ T cell homeostasis and memory cell generation in vivo
(12). In addition, BTLA plays a critical role in the induction of peripheral T cell tolerance in
vivo (13). BTLA binds to herpes virus entry mediator (HVEM), which is expressed by a
wide range of cells including T cells, B cells, NKs, monocytes and dendritic cells (9). In
addition, BTLA is also expressed by melanoma cells (14). In cancer immunology, BTLA
expression has been observed on MART-1-specific CD8+ T cells isolated from PBMCs of
melanoma patients and contributed to limiting T cell expansion and IFN-γ production upon
cross-linking with HVEM expressed by melanoma cells (14). In the present study, we show
that BTLA expression is upregulated on spontaneous NY-ESO-1-specific CD8+ T cells that
are detectable ex vivo in PBLs of melanoma patients. BTLA+PD-1+Tim-3− cells, which
represent the largest subset of NY-ESO-1-specific CD8+ T cells that are detectable ex vivo
in PBLs of melanoma patients, exhibit partial T cell dysfunction, producing more IFN-γ,
TNF and IL-2 than BTLA+PD-1+Tim-3+ but less IFN-γ than BTLA−PD-1+Tim-3− and
BTLA−PD-1−Tim-3− NY-ESO-1-specific CD8+ T cells. Finally, BTLA blockade acts in
combination with PD-1 and Tim-3 blockades to further enhance NY-ESO-1 specific CD8+
T cell expansion and function.

Materials and Methods
Study subjects

Blood samples were obtained under the University of Pittsburgh Cancer Institute (UPCI)
IRB-approved protocols 00-079, 96-099 and 05-140 from eleven HLA-A2+ patients with
NY-ESO-1-expressing stage IV melanoma who exhibited spontaneous NY-ESO-1-specific
CD8+ T cell responses assessed ex vivo by flow cytometry using APC-labeled HLA-A2/
NY-ESO-1 157-165 tetramers. The percentages of ex vivo detectable NY-ESO-1 157-165-
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specific CD8+ T cells isolated from patients’ PBMCs ranged from 0.015% to 2.7% of total
CD8+ T cells (median 0.03%). PBMCs used in this study were obtained from patients with
no prior immunotherapy.

Phenotypic analysis
CD8+ T lymphocytes were purified from PBMCs of patients using MACS Column
Technology (Miltenyi Biotec) and incubated with APC-labeled HLA-A2/NY-ESO-1
157-165, HLA-A2/CMV 495-503, HLA-A2/EBV-BMLF-1 280-288, HLA-A2/Flu-M
58-66, HLA-A2/MART-1 26-35 or HLA-A2/HIVpol 476-484 tetramers as control. The
purity of CD8+ T cells was always greater than 95%. Tetramers were provided by the
Ludwig Cancer Institute for Cancer Research, Lausanne branch. Next, cells were incubated
with CD8-FITC (Beckman Coulter) or CD8-V500 (BD Biosciences), Tim-3-PE (R&D
Systems) or IgG2a-PE (BD Biosciences), BTLA-biotin or IgG2a-biotin (eBioscience),
PD-1-PE-Cy7 or IgG1-PE-Cy7 (BioLegend), CD57-FITC, HLA-DR-PerCp-Cy5.5, CD38-
PerCp-Cy5.5 (BD Pharmingen) and streptavidin-ECD (Invitrogen) conjugated antibodies or
reagent. A violet amine reactive dye (Invitrogen) was used to assess the viability of the cells.
Two million five hundred thousand events were collected during flow cytometric analysis
on a FACSAria machine (BD Biosciences) and analyzed using Flowjo software (Tree Star).

Intracellular cytokine staining assay
For ex vivo cytokine production assays, two million five hundred thousand purified CD8+ T
cells were incubated for 6 hours in 10% human serum DMEM-Iscove medium with the
same number of non-CD3 autologous cells pulsed with HLA-A2-restricted peptides NY-
ESO-1 157-165 or HIVpol 476-484 (10 μg/ml). For in vitro stimulation (IVS) assays, five
million PBMCs were incubated for six days in culture medium containing 50 IU/ml rhIL-2
(PeproTech) with peptide NY-ESO-1 157-165 or peptide HIVpol 476-484 (10 μg/ml) in the
presence of 10 μg/ml anti-BTLA (clone 8.2; gift from Dr. Daniel Olive) and/or anti-PD-1
(clone EH12.2H7; Biolegend) and/or anti-Tim-3 (clone 2E2; gift from Dr. Vijay Kuchroo)
blocking mAbs or isotype control antibodies. On day 6, cells were restimulated for 6 hours
with peptide NY-ESO-1 157-165 or HIVpol 476-484 as control (10 μg/ml). After one hour
of incubation, Brefeldin A (Sigma-Aldrich) was added to the culture medium (10 μg/ml).
After tetramer labeling, cells were surface stained with CD8-PE, CD14-ECD, CD19-ECD,
CD56-biotin, CD4-PE-Cy7 (Beckman Coulter), streptavidin-ECD and intracellularly stained
with IFN-γ-FITC (Miltenyi Biotec), IL-2-PerCp-Cy5.5 (Biolegend) and TNF-Alexa700 (BD
Pharmingen) antibodies. Two million five hundred thousand events were collected during
flow cytometric analysis.

CFSE proliferation assay
Five million CFSE-labeled PBMCs were incubated for six days in culture medium
containing 50 IU/ml rhIL-2 with peptide NY-ESO-1 157-165 or HIVpol 476-484 (10 μg/
ml), in the presence of 10 μg/ml anti-BTLA and/or anti-PD-1 and/or anti-Tim-3 blocking
mAbs or isotype control antibodies. On day 6, cells were stained with APC-labeled HLA-
A2/NY-ESO-1 157-165 tetramers, CD14-ECD, CD19-ECD, CD56-biotin, streptavidin-
ECD, CD8-PE-Cy7 and CD4-PerCp-Cy5.5 (Biolegend) conjugated antibodies and reagents.
Two million events were collected during flow cytometric analysis.

Statistics
Statistical hypotheses were tested with the Wilcoxon signed rank test (for paired results from
the same patient) using SAS v. 9.1 (Cary, NC). Tests were two-sided and considered
significant for p<=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.
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Results
BTLA and PD-1 upregulation defines a large subset of NY-ESO-1-specific CD8+ T cells in
PBLs of patients with advanced melanoma

We first investigated the expression of BTLA, PD-1 and Tim-3 on spontaneous ex vivo
detectable NY-ESO-1-specific, virus-specific (Flu, CMV and EBV) and MART-1-specific
CD8+ T cells isolated from PBMCs of eleven HLA-A*0201+ (HLA-A2+) stage IV
melanoma patients using HLA-A2 (A2) tetramers. In all patients, the frequencies of BTLA+

cells among NY-ESO-1-specific CD8+ T cells (mean 60.4% ± SD 17%) were significantly
higher than those of Flu-specific (12.2% ± 10%), CMV-specific (25.2% ± 29.3%), EBV-
specific CD8+ T cells (14.8% ± 12%) and total CD8+ T cells (33.8% ± 17.3%) (Fig. 1A and
Supplemental Fig. 1). As previously shown, BTLA expression was upregulated on
MART-1-specific CD8+ T cells (14). Similar observations were made in terms of mean
fluorescence intensity (MFI) (Fig. 1A, right panel). In line with one previous report (14),
naïve (CCR7+CD45RA+) and central memory (CCR7+CD45RA−) CD8+ T cells displayed
higher percentages of BTLA+ cells than effector memory (CCR7−CD45RA−) and effector
cells (CCR7−CD45RA+). Strikingly, the upregulation of BTLA expression by NY-ESO-1-
specific CD8+ T cells both in terms of percentages and MFI was much higher than in any of
these CD8+ T cell subsets (Supplemental Fig. 2, A and B). We further observed that
BTLA+PD-1+Tim-3− (42.7% ± 16.4%) represented the largest NY-ESO-1-specific CD8+ T
cell subset as compared to BTLA+PD-1+Tim-3+ (12.4% ± 6.1%), BTLA−PD-1+Tim-3−
(21.5% ± 13.3%), BTLA+PD-1−Tim-3− (3.5% ± 3.6%) and BTLA−PD-1−Tim-3− (11.8% ±
9.5%) CD8+ T cells (Fig. 1, B and C). In striking contrast with NY-ESO-1-specific CD8+ T
cells, EBV-, Flu- and CMV-specific CD8+ T cells were in their large majority either
BTLA−PD-1−Tim-3− or BTLA−PD-1+Tim-3− and displayed very low frequencies of
BTLA+PD-1+Tim-3+ and BTLA+PD-1+Tim-3− cells (Fig. 1C). The variability in the
frequencies of BTLA+PD-1−Tim-3− and BTLA−PD-1−Tim-3− cells within total tetramer −
(tet −) CD8+ T cells between patients appeared to correlate with their maturation/
differentiation status. We observed a positive correlation between the expression of BTLA
on CD8+ T cells and the expression of CCR7, CD45RA and CD27 (Supplemental Fig. 2C).
The expression and distribution of BTLA, PD-1 and Tim-3 on virus-specific and total CD8+
T cells in PBMCs from ten healthy donors, were similar to those of melanoma patients
(Supplemental Fig. 3).

Collectively, our results demonstrate that BTLA expression is upregulated on tumor-induced
NY-ESO-1-specific CD8+ T cells isolated from PBMCs of patients with advanced
melanoma. In contrast to virus-specific and total CD8+ T cells, the vast majority of
BTLA+NY-ESO-1-specific CD8+ T cells upregulate PD-1 expression. BTLA+PD-1+Tim-3−
cells represent the largest subset of NY-ESO-1-specific CD8+ T cells.

BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+ NY-ESO-1-specific CD8+ T cells represent two
dysfunctional T cell populations

We examined the functional status of NY-ESO-1-specific CD8+ T cells from melanoma
patients according to BTLA, PD-1 and Tim-3 expression. After short ex vivo stimulation (6
hr) with cognate peptide, percentages of cytokine-producing NY-ESO-1-specific CD8+ T
cells were assessed among BTLA− PD-1−Tim-3−, BTLA−PD-1+Tim-3−,
BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+ cells, which represent the main subsets of
NY-ESO-1-specific CD8+ T cells (Fig. 1C). BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+

NY-ESO-1-specific CD8+ T cells produced significantly less IFN-γ than
BTLA−PD-1+Tim-3− (p = 0.0078) and BTLA−PD-1− Tim-3− (p = 0.0078) (Fig. 2, A and
B). In addition, BTLA+PD-1+Tim-3+ NY-ESO-1-specific CD8+ T cells, but not
BTLA+PD-1+Tim-3− cells, produced significantly less TNF and IL-2 than
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BTLA−PD-1+Tim-3− (p = 0.0078 and p = 0.0355, respectively) and BTLA− PD-1−Tim-3−
cells (p = 0.0156 and p = 0.0220, respectively). Interestingly, BTLA+PD-1+Tim-3+ NY-
ESO-1-specific CD8+ T cells produced significantly less IFN-γ (p = 0.0142), TNF (p =
0.0156) and IL-2 (p = 0.0355) than BTLA+PD-1+Tim-3− NY-ESO-1-specific CD8+ T cells.
We did not observe any significant differences in cytokine production between
BTLA−PD-1−Tim-3− and BTLA−PD-1+Tim-3− NY-ESO-1-specific CD8+ T cells (Fig. 2,
A and B). These observations were confirmed in a second set of independent experiments
(Supplemental Fig. 4).

Collectively, our findings demonstrate that BTLA+PD-1+Tim-3− cells, which represent the
largest subset of NY-ESO-1-specific CD8+ T cells, exhibit partial T cell dysfunction,
producing more IFN-γ, TNF and IL-2 than BTLA+PD-1+Tim-3+ but less IFN-γ than
BTLA−PD-1+Tim-3− and BTLA−PD-1−Tim-3− NY-ESO-1-specific CD8+ T cells.

PD-1 and Tim-3 but not BTLA expression correlates with increased levels of NY-ESO-1-
specific CD8+ T cell dysfunction and activation

Because high PD-1 levels correlate with increased CD8+ T cell exhaustion in chronic viral
infections (15, 16), we next defined whether the levels of PD-1 and BTLA expression by
NY-ESO-1-specific CD8+ T cells correlated with T cell dysfunction. In line with previous
findings in chronic viral infections, we observed that PD-1 expression (MFI) was higher on
partially dysfunctional BTLA+PD-1+Tim-3− NY-ESO-1-specific CD8+ T cells than on
BTLA−PD-1+Tim-3− cells but lower than on highly dysfunctional BTLA+PD-1+Tim-3+

cells (Fig. 3, A and B). However, and in sharp contrast with PD-1 expression, similar levels
of BTLA (MFI) were expressed by BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+ NY-
ESO-1-specific CD8+ T cells, arguing against a correlation between BTLA expression and
the severity of NY-ESO-1-specific CD8+ T cell dysfunction (Fig. 3C). We next evaluated
BTLA, PD-1 and Tim-3 expression on NY-ESO-1-specific CD8+ T cells over a 6-day IVS
in the presence of cognate or irrelevant peptide. We observed a significant and progressive
increase in PD-1 and Tim-3 but not BTLA expression by NY-ESO-1-specific CD8+ T cells
upon stimulation with cognate but not with irrelevant peptide (Fig. 3D).

Altogether, our findings suggest that in contrast to PD-1 and Tim-3, BTLA expression by
NY-ESO-1-specific CD8+ T cells does not augment upon stimulation with cognate antigen.
Unlike PD-1, BTLA expression is not further increased in highly dysfunctional
BTLA+PD-1+Tim-3+ NY-ESO-1-specific CD8+ T cells as compared to
BTLA+PD-1+Tim-3− NY-ESO-1-specific CD8+ T cells.

BTLA blockade increases the frequency of cytokine-producing NY-ESO-1-specific CD8+ T
cells upon prolonged antigen stimulation and adds to PD-1 and Tim-3 blockades

PBMCs from ten melanoma patients with spontaneous NY-ESO-1-specific CD8+ T cells
were incubated for 6 days with NY-ESO-1 157-165 peptide in the presence of blocking
mAbs against BTLA and/or PD-1 and/or Tim-3 or IgG control antibodies. After 6 days, cells
were briefly restimulated (6 hr) with NY-ESO-1 or HIV peptide, before evaluating cytokine
production by A2/NY-ESO-1 157-165 tet+ CD8+ T cells. In agreement with previous
findings (9), HVEM, the ligand for BTLA, was expressed by APCs (monocytes, B cells and
mDCs) in PBMCs of melanoma patients used for this assay (Supplemental Fig. 5) We noted
a significant increase in the frequencies of NY-ESO-1-specific CD8+ T cells that produced
IFN-γ (p = 0.0020), TNF (p = 0.0059) and IL-2 (p = 0.0142) in the presence of cognate
peptide and anti-BTLA mAbs, as compared to cognate peptide and IgG control (Fig. 4A and
Supplemental Fig. 6), resulting in a 1.6-fold, 1.7-fold and 1.7-fold change in the frequencies
of IFN-γ-, TNF- and IL-2-producing NY-ESO-1-specific CD8+ T cells, respectively (Fig. 4,
B-D). The frequencies of IFN-γ-, TNF- and IL-2-producing NY-ESO-1-specific CD8+ T
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cells further increased in the presence of both anti-BTLA and anti-PD-1 mAbs when
compared to either IgG control antibodies (p = 0.0059), anti-BTLA mAbs alone (p = 0.0208,
p = 0.0438 and p = 0.0466, respectively) and anti-PD-1 mAbs alone (p = 0.0080, p = 0.0142
and p = 0.0144, respectively) (Fig. 4A and Supplemental Fig. 6), resulting in a 1.9-fold, 2.3-
fold and 2.8-fold change in the frequencies of IFN-γ-, TNF- and IL-2-producing NY-ESO-1-
specific CD8+ T cells, respectively (Fig. 4, B-D). No additive effect was noted in the
presence of both anti-BTLA and anti-Tim-3 mAbs. The triple blockade further augmented
the frequencies of NY-ESO-1-specific CD8+ T cells that produced IL-2, but not IFN-γ or
TNF, as compared to all other conditions including BTLA/PD-1 blockade (p = 0.0408) (Fig.
4, A and D and Supplemental Fig. 6). Notably, the effects of BTLA, PD-1 and Tim-3
blockades were observed only in the presence of the NY-ESO-1 peptide but not an irrelevant
peptide, underlining the need for prolonged stimulation with cognate antigen (data not
shown).

In contrast to BTLA blockade alone, BTLA blockade in combination with PD-1 blockade or
PD-1 and Tim-3 blockades augmented the percentages of cells that produced TNF and IL-2
among total NY-ESO-1-specific CD8+ T cells as compared to incubation with IgG control
antibody (p = 0.0020 and p = 0.0098, respectively), PD-1 blockade alone (p = 0.0020 and p
= 0.0020) or BTLA blockade alone (p = 0.0195 and p = 0.0039), suggesting that BTLA
blockade in combination with PD-1 blockade increases NY-ESO-1-specific CD8+ T cell
capacity to produce cytokines on a cell-per-cell basis (Supplemental Fig. 7).

Collectively, our findings demonstrate that BTLA blockade enhances the expansion of
cytokine-producing NY-ESO-1-specific CD8+ T cells and adds to the effect of PD-1
blockade to further increase the expansion of cytokine-producing NY-ESO-1-specific CD8+
T cells and to partially restore their ability to produce cytokines. In addition, BTLA
blockade acts in combination with PD-1 and Tim-3 blockades to further increase the
frequencies of IL-2-producing NY-ESO-1-specific CD8+ T cells.

BTLA blockade increases proliferation of NY-ESO-1-specific CD8+ T cells upon prolonged
antigen stimulation and adds to PD-1 and Tim-3 blockades

Finally, we evaluated the effect of BTLA pathway blockade alone or in combination with
PD-1 and/or Tim-3 pathway blockades on the proliferative capacity and expansion of NY-
ESO-1-specific CD8+ T cells in response to cognate antigen. CFSE-labeled PBMCs from
ten melanoma patients with spontaneous NY-ESO-1-specific CD8+ T cell response were
stimulated for 6 days with NY-ESO-1 157-165 peptide in the presence of mAbs against
BTLA, PD-1 and/or Tim-3 or IgG control antibodies. BTLA blockade increased the
frequencies of CFSElo and total A2/NY-ESO-1 157-165 tet+ CD8+ T cells as compared to
stimulation with peptide and IgG control antibody (Fig. 5A and Supplemental Fig. 8),
resulting in a 1.7-fold and a 1.4-fold change in the frequencies of CFSElo and total A2/NY-
ESO-1 157-165 tet+ CD8+ T cells, respectively (Fig. 5, B and C). BTLA blockade in
combination with PD-1 blockade further increased the frequencies of CFSElo and total A2/
NY-ESO-1 157-165 tet+ CD8+ T cells as compared to BTLA blockade alone (p = 0.0137
and p = 0.0020, respectively) or PD-1 blockade alone (p = 0.0243 and p = 0.0371,
respectively), resulting in 2.4-fold and a 1.8-fold change in the frequencies of CFSElo and
total A2/NY-ESO-1 157-165 tet+ CD8+ T cells, respectively. The triple BTLA/PD-1/Tim-3
blockade further augmented the frequencies of CFSElo and total A2/NY-ESO-1 157-165 tet+
CD8+ T cells as compared to either BTLA/PD-1 (p = 0.0128 and p = 0.0151, respectively)
or BTLA/Tim-3 (p = 0.0098 and p = 0.0195, respectively) blockade (Fig. 5A and
Supplemental Fig. 8). This resulted in the highest increases in the frequencies of
proliferating and total A2/NY-ESO-1 157-165 tet+ CD8+ T cells (2.9-fold and 2.0-fold,
respectively) as compared to all other experimental conditions (Fig. 5, B and C). No
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significant proliferation of NY-ESO-1 157-165-specific CD8+ T cells was observed in the
presence of an irrelevant peptide with or without blockade (data not shown).

Collectively, our findings demonstrate that BTLA blockade enhances the proliferation and
expansion of NY-ESO-1-specific CD8+ T cells. In addition, BTLA blockade acts in
combination with PD-1 and Tim-3 blockades to further increase the frequencies of
proliferating and total NY-ESO-1-specific CD8+ T cells.

Discussion
In this study, we report a novel subset of dysfunctional TA-specific CD8+ T cells in patients
with advanced melanoma. We show that NY-ESO-1-specific PD-1+BTLA+Tim-3− CD8+ T
cells exhibit partial dysfunction, producing more IFN-γ, TNF and IL-2 than
BTLA+PD-1+Tim-3+ cells but less IFN-γ than BTLA−PD-1+Tim-3− and
BTLA−PD-1−Tim-3− NY-ESO-1-specific CD8+ T cells. PD-1+BTLA+Tim-3− NY-ESO-1-
specific CD8+ T cells represent the largest molecularly-defined dysfunctional T cell subset
among circulating NY-ESO-1-specific CD8+ T cells.

In patients with advanced melanoma, we have shown that the large majority of circulating
NY-ESO-1-specific CD8+ T cells upregulate PD-1 expression and that PD-1 regulates the
expansion of NY-ESO-1-specific CD8+ T cells (3). Along with previous studies of HIV-
specific CD8+ T cells which have shown that PD-1 blockade fails to completely restore
virus-specific CD8+ T cell dysfunction (17), we observed that PD-1 blockade did not
increase TA-specific T cell function on a cell-per-cell basis. Several hypotheses have been
proposed to explain the failure of PD-1 blockade to completely reverse T cell dysfunction of
PD-1+ exhausted T cells. First, virus-specific exhausted T cells express variable levels of
PD-1, and PD-1high T cell subsets appeared to be less responsive to PD-1 blockade than
PD-1low/int CD8+ T cells (15, 16). In line with this observation, we have found that PD-1
expression was higher on partially dysfunctional PD-1+BTLA+Tim-3− TA-specific CD8+ T
cells than on BTLA−PD-1+Tim-3− cells but lower than on highly dysfunctional
BTLA+PD-1+Tim-3+ cells. Second, exhausted T cells in chronic viral infections have been
shown to upregulate multiple inhibitory receptors, including PD-1, 2B4, CD160 and LAG-3
(2). The co-expression of these receptors was associated with lower T cell function and more
severe infection, and the blockade of multiple inhibitory pathways appeared to better reverse
T cell dysfunction. Consistent with these observations, we have shown that a subset of
highly dysfunctional NY-ESO-1-specific CD8+ T cells upregulate both PD-1 and Tim-3 in
patients with advanced melanoma (5). In the present study, we further demonstrate that
PD-1+BTLA+Tim-3− and PD-1+BTLA+Tim-3+ TA-specific CD8+ T cells represent two
distinct subsets of TA-specific CD8+ T cells with increased T cell dysfunction, illustrating
the hierarchical loss of T cell function in the context of chronic antigen simulation in
patients with advanced melanoma. Such information may be useful to further the studies of
the gene programs driving T cell exhaustion in cancer patients and provide potential novel
targets to reverse T cell exhaustion (18, 19).

As previously reported and in sharp contrast to PD-1 and Tim-3, we observed a positive
correlation between the upregulation of BTLA and the upregulation of CCR7, CD45RA and
CD27 by total CD8+ T cells, supporting that BTLA upregulation is inversely correlated with
CD8+ T cell maturation (14, 20). Several lines of evidence suggest that the factors
controlling BTLA upregulation by TA-specific dysfunctional T cells are distinct from those
controlling PD-1 and Tim-3 expression. First, as opposed to PD-1+ exhausted LCMV-
specific CD8+ T cells (2), the large majority of the PD-1+ NY-ESO-1-specific CD8+ T cells
in patients with advanced melanoma upregulate BTLA. Second, and in striking contrast with
PD-1 expression, we observed no significant upregulation of BTLA expression between
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PD-1+BTLA+Tim-3− and PD-1+BTLA+Tim-3+ TA-specific CD8+ T cells, ruling against a
correlation between BTLA expression and the severity of T cell dysfunction in patients with
advanced melanoma. Third, NY-ESO-1-specific CD8+ T cells upregulated PD-1 and Tim-3
but not BTLA expression upon prolonged stimulation with cognate antigen. Collectively,
these findings are consistent with the idea that the upregulation of BTLA by dysfunctional
TA-specific CD8+ T occurs independently of functional exhaustion upon high antigen load.
The molecular mechanisms driving BTLA upregulation by antigen-specific CD8+ T cells in
patients with advanced melanoma but not in chronic viral infections remain to be identified.
Adaptive T cell immune responses to chronic viral infections and cancers are both shaped by
high antigen load and the immunosuppressive environment. However, one major difference
is the occurrence of T cell anergy, which appears to be an early event in the course of tumor
progression possibly due to poor antigen presentation at tumor sites (21, 22). In this
perspective, it is conceivable that upon chronic antigen expression at tumor sites, subsets of
TA-specific T cells become dysfunctional through both exhaustion upon high antigen load
and anergy upon suboptimal priming. In contrast, T cells directed against exogenous
antigens in chronic viral infections may become dysfunctional mainly by functional
exhaustion. In support of this hypothesis, exhausted T cells in chronic LCMV infections do
not upregulate anergy-associated genes used to define molecular signatures of anergy in
vitro and in vivo such as grail, Egr-2 and Egr-3 (23, 24). In addition, high levels of BTLA
expression have been reported on anergic T cells directed against an antigen expressed by
somatic tissues (13). Therefore and together with these studies, our findings of BTLA
upregulation by PD-1+ TA-specific CD8+ T cells indicate major differences in the profile of
inhibitory receptors upregulated by dysfunctional antigen-specific T cells in cancer versus
chronic viral infections.

One critical finding is that BTLA blockade adds to PD-1 blockade to enhance NY-ESO-1-
specific CD8+ T cell expansion and function. BTLA blockade, in combination with PD-1
and Tim-3 blockades further augment the frequencies of IL-2-producing, proliferating and
total NY-ESO-1-specific CD8+ T cells among total CD8+ T cells upon prolonged antigen
stimulation.

In summary, we report a novel major subset of dysfunctional TA-specific CD8+ T cells,
which upregulate BTLA and PD-1 in patients with advanced melanoma. The precise
mechanisms driving BTLA upregulation by TA-specific CD8+ T cells appear to be
independent of functional exhaustion and need to be further investigated. Our findings
support the targeting of BTLA, PD-1 and Tim-3 pathways to reverse tumor-induced T cell
dysfunction in patients with advanced melanoma.
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Figure 1.
BTLA is upregulated and co-expressed with PD-1 and Tim-3 on NY-ESO-1-specific CD8+
T cells. (A) Pooled data from eleven melanoma patients showing the percentage (%) and
MFI of BTLA expression on NY-ESO-1-specific, MART-1-specific, virus-specific and total
CD8+ T cells. (B) Dot plots from one representative melanoma patient showing ex vivo
BTLA, PD-1 and Tim-3 expression on NY-ESO-1-specific CD8+ T cells. Values indicate
the percentage of CD8+ T cells that express PD-1 and/or BTLA among tet+ CD8+ T cells
and express Tim-3 within different subsets of tet+ CD8+ T cells defined by BTLA and PD-1
expression. (C) Pooled data from eleven melanoma patients showing the distribution of NY-
ESO-1-specific, virus-specific and total CD8+ T cells according to BTLA, PD-1 and Tim-3
expression. Horizontal bars depict the mean percentage or MFI of BTLA and/or PD-1 and/or
Tim-3 expression on tet+ CD8+ T cells. Data shown are representative of two independent
experiments.
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Figure 2.
BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+ NY-ESO-1-specific CD8+ T cells represent
two dysfunctional T cell populations. Dot plots from one representative patient (A) and
summary data for 8 melanoma patients (B) showing the percentages of cytokine-producing
A2/NY-ESO-1 157-165 tet+ CD8+ T cells according to BTLA, PD-1 and Tim-3 expression.
Values indicate the percentages of cytokine-producing CD8+ T cells among Tim-3+ and/or
Tim-3− fractions of BTLA−PD-1− (green gate and frame), BTLA−PD-1+ (blue gate and
frame) and BTLA+PD-1+ (red gate and frame) NY-ESO-1-specific CD8+ T cells. The P
values were calculated using the Wilcoxon signed rank test. Data shown are representative
of two independent experiments performed in duplicate.
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Figure 3.
The levels of PD-1 and Tim-3 but not BTLA expression are correlated with the levels of
NY-ESO-1-specific CD8+ T cell dysfunction and activation. (A) Representative dot plot
from one melanoma patient showing ex vivo PD-1 expression within BTLA−PD-1+Tim-3−,
BTLA+PD-1+Tim-3− and BTLA+PD-1+Tim-3+ A2/NY-ESO-1 157-165 tet+ CD8+ T cell
subsets. Pooled data from ten melanoma patients showing the MFI of PD-1 (B) and BTLA
(C) expression on different subsets of NY-ESO-1 157-165 tet+ and total CD8+ T cells
according to BTLA, PD-1 and Tim-3 expression. Horizontal bars depict the mean MFI of
PD-1 or BTLA expression. Data shown are representative of at least two independent
experiments. (D) BTLA, PD-1 and Tim-3 expression on NY-ESO-1 tet+ CD8+ T cells
assessed ex vivo and after indicated hours following in vitro stimulation with cognate
peptide (NY-ESO-1 peptide) or irrelevant peptide (HIV peptide). Data shown are
representative of at least two independent experiments. The P values were calculated using
the Wilcoxon signed rank test.*, p < 0.05 was considered significant.
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Figure 4.
BTLA blockade increases the frequencies of cytokine-producing NY-ESO-1-specific CD8+
T cells and adds to PD-1 and Tim-3 blockades. (A) Representative flow cytometry analysis
from one melanoma patient showing percentages of IFN-γ-, TNF and IL-2-producing A2/
NY-ESO-1 157-165 tet+ CD8+ T cells among total CD8+ T cells. PBMCs were incubated
for 6 days with NY-ESO-1 157-165 peptide or with HIVpol 476-484 peptide and blocking
mAbs against BTLA (aBTLA) and/or PD-1 (aPD-1) and/or Tim-3 (aTim-3) or an isotype
control antibody (IgG), prior to evaluating intracellular cytokine production of A2/NY-
ESO-1 157-165 tet+ CD8+ T cells in response to cognate peptide. Fold changes of the
frequencies of IFN-γ- (B), TNF- (C) and IL-2-producing (D) A2/NY-ESO-1 157-165 tet+
CD8+ T cells after 6-day IVS with cognate peptide and blocking anti-BTLA and/or anti-
PD-1 and/or anti-Tim-3 mAbs. The ratio of the frequency of cytokine-producing tet+ CD8+
T cells from melanoma patients (n = 10) in the presence of indicated antibody treatment and
isotype control antibody is shown. Data shown are representative of two independent
experiments performed in duplicate.
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Figure 5.
BTLA blockade increases the frequencies of proliferating and total NY-ESO-1-specific
CD8+ T cells and adds to PD-1 and Tim-3 blockades. (A) Representative flow cytometry
analysis from two melanoma patients showing percentages of CFSElo A2/NY-ESO-1
157-165 tet+ CD8+ T cells among total CD8+ T cells. CFSE-labeled PBMCs were incubated
for 6 days with NY-ESO-1 157-165 peptide or HIVpol 476-484 peptide and blocking mAbs
against BTLA (aBTLA) and/or PD-1 (aPD-1) and/or Tim-3 (aTim-3) or an isotype control
antibody (IgG). Fold changes of the frequencies of CFSElo (B) and total (C) A2/NY-ESO-1
157-165 tet+ CD8+ T cells after 6-day IVS with cognate peptide and blocking anti-BTLA
and/or anti-PD-1 and/or anti-Tim-3 mAbs (n = 10). The ratio of the percentages of CFSElo

and total A2/NY-ESO-1 157-165 tet+ CD8+ T cells in the presence of indicated antibody
treatment and isotype control antibody is shown. Data shown are representative of two
independent experiments performed in duplicate.
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