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Abstract

Regulatory CD4+CD25"' T cells (Treg) and programmed death-1 (PD-1) molecule have emerged as
pivotal players in immune regulation. However, the underlying mechanisms by which they impact
antigen-specific CD8* immune responses in cancer patients and how they interact with each other
under physiologic conditions remain unclear. Herein, we examined the relationship of PD-1 and its
abrogation to the function of Treg in patients with melanoma using short-term in vitro assays to
generate melanoma-specific T cells. We identified Treg in the circulation of vaccinated melanoma
patients and detected PD-1 expression on vaccine-induced melanoma antigen-specific CTLs, as well
as on and within Treg from patients’ peripheral blood. Programmed death ligand (PD-L) 1 expression
was also detected on patients’ Treg. PD-1 blockade promoted the generation of melanoma antigen-
specific CTLs and masked their inhibition by Treg. The mechanisms by which PD-1 blockade
mediated immune enhancement included direct augmentation of melanoma antigen-specific CTL
proliferation, heightening their resistance to inhibition by Treg and direct limitation of the inhibitory
ability of Treg. PD-1 blockade reversed the increased expression of PD-1 and PD-L1 on melanoma
antigen-specific CTL by Treg, rescued INF-y and IL-2 or INF-y and tumor necrosis factor-a co-
expression and expression of IL-7 receptor by melanoma antigen-specific CTL which were diminished
by Treg. PD-1 blockade also resulted in down-regulation of intracellular FoxP3 expression by Treg.
These data suggest that PD-1 is importantly implicated in the regulation of Treg function in melanoma
patients.

Introduction

Anti-tumor immune responses mediated by T cells play an
important role in the growth of primary tumors and control-
ling metastases in experimental animal systems. Patients
may fail to reject established tumors successfully because
of a decreased magnitude of anti-tumor immunity, as well as
extensive immune evasion and immune inhibitory mecha-
nisms concomitant with tumor growth. The description and
regulation of the mechanisms involved in immune inhibition
in cancer patients have been investigated extensively, and
their abrogation has been explored in order to improve im-
munotherapeutic approaches to cancer.

Melanoma is among the few cancer types in which immu-
notherapeutic approaches with cytokines or adoptive cell
therapy have been shown to confer clinical benefit (1-4).
CD8" CTLs are known to play an important role in anti-
melanoma tumor immunity in animal systems and in patients.
During chronic infections and in the setting of tumor growth,
CD8* T cells display poor proliferation and impaired effector
function (5-9). The magnitude and longevity of melanoma
antigen-specific CTL responses is compromised by multiple
immunosuppressive pathways during progression of mela-
noma, including transforming growth factor-, IL-10,
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regulatory T cells and myeloid-derived suppressor cells. This
loss of CTL function directly facilitates tumor growth. As one
of the vital components of immune inhibition, regulatory
CD4*CD25Hi T cells (Treg) play a crucial role in controlling
tumor immunity and are likely to adversely affect immune
therapeutic efficacy (10, 11). The number and frequency of
Treg were shown to be elevated in the peripheral blood of
cancer patients and especially within the tumor microenviron-
ment (12-14). Treg hinder the induction of anti-melanoma ef-
fector CD8" T cells, prevent tumor-specific CTL from exerting
effector function (15, 16) and severely impair CTL memory
responses (17). Intra-tumoral Treg completely inhibit prolifer-
ation of and cytolytic granule production by infiltrating CD8*
cells (18). Hence, Treg likely play a dominant role in decreas-
ing immunity during tumor development and progression and
may contribute to a poor outcome in cancer patients (19-21).

Programmed death-1 (PD-1) (CD279) (22) is a negative
co-stimulatory molecule that plays an important role in the
balance and regulation of adaptive immune responses. PD-
1 engagement can down-regulate T cell activation. Pro-
grammed death ligand (PD-L) 1 is broadly and constitutively
expressed by B cells, dendritic cells (DCs), macrophages
(M) and T cells. PD-L1 is further up-regulated upon activa-
tion (23), which appears to depend on toll like receptor 4
and signal transducers and activators of transcription protein
1 signaling (24). PD-1 is highly expressed on ‘exhausted’ T
cells from virus-infected patients (23,25-27) and contributes
to their poor proliferative capacity and incompetent effector
function (28). Up-regulation of PD-1 and its ligand not only
facilitates persistence of pathogens during chronic infection
but also might be associated with immune evasion and inhi-
bition in tumor-bearing hosts. Levels of T cells expressing
PD-1 were increased in patients with high-risk renal cell car-
cinoma. Patients with PD-1-positive T cells were at significant
risk of cancer-specific death compared with patients whose
T cells were low expressors of PD-1 (29). Blockade of the
PD-1/B7-H1 interaction restored effector CD8* T cell
responses in chronic infection, such as HIV, hepatitis C and
lymphocytic choriomeningitis virus (27, 30, 31). The block-
ade of the PD-1/PD-L1 pathway using anti-PD-L1 mAbs ab-
rogated Treg-mediated immune regulation in vitro and
tolerance induction in vivo in mice (32). PD-1-mediated inhi-
bition may also naturally prevent immunopathology by turn-
ing off CD8" T cells in conditions of chronic stimulations with
either foreign or self-antigens (33). Treg and PD-1 pathway
signals have been studied in tumor-bearing patients; how-
ever, the relationship and function of Treg and PD-1 in can-
cer are not known.

In this study, we detected and characterized the function
and phenotype of Treg and measured the expression of PD-
1 and PD-L1 molecules on different cell populations from
the peripheral blood of high-risk-resected stage Il and IV
melanoma patients. We demonstrated that PD-1 blockade
augmented the generation of melanoma antigen-specific
CTL directly by stimulating their proliferation and indirectly
by masking their suppression by Treg. PD-1 blockade of
Treg also diminished their inhibitory function. Therefore, the
function of PD-1 blockade, by alleviating suppression by
Treg, as well as promoting the proliferation and function of
CD8* responder T cells in melanoma patients, supports the

role of PD-1 blockade as a promising component of immu-
notherapy against cancers and chronic infections.

Methods

PBMC, CD8* and Treg purification

Patients with resected stage IllI/IV melanoma with no evi-
dence of disease who were HLA-A *0201 were vaccinated
with a cocktail of peptides including the glycoprotein 100
(gp100) 209-217 (210M) (gp100-2M) and MART-1 26-35
(27L) (MART 27L) heteroclitic peptide analogs emulsified in
Montanide ISA 51 (Seppic Inc., Rutherford, NJ, USA). All
clinical protocols were approved by the Cancer Therapy
Evaluation Program of the National Cancer Institute, as well
as the local Institutional Review Boards, and were con-
ducted under an investigational new drug application from
the US Food and Drug Administration. Written informed con-
sents were obtained from all patients. PBMC from melanoma
patients were isolated from pre- and post-vaccination
aphaeresis specimens by purification using Lymphoprep
(Greiner Bio-One, Longwood, FL, USA) density gradient
centrifugation. PBMC were counted, then frozen in 40% hu-
man AB serum (HS), 50% AIM-V and 10% dimethyl! sulfoxide
(DMSO) (Sigma, St Louis, MO, USA) and stored in secured
liquid nitrogen freezers at —168°C until used. CD8,
CD4*CD25* and CD4*CD25™ populations were purified from
patients’ PBMC using magnetic CD8 isolation beads (Miltenyi
Biotec, Auburn, CA, USA). The CD8~ population was fur-
ther purified to yield CD4" cells by negative selection. The
pre-enriched CD4" population was either further separated
using CD25 magnetic beads into CD4*CD25* and
CD4*CD25~ population (human T regulatory CD4*CD25*
isolation kit, Miltenyi Biotec) or further fractionated by sorting
using an FAC Aria cell sorter (BD Bioscience, San Jose, CA,
USA) into CD4*CD25™9", CD4*CD25"°" and CD4*CD25N¢9
populations as described by Baecher-Allan et al. (34).
Briefly, CD4*CD25™" regulatory cells were gated on the tail
which was to the right from the major population containing
CD4*CD25°" and CD4*CD25~ cells, as shown in Fig. 1(A),
left panel. The final purity of each portion was typically
=90% by flow cytometry.

Tetramers, mAbs and flow cytometry immunofluorescence
analyses

HLA-A *0201/PE-melanoma antigen recognized by T cell
(MART)-1/gp100-2M tetramers were purchased from Beckman
Coulter (Fullerton, CA, USA). All fluorochrome-conjugated anti-
bodies and various isotype controls used for flow cytometry
experiments were purchased from BD Bioscience PharMingen
(San Diego, CA, USA) unless otherwise specified. The
expression of cell surface and intracellular molecules was
determined using an FC500 Flow Cytometer (Beckman
Coulter) and FAS Calibur (BD Bioscience) and analyzed
using CXP software (Beckman Coulter) and Cell Quest
(BD Bioscience). PECy5-CD45RA, PECy7-CD45R0O and FITC-
CCR7 were purchased from R&D Systems (Minneapolis,
MN, USA). Allophycocyanin (APC)-labeled antibodies against
glucocorticoid induced tumor necrosis factor receptor (GITR)
(R&D Systems), cytotoxic T lymphocyte antigen-4 (CTLA-4)
and CD27 were used for detection of surface molecules on
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Fig. 1. Detection and characterization of Treg. (A) The phenotype of Treg from melanoma patients (A, left), Memory/naive phenotype of the Treg
(A, middle and right). Dot plots showed one representative profile from 14 patients. (B) CD27-, CTLA-4-, GITR-, PD-1- and PD-L1-specific
staining on gated CD4*CD25™ Treg (solid black lines), CD4*CD25"°" Tcells (gray dashed lines) and CD4*CD25Ne%2"e T cells (gray dotted lines)
overlaid with isotype-matched control antibodies (shaded gray histograms). (C) Intracellular FoxP3, PD-1 and CTLA-4 staining on gated
CD4*CD25M Treg (solid black lines), CD4*CD25°" T cells (gray dashed line) and CD4*CD25N®%4ve T cells (gray dotted line) overlaid with
isotype-matched control antibodies (shaded gray histograms). (D) PD-1 and PD-L1 expression on melanoma antigen-specific CD8" cells, shown

in the upper right quadrant was the percentage of PD-1/PD-L1-positive tetramer + CD8" cells.
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Treg. PD-1, PD-L1 and PD-L2 surface staining was performed
on sorted CD4*CD25", CD4*CD25-°" and CD4*CD25"¢9
populations and melanoma antigen-specific CTL recognized
by specific tetramer staining. Dead cells were excluded from
all flow analyses by using a viability dye (Invitrogen Corpora-
tion, Carlsbad, CA, USA). mAb to human PD-1 (clone 5C4)
and a matching 1gG4 isotype control antibody were kindly
provided by Allen Korman (Medarex Incorporated, Milpitas,
CA, USA) and were used at a concentration of 10 ug ml~".
PD-1-blocking antibody and isotype IgG4 control antibody
were added either to in vitro T cell cultures at day O or used
for pre-incubation with Teff or Treg cell populations at 37°C,
with 5% CO, for 4 h. Pre-incubated cells were extensively
washed with PBS before further experiments were conducted.

Generation of DCs

PBMC were cultured in X-VIVO 15 (Cambrex, East Ruther-
ford, NJ, USA) at 37°C, 5% CO, for 1-3 h. Non-adherent
cells were removed and the adherent cells were cultured in
X-VIVO 15 supplemented with 1000 U mi~" rh granulocyte
macrophage colony stimulating factor (GM-CSF) (R&D Sys-
tem) and 1000 U miI~" rh IL-4 (R&D System). On day 6 of
culture, rh GM-CSF and rh IL-4 were replenished. On day 7
of culture, DCs were pulsed with gp100-2M and/or MART
27L peptide at 10 pg mI~". Four hours later, a cytokine cock-
tail was added to the culture at the final concentrations of
10 ng mI~" of tumor necrosis factor (TNF) (R&D System), 10
ng mi~" of IL-18 (R&D System), 100 IU mI~" of IL-6 (R&D
System) and 1 ug mlI~" of prostaglandin E2 (R&D System).
After overnight maturation, DCs were harvested by growing
in warm PBS for 30 min, washed and re-suspended in AIM
V medium supplemented with 5% HS for further use.

Melanoma antigen-specific CTL generation and inhibition
assay

Magnetically enriched CD8" cells used as effector cells
(Teff) were stimulated with mature DC loaded with melanoma
peptides (Mart 27L and/or gp100-2M) at a 100:1 ratio in
AIM-V media (Invitrogen Corporation, Grand Island, NY,
USA) supplemented with 5% HS (Omega Scientific, Tarzana,
CA, USA) in 24-well plates (Greiner Bio-One, Monroe, NC,
USA) and incubated at 37°C, 5% CO, for 10 days. A total of
100 U mI~" IL-2 (R&D Systems) and 100 U mI~" IL-15 (R&D
Systems) were pulsed into the culture on day 4 and added
every 3 days thereafter.

HLA-A *0201 restricted melanoma epitope peptides were
synthesized by the USC-Norris Core lab (Norris Cancer Cen-
ter, University of Southern California, Los Angeles, CA, USA).

Melanoma antigen-specific CTL generation was measured
by tetramer staining and absolute cell count. For in vitro in-
hibitory assays, bead-isolated CD4*CD25%/CD4*CD25~
populations or flow-sorted CD4*CD25"9" CD4*CD25-"
and CD4*CD25M°9 cells were added to CD8* T cells in the
following ratios (CD4*/CD8" = 1/2 for beads isolation; CD4*/
CD8" = 1/4 for flow cytometry sorting).

5,6-Carboxy fluorescein diacetate succinimidy! ester labeling
of cells

The purified Teff were adjusted to 2 x 107 cells mi~! in PBS.
The stock solution of 5,6-carboxy fluorescein diacetate succi-

nimidy!l ester (CFSE) (Vynramt CFDA SE cell tracer kit, Invitro-
gen Corporation) was diluted in DMSO and PBS following the
manufacturer’s protocol to a concentration of 0.5 uM and then
mixed 1:1 with the cells suspended and incubated at room
temperature for 10 min and extensively washed with PBS be-
fore use.

Intracellular protein and cytokine staining

For intracellular cytokine staining, targeted cell populations
were stimulated with phorbol myristate acetate (PMA)
(Sigma, 5 ng ml~") and ionomycin (250 ng mi~") for 6 h in
the presence of brefeldin A (10 ug mi~") for the last 4 h.
The stimulated cells were fixed, permeabilized and stained
with the interesting cytokines antibodies and granzyme
B-FITC. Intracellular FoxP3-APC (eBioscience, San Diego,
CA, USA), CTLA-4-PECy5, PD-1-FITC and Ki67-FITC (Abcam)
staining were performed using human FoxP3 staining kit
(eBioscience) according to the manufacturer’s direction.

IFN-y enzyme-linked immunosorbent spot assay

Immunospot plates (Millipore) were coated with 10 ug ml™"
mouse anti-human IFN-y mAb (Clone 1-D1K, Mabtech, Cin-
cinnati, OH, USA) in sterile PBS at 4°C overnight. The plates
were then blocked at 37°C for 2 h with AIM-V medium con-
taining 5% human serum AB. Antigens-loaded K562-A2 cells
and CTLs were then placed in each well and cultured for
18 h at 37°C in 5% CO,. After six washings with PBS +
0.05% Tween 20, 1 ug mlI~" of biotinylated anti-human IFN-y
detection mAb (7-B6-1-1 biotin, Mabtech) was added and
incubated for 2 h at 37°C. The plates then were washed an-
other four times in phosphate buffered saline + Tween 20
and incubated with streptavidin—-HRP solution at room tem-
perature for 1 h. Then after 2X plate wash, add AEC solution
(BD Bioscience) to detect wells for 4 min. After rinsing with
water, the resulting spots were counted on an ELISPOT
Reader (Zeiss Inc., Munich, Germany). The result was
expressed as the number of cytokine-producing spots per
10 000 or 1000 cells.

Statistical analysis

The statistical analysis of the data was done by RATIO
paired t test and the Wilcoxon sign rank test and presented
as box plots which indicated the minimum, maximum, 95%
confidence intervals, mean and median; scattered dot plots
which presented the min, max, mean and median and bar
graphs with mean = SD. A P value <0.05 was considered
statistically significant. All in vitro data shown were represen-
tative of at least three independent experiments.

Results

Detection and characterization of Treg from stage Ill/IV
melanoma patients

The phenotype of the Treg population from PBMC of normal
and melanoma patients as described in Methods was char-
acterized by flow cytometry. In our study comprising 10 nor-
mals (Supplementary Figure 1 is available at International
Immunology Online) and 14 metastatic melanoma patients
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(Fig. 1), Treg were predominantly effecto—memory and cen-
tral memory-type cells (Fig. 1A middle panel, Supplementary
Figure 1 middle panel, available at International Immunology
Online). In order to confirm specific staining of CD45RA,
CD45R0 staining was also performed on the same samples,
shown as the mirror staining pattern of CD45RA (Fig. 1A
right panel, Supplementary Figure 1 right panel, available at
International Immunology Online). Normals and melanoma
patients have a similar Treg phenotype pattern (Supplemen-
tary Table 1 is available at International Immunology Online).
Further characterization of surface markers on Treg
(Fig. 1B) showing all CD4* T cells expressed high levels of
CD27; compared with the CD4*CD25"°¢ and CD4*CD25°
population, Treg expressed 3- to 4-fold higher GITR and
CTLA-4, ~2-fold higher PD-1 and 2- to 9-fold higher PD-L1
on their surface. Further characterization was done using in-
tercellular markers (Fig. 1C): More than 90% of Treg
expressed intracellular FoxP3, but the CD4*CD25N®® and
CD4*CD25"°" populations expressed very little FoxP3 intra-
cellularly; Treg expressed almost 2-fold higher intracellular
CTLA-4 than the CD4*CD25N®9 and CD4*CD25-°" popula-
tions; these three populations all had high levels of intracel-
lular PD-1. Significant PD-1 expression was also detected
on melanoma antigen-specific CD8* T cells, as has been
shown previously (35) (Fig. 1D, left panel). PD-L1 and
PD-L2 expression was not detected on melanoma antigen-
specific CD8" cells from >20 patients tested (Fig. 1D, right
panel and data not shown).

PD-1 blockade augmented melanoma antigen-specific CTL
generation and overcame Treq suppression

To determine whether PD-1 blockade altered the inhibition of
melanoma antigen-specific CTL generation by Treg, we
added PD-1-blocking antibody or isotype control 1IgG4 anti-
body to an in vitro Treg inhibitory assay. Briefly, magnetic
bead-isolated CD8* T cells from patient PBMC were cultured
with mature autologous DC loaded with melanoma-specific
antigenic peptides. Magnetic bead/flow cytometry-purified
Treg and CD4*CD25~ T cells (which served as a cell control)
were added to CD8" cultures in order to measure the impact
of Treg on melanoma antigen-specific CTL generation. The
frequency and absolute cell count of melanoma antigen-
specific CTL were monitored by performing MHC-class | tet-
ramer and CD8 staining. Suppression of the generation of
melanoma antigen-specific CTL by Treg was shown by the
decreased frequency and overall cell count of melanoma
antigen-specific CTL from CD8* cells cultured with Treg, as
compared with CD8" T cells cultured alone or with
CD4*CD25 cells. When Treg were separated from CD8* T
cells in transwell assays in the same experimental setting,
the inhibitory effect of Treg was completely abolished (data
not shown). One representative experiment of 14 is shown
in Fig. 2(A): upper row in which the frequency of gp100-2M-
specific tetramer-positive CD8* T cells was reduced signifi-
cantly from 5.6 to 0.6% when CD8" T cells were co-cultured
with Treg cells with isotype control IgG4 antibody compared
with CD8"* T cells alone with isotype control. The addition of
CD4*CD25~ cells increased the frequency of gp100-2M-
specific tetramer-positive CD8 T cells. Strikingly, when anti-
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PD-1 antibody was added to the same cultures at 10 pg
mi~", the frequency of tetramer-positive gp100-2M cells in-
creased to a greater degree in each culture condition. It
is notable that effectors co-cultured with Treg treated with
anti-PD-1 antibody generated a higher level (6.8%) of mela-
noma antigen-specific CTL than the CD8* alone group trea-
ted with control antibody (5.0%). These data suggest that
PD-1 blockade augmented melanoma antigen-specific CTL
generation and overcame the inhibition of CTL generation
by Treg. The impact of PD-1 blockade on the frequency of
melanoma antigen-specific CTL generation and the inhibition of
Treg were summarized from 14 patients shown as the box plot
in Fig. 2(B). The mean frequency of melanoma antigen-
specific CTLs from CD8* co-cultured with Treg is statistically
significantly lower than the mean frequency of melanoma anti-
gen-specific CTLs from CD8" alone and CD8" cultured
together with CD4*CD25~ cells. The augmentation of mela-
noma antigen-specific CTL in each culture condition by PD-1
blockade was demonstrated by comparing the means in ev-
ery pair of boxes which represented isotype IgG4 (white box)
or anti-PD-1 antibody (gray box) treatment. The rescue of the
inhibitory effect of Treg by PD-1 blockade was shown when
the mean from CD8" co-cultured with Treg with anti-PD-1 anti-
body treatment was compared with the mean from CD8" cul-
tured by itself with control antibody treatment (P < 0.05 by
Wilcoxon test).

To examine the effect of PD-1 abrogation on the vyield of
melanoma antigen-specific CTL, we calculated the change in
the yield of tetramer-positive cells by setting the total number
of melanoma antigen-specific CTL generated from CD8* T
cells co-cultured with Treg with isotype control antibody to be
one (Fig. 2C the second white dotted bar and Fig. 2D the dot-
ted line). The fold difference was the yield of melanoma anti-
gen-specific CTL from different culture conditions divided by
the yield from CD8* cells co-cultured with Treg with control
antibody. We observed a discernible increase in the total
yield of gp100-2M CD8* cells when cultures were treated with
anti-PD-1 antibody (Fig. 2C black dotted bars) compared with
the yield from cultures treated with control antibody (Fig. 2C
white dotted bars). The yield from CD8" cells co-cultured with
Treg treated with anti-PD-1 antibody (Fig. 2C middle black
dotted bar) was equal to or greater than the yield from CD8*
cells cultured with control antibody (Fig. 2C left white dotted
bar) or even CD8* cells cultured with anti-PD-1 antibody (Fig.
2C left black dotted bar). Figure 2(C) showed one representa-
tive experiment from 11. Figure 2(D) showed the summary of
the fold difference of the yield of melanoma antigen-specific
CTL from 11 experiments. The yield of melanoma antigen-
specific CTL from CD8" co-cultured with Treg with Isotype an-
tibody was set as one. The boxes represent the 95% confi-
dence intervals of the ratio (the yield of melanoma antigen-
specific CTL from all the other culture conditions divided by
the yield of melanoma antigen-specific CTL from CD8" co-
cultured with Treg with control antibody). Comparing the
means from the paired culture conditions (IgG4 and anti-
PD-1) and the mean from CD8" co-cultured with Treg with
anti-PD-1 antibody with the baseline and the mean from
CD8* cultured alone with control antibody, we concluded that
PD-1 blockade augmented the yield of melanoma antigen-
specific CTL and masked its inhibition by Treg.
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The frequency/absolute cell count of melanoma antigen- other means, indicating that PD-1 blockade augmented the
specific CTL from the anti-PD-1 antibody-treated culture generation of melanoma antigen-specific CTL under each
groups divided by the frequency/absolute cell count of mel- culture condition and the most significant influence occurred
anoma antigen-specific CTL from the same culture condition with CD8" and Treg co-culture condition.
with control antibody was calculated. As illustrated in The masking of the inhibition by Treg of antigen-specific

Fig. 2(E and F), the most potent effect of anti-PD-1 antibody CTL with anti-PD-1 antibody was further confirmed by mea-
treatment occurred when CD8* T cells were co-cultured with suring the proliferation of CFDA SE cell tracer-labeled
Treg compared with CD8* T cells cultured alone or CD8" antigen-specific CD8* T cells from melanoma patients. The
cells co-cultured with CD4*CD25~ T cells. The box plots enhanced rate of proliferation by CD8* T cells after anti-PD-
summarized from 14 individual experiments are shown in 1 treatment was shown by comparing CFSE staining in the
Fig. 2(E and F), in which the dotted line was set to 1, and cultures exposed to anti-PD-1 antibody continuously with
the boxes represented the calculated ratios. All the means that of cultures exposed to control antibody. The inhibition
of the ratios were statistically different from baseline, and by Treg of the Teff proliferation was clearly illustrated in
the second mean value was significant higher than all the Fig. 2(G). The proportion of proliferating Teff was reduced



from 63.4% (Fig. 2G upper row, left panel) when CD8* were
cultured with control antibody to 49% (Fig. 2G upper row,
middle panel) when Treg added to CD8" culture and ex-
posed to control antibody. Notably, the proportion of prolifer-
ating cells from the middle panel in the lower row (76.9%) in
which CD8* cells were co-cultured with Treg with anti-PD-1
treatment was much higher than the middle panel in the up-
per row representing the same culture condition with control
antibody (49%) and even greater than CD8* cultured alone
or CD8* effectors cultured with CD4*CD25~ cells (75.6%,
Fig. 2G upper row, right panel). Taken together, these results
indicated that PD-1 blockade masked the Treg-induced sup-
pression of proliferation and growth of antigen-specific CTL
from melanoma patients.

PD-1 blockade directly targeted effector CD8" T cells to
increase their resistance to inhibition by Treg and directly
targets Treg to limit their suppressive ability

To understand how PD-1 blockade reversed the suppression
of antigen-specific CTL by Treg, CD8" T cells and Treg were
isolated and then separately pre-treated with anti-PD-1 anti-
body or isotype control IgG4 antibody at 37°C, 5% CO, for
4 h. After extensive washing to remove non-specifically bind-
ing antibody, pre-treated cells were incubated in vitro in a mel-
anoma antigen-specific CTL assay separately or combined
together. We determined whether the fraction of melanoma
antigen-specific CD8* T cells was significantly increased in
the presence of anti-PD-1 antibody pre-treatment compared
with the control antibody-treated groups. The data shown in
Fig. 3(A) indicated that anti-PD-1 pre-treatment of Teff for 4 h
augmented the proportion of melanoma antigen gp100 209-
217 (210M)-specific CD8" T cells 4.7-fold (Fig. 3A upper mid-
dle panel) compared with Teff cultured alone and treated with
control antibody (Fig. 3A upper left panel). When Teff were
treated with anti-PD-1 antibody continuously in a 10-day cul-
ture, the increase was 6-fold (Fig. 3A upper right panel).
The fraction of gp100-2M CD8* cells generated from Teff
co-cultured with Treg with control antibody treatment (Fig.
3A lower left panel) was reduced 3-fold compared with Teff
cultured alone with control antibody_treatment. Teff pre-
treated with anti-PD-1 antibody were resistant to inhibition
by Treg. When Teff were pre-treated with anti-PD-1 antibody
for 4 h and washed and then co-cultured with control anti-
body_pre-treated Treg, the fraction of tetramer gp100-
2M+CD8" cells (Fig. 3A lower second panel) was 12-fold
higher than CD8" T cells treated with control antibody and
co-cultured with Treg. Pre-treatment of Treg with anti-PD-1
antibody also limited their inhibitory effects on CTL genera-
tion. This was calculated by comparing the proportion of
gp100-2M tetramer-positive cells generated from Teff co-
cultured with Treg pre-treated with PD-1-blocking antibody
for 4 h then washed extensively (Fig. 3A lower third panel)
to Teff co-cultured with Treg pre-treated with control anti-
body (Fig. 3A lower first panel). When PD-1-blocking anti-
body pre-treated Teff and Treg were co-cultured together
in vitro, the fraction of gp100-2M-specific CD8" T cells was
greatly increased compared with Teff cultured with control
antibody (8.7-fold higher) or Teff co-cultured with Treg trea-
ted with control antibody (26-fold higher). Moreover, the ab-
solute number of melanoma antigen-specific CTL from
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different treatments (Fig. 3B) in one representative experi-
ment of four indicated that PD-1 blockade of Teff alone
augmented melanoma antigen-specific CTL generation and
heightened their resistance to inhibition by Treg. PD-1
blockade of Treg limited their suppression of melanoma an-
tigen-specific CTL. This observation was further clarified by
summarizing three individual experiments in Fig. 3(C).
When we set the yield of melanoma antigen-specific CTL
harvested from Teff co-cultured with Treg as one, the index
number was calculated by dividing the number of mela-
noma antigen-specific CTL from all other treatments by the
number of antigen-specific CTL harvested from Teff co-cul-
tured with Treg in which both were pre-treated with control
antibody. The data were represented as the scattered dot
plot of three individual experiments (Fig. 3C). The mean of
all the cultures was clearly >1. Collectively, these results
suggested that anti-PD-1 antibody could directly target Teff
to enhance their proliferation and enable Teff to overcome
suppression by Treg. Moreover, PD-1-blocking antibody
also directly limited the suppressive effect of Treg.

PD-1 blockade augmented functional melanoma antigen-
specific CTL and rescued the impairment of effector function
by Treg

To address the impact of PD-1 blockade on the function of
melanoma antigen-specific CTL and to elucidate possible
mechanisms by which PD-1 blockade altered T cell growth
and reversed Treg suppression, we analyzed the expression
of a set of surface and intracellular markers on/in melanoma
antigen-specific CTL generated from co-culture of Teff and
Treg treated with anti-PD-1 antibody or control antibody. To
determine whether expression of PD-1/PD-L1 would be influ-
enced by PD-1-blocking antibody, we measured PD-1 and
PD-L1 expression on melanoma antigen-specific CTL (Fig
4A and B). When control antibody was added to the 10-day
Teff and Treg co-culture, melanoma antigen-specific CTL
expressed significantly higher level of PD-1 and PD-L1
on their surface than Teff were grown without Treg or co-
cultured with CD4*CD25~ cells. Anti-PD-1-blocking mAb
treatment reversed the up-regulation of PD-1 and PD-L1 on
melanoma antigen-specific CTL induced by Treg. The mean
value of PD-1/PD-L1 expression on melanoma antigen-
specific CTL generated from Teff and Treg co-culture with
anti-PD-1 antibody treatment decreased significantly (P <
0.05) comparing with that on melanoma antigen-specific
CTL generated from CD8" and Treg co-culture with control
antibody treatment. These results suggest that alteration of
PD-1 and PD-L1 expression on CTL might be in part respon-
sible for their suppression by Treg, and its reversal might ac-
count for the ability of PD-1 blockade to overcome
suppression of CTL by Treg.

To examine whether PD-1 blockade had any effect on
the function and cytokine secretion of melanoma antigen-
specific CTL, we assessed melanoma antigen-specific CTL
harvested from different culture conditions by enzyme-linked
immunosorbent spot (ELISPOT) assay and by intracellular
cytokine staining. PD-1-blocking antibody treatment of CTL
increased the number of INF-y-secreting cells. The addition
of Treg decreased the number of INF-y-secreting cells
detected by ELISPOT assay (Fig. 4C), compared with Teff
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Fig. 3. PD-1 blockade increased the resistance of CD8 T cells to inhibition by Treg and directly limited the suppressive ability of Treg. (A) The
impact of 4-h pretreatment of PD-1 blockade on the frequency of gp100-2M-specific CD8" T cells. (B) Total yield of MART 27L tetramer + CTLs
generated from different culture conditions; (B) Showed one representative experiment of four. (C) Dot plot summarized three experiments. The
yield of melanoma antigen-specific CTL generated from Teff co-cultured with Treg and control antibody was arbitrarily set as 1 (the dotted line).
Each circle indicates the index number; + was the median and * was the mean of the index number from each culture condition.

cultured alone, which was significantly less than Teff co-
cultured with CD4*CD25~ T cells. PD-1-blocking antibody
treatment (Fig. 4C gray bars) increased the number of INF-
v-secreting cells, compared with the cultures treated with
control antibody (Fig. 4C the white bars). INF-y-secreting
cells increased 5-fold when Teff co-cultured with Treg and
treated with anti-PD-1 antibody compared with Teff co-
cultured with Treg with control antibody. When Teff were cul-
tured alone or Teff were co-cultured with CD4*CD25~ cells,
PD-1-blocking antibody treatment resulted in an increase of
INF-y-secreting cells by 2-fold. The data show one represen-
tative experiment from six and was presented as mean *
SD. The suppression of INF-y by Treg, enhancement of its
secretion and the masking of its inhibition by Treg with anti-
PD-1 antibody were all statistically significant (P < 0.05).

The effector cytokines generated by melanoma antigen-
specific CTL included not only INF-y but also TNF-a. In Fig.
4(D), the impact of PD-1-blocking antibody on the secretion
of TNF-a and INF-y by antigen-specific CTL was studied by
intracellular staining and flow cytometry. Cells harvested af-
ter anti-PD-1 antibody and isotype control antibody treat-
ment were further stimulated with PMA and ionomycin.
Melanoma antigen-specific tetramer-positive CD8* T cells
were gated for TNF-o0 and INF-y expression analysis. PD-1-
blocking antibody treatment increased the co-expression of
TNF-a and INF-y by melanoma antigen-specific CTL com-
pared with control antibody treatment. Adding Treg to Teff
culture reduced the TNF-a and INF-y co-expressing mela-
noma antigen-specific CTL 2-fold. Anti-PD-1 antibody treat-
ment rescued TNF-a and INF-y co-expression by melanoma
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representative experiment from six. (D) The impact of PD-1 blocking antibody on intracellular INF-y and TNF-o secretion by melanoma antigen-
specific CTL. The upper row represents cultures treated with control antibody and the lower row was the cultures treated with PD-1-blocking
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antigen-specific CTL generated from Teff co-cultured with
Treg, which was 2-fold higher than that from Teff co-cultured
with Treg with control antibody and matched the TNF-a and
INF-y co-expression by melanoma antigen-specific CTL gen-
erated from Teff cultured alone with control antibody.

To test the idea that PD-1-blocking antibody might be able
to influence longevity signals on/in melanoma antigen-specific
CTL, we tested IL-2 and INF-y co-expression by and the ex-
pression of IL-7 receptor on melanoma antigen-specific CTL
harvested from different culture conditions. As displayed in

Fig. 4(E), PD-1-blocking antibody treatment augmented a pop-
ulation of INF-y and IL-2 co-expressing melanoma antigen-
specific CTL. Treg reduced the INF-y and IL-2 co-expressing
melanoma antigen-specific CTL 2.9-fold, as compared with
Teff cultured alone with control antibody or Teff co-cultured
with Treg exposed to control antibody. Anti-PD-1 antibody
treatment of Teff enhanced INF-y and IL-2 co-expressing mel-
anoma antigen-specific CTL by 2.7-fold if Teff were pre-
treated with anti-PD-1 antibody for 4 h or by 4-fold if anti-PD-1
antibody treatment was continuously present in the Teff
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culture. When Treg were pre-treated with anti-PD-1 antibody
for 4 h, extensively washed and added into Teff culture, the
INF-y and IL-2 co-expressing melanoma antigen-specific CTL
were increased by 7.6-fold compared with Teff co-cultured
with Treg with control antibody directly and even further in-
creased by 2.6-fold compared with Teff cultured alone with
control antibody treatment. When both Treg and Teff were
pre-treated with anti-PD-1 antibody for 4 h, extensively
washed and co-cultured, the INF-y and IL-2 co-expressing
melanoma antigen-specific CTL harvested from the culture
were 17-fold higher than Teff co-cultured with Treg with con-
trol antibody and 6-fold higher than Teff cultured alone with
control antibody. Taken together, anti-PD-1 antibody treatment
either of Treg or Teff promoted the generation of an IL-2/INF-y
co-expressing melanoma antigen-specific T-cell population.
CD127 (IL-7 receptor o) is felt to be critical for the mainte-
nance of memory T cells. PD-1-blocking antibody-treated cell
cultures had more IL-7 receptor-positive melanoma antigen-
specific CTL (Fig. 4F triangles) compared with control anti-
body-treated cultures (Fig. 4F circles). Adding Treg to Teff
cultured with control antibody reduced the frequency of
CD127+ melanoma antigen specific CTL. Mean IL-7R ex-
pression was also reduced in Teff co-cultured with Treg with
control  antibody compared with Teff cultured with
CD4+CD25Neg T cells with control antibody. When anti-PD-1
antibody was used to treat all the cultures, the frequency of
CD127+ melanoma antigen-specific CTL was heightened by
10-40%, and the mean fluorescence intensity of the CD127
on melanoma antigen-specific CTL was also higher by 2-
17% (data not shown), compared with the relevant cultures
treated with control antibody. The frequency of CD127+ mel-
anoma antigen-specific CTL was higher when anti-PD-1 anti-
body was used to treat Teff co-cultured with Treg than Teff
co-cultured with Treg with control antibody treatment and
even higher than Teff cultured alone with control antibody.
Taken together, PD-1 blockade resulted in the generation of
increased cytokine-secreting, antigen-specific  functional
T cells with higher IL-7R expression. These effectors might
be less receptive to inhibitory signals from Treg. Anti-PD-1
antibody treatment rescued the impaired effector function
and survival signals of CD8" T cells reduced by Treg. The in-
creased generation of melanoma antigen-specific CTL by
PD-1 antibody did not appear to result from improvement of
early activation events since no discernible alteration of the
reduced early activation markers CD69 and CD25 on CD8*
T cells by Treg was observed (data not shown).

The impact of PD-1 blockade on Treg phenotype

To explore the mechanisms by which PD-1 blockade might
impact on the function of Treg, we treated Treg with PD-1-
blocking antibody and isotype control antibody for 15 min
and also for 4 h and then examined the changes in FoxP3
in Treg. CD4"CD25~ T cells were used as a cell control in
each experiment. A statistically significant down-regulation
of FoxP3 in Treg was observed after 4 h of PD-1 blockade
by comparing the mean value of FoxP3 expression in Treg
with 4 h anti-PD-1 treatment with all the other mean values
of FoxP3 expression in freshly isolated Treg or all control
antibody-treated conditions (15 min and 4 h) or anti-
PD-1_antibody treatment for 15 min (Fig. 5 gray boxes were
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Fig. 5. The impact of anti PD-1 antibody on FoxP3 expression by
Treg; + represented the median of FoxP3 expression and — indicated
the mean of FoxP3 expression in Treg.

summarized from six independent experiments). FoxP3 ex-
pression was barely detected in the CD4"CD25~ population,
which was not impacted by PD-1-blocking antibody signifi-
cantly (Fig. 5 white boxes). The expression of Ki67 and ex-
tensive intracellular expression of PD-1 and CTLA-4 by Treg
was not impacted by 4 h of anti-PD-1 antibody treatment
dramatically (data not shown). Virtually, no granzyme B was
detected in the Treg isolated from melanoma patients, and
this was not changed by 4 h exposure to either control or
anti-PD-1 antibody (data not shown). We did not observe
a clear impact of PD-1-blocking antibody on PD-1, PD-L1,
CTLA-4, GITR, OX40 and 4-1BB expression on Treg cells
(data not shown). Furthermore, PD-1-blocking antibody treat-
ment did not induce or reduce the apoptosis rate by Treg
because we did not neither observe changes in Annexin-V
and 7-AAD staining nor was there an impact on intracellular-
cleaved caspase-3 expression in Treg treated with anti-PD-1
antibody. Taken together, attenuated expression of FoxP3 by
Treg after PD-1-blocking antibody treatment suggested a po-
tential mechanism by which PD-1 abrogation might regulate
the inhibitory function of Treg.

Discussion

In our study, we identified and characterized Treg in peptide
vaccine-treated stage Ill- and IV-resected melanoma
patients by flow cytometry analysis and established an
in vitro assay showing that Tregs can suppress the genera-
tion of CD8"* T cells recognizing melanoma-specific antigens.
We demonstrated that CD4"CD25"FoxP3" Treg derived from
the peripheral blood could suppress the generation of mela-
noma-specific CTL without in vitro pre-activation. PD-1
blockade promoted melanoma antigen-specific CTL genera-
tion, enhanced the resistance of CD8" cells to Treg suppres-
sion and masked the inhibitory effect of Treg cells. PD-1
blockade directly targeted both Teff and Treg cells. These
data demonstrated that blockade of PD-1 not only might di-
rectly increase the frequency of functional tumor-specific
T cells but also may inactivate or overcome the inhibitory
effects of regulatory T-cell populations.

The Treg in our study were either magnetic bead-isolated
or flow cytometry-purified CD4*CD25™9" cells from the
PBMC of melanoma patients. The characterization of the
Treg in the current study is consistent with the results of



other Treg studies in cancer patients (36-38). The Treg in
our study exhibited inhibitory function in a standard Treg in-
hibitory assay (Supplementary Figure 2 is available at Inter-
national Immunology Online). But the Treg in current study
was quite unlike the Treg from a recent study (14) in meta-
static melanoma and kidney cancer. In that study, the Treg
also constitutively expressed intracellular FoxP3 and CTLA-4
and produced high amount of IL-10 but were generally
CCR7+, with 50% naive and 50% central memory T cells. (In
healthy donors, Treg were defined as naive in 45% and cen-
tral memory in 53.9% of the samples. Similarly, Treg were
characterized as naive in 51.4% and central memory in
46.3% of our melanoma patients.) In the current study, a ma-
jority of Treg expressed a memory phenotype (both central
and effector), but a much smaller proportion had a naive
phenotype. Because of the difference, we carefully charac-
terized 14 melanoma patients, including metastatic patients
and 10 healthy individuals and found consistent results in all
of our analyses (Fig. 1A, Supplementary Figure 1 and Table
1 are available at International Immunology Online).

Treg require activation via their TCR to manifest suppres-
sor function. Following activation, suppressor function is
antigen-non-specific and does not require re-stimulation via
the TCR. In previous studies, Treg were activated in a non-
antigen-specific manner, such as exposure to CD3 and
CD28 antibodies. In our study, Treg were not previously acti-
vated in vitro but were still inhibitory. One reason may be
that in tumor-bearing patients, Treg are constitutively acti-
vated. In cancer patients, tumors promote the activation of
Treg through several mechanisms involving activation of nat-
urally occurring Treg cells as well as conversion of
CD4*CD25~ cells into Treg (39). The increase in PD-1 ex-
pression on Treg is also consistent with their activation. Nor-
mally, PD-1 is located intracellularly and is up-regulated only
on the surface of activated T cells (38). We did detect exten-
sive (>90%) intracellular PD-1 expression in and 10-30% of
surface PD-1 expression on isolated Treg (Fig. 1B and C).
In a murine model, Zhou et al. (39) demonstrated the tumor-
induced regulatory T cells (TMTregs) arose both from pre-
committed ‘natural’ regulatory T cells and CD4*CD25~ GITR
low precursors. Once induced, TMTregs were capable of
maintaining suppressor activity long after transfer into anti-
gen-free recipients. Vaccination of tumor-bearing hosts con-
comitantly expanded and activated TMTregs and effector
cells. In our experiments, after 10 days of culture, not only
were CD8" T cells activated but also CD4* T cells because
Treg and CD4*CD25~ cells expressed high CD25 and intra-
cellular FoxP3 (data not shown). Induction of CD25, the high
affinity 1L-2 receptor, confirms the activation of CD4* T cells
in the current in vitro study. Activation may have occurred
non-specifically from mature DCs loaded with melanoma
peptides, proteins from culture media or from human serum.
FoxP3 has also been shown to be expressed by
CD4*CD25~ T cells, at a low level, and is not associated with
any suppressive function (40).

PD-1 surface expression was significantly higher on Treg
than either on CD4*CD25°" or on CD4*CD25"%3" popula-
tions as has been recently shown (32). The PD-1/PD-L1
pathway interactions might be responsible at least in part
for the suppressive function of Treg. PD-L1 on Treg could

Anti-PD-1 antibody blocks T regulatory cells 1075

bind directly to melanoma antigen-specific CD8" T cells
which expressed high levels of PD-1 on their surface (35).
There is a direct interaction between Treg and Teff as
claimed by Dieckmann et al. (41). In our study, 10-day cul-
tured melanoma antigen-specific CTL showed higher PD-1,
PD-L1 (Fig. 4A and B) and CTLA-4 expression (data not
shown) on their surface if Teff were co-incubated with Treg
than if Teff were cultured alone, with CD4*CD25~ T cells or
with CD4*CD25°" cells. PD-1-blocking antibody might pre-
vent PD-L1 on Treg/DC from binding PD-1 expressed on
melanoma antigen-specific CTL.

Anti-PD-1 antibody treatment and anti-PD-1 antibody pre-
treatment of Treg and of CD8" T cells may activate nearby
DCs, which might have been suppressed by PD-1 on Treg
and melanoma antigen-specific CTL binding to PD-L1 on the
DCs, allowing them to induce a stronger adaptive immune re-
sponse. In our culture system, mature DC expressed very
high levels of PD-L1 (data not shown); Treg expressed low to
moderate amount of PD-L1; Teff expressed no PD-L1 on their
surface. It is notable that anti PD-L1 antibody can directly
block the PD-1/PD-L1 pathway via DC to enhance melanoma
antigen-specific CTL generation (Supplementary Figure 3A
and B is available at International Immunology Online) and
via Treg too (Supplementary Figure 3C is available at Interna-
tional Immunology Online). Treg-directed inhibition of DC
function has been demonstrated in vitro (42-44). Tumor-
associated Treg may contribute to the suppressive milieu in
which intra-tumoral DC remain immature and do not activate
effectors (45, 46). Treg may exert suppressive activity on
APCs through B7-H4 induction as shown in human ovarian
cancer (21). Suppressive effects of Tregs on DC have been
observed including down-regulation of MHC-II and co-stimu-
latory molecules or inhibition of cytokine production by DC
(43, 47). Treg could also inhibit the contact between Ag-spe-
cific Teff and peptide-pulsed DC (48), and thereby convert
them into sub-optimal or even tolerogenic APC. Treg suppres-
sion of Teff proliferation in vivo is to a lesser extent mediated
through DC and only a partial suppressive effect results from
the direct influence of Treg on Teff (49).

In this study, we demonstrated that PD-1-blocking anti-
body not only augmented melanoma antigen-specific CTL
responses by promoting their proliferation, strengthening
their cytolytic function and heightening their resistance to in-
hibition by Treg but also it directly limited the suppressive
ability of Treg. Abrogation of the PD-1-PD-L1 pathway en-
hanced CD8" T cell responses, showing that not only did
the number of antigen-specific CD8* T cells increase dra-
matically (Figs 2 and 3) but also their function was improved
(Fig. 4). Specific CD8" T cells treated with PD-1 abrogation
produced more INF-y and TNF-a on a per cell basis (23).
There are some published reports suggesting that blockade
of the PD-1/PD-L1 pathway impacts Treg cells. Anti-PD-L1
mAbs were found to inhibit Treg suppression and restore
CD4*CD25~ T cell proliferation in vitro. Blockade of the PD-
1/PD-L1 pathway abrogated Treg-mediated immunoregula-
tion, suggesting that the PD-1/PD-L1 pathway is required for
Treg suppression of alloreactive responses by CD4*CD25~
T cells (32). PD-1 is not the only co-stimulatory molecule
which can function on both Teff and Treg. An agonist anti
0OX40 mAb (OX86) has also been shown to be capable of
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inhibition of Treg cell function and boosting effector T cell
activity (50).

A pre-requisite for the utility of anti-PD-1 mAb is the ex-
pression of PD-1 on the surface of target cells. By utilizing
flow cytometry, we showed that there were high levels of ex-
pression of PD-1 on both CTL and Treg in peripheral blood
from melanoma patients. Tumor-infiltrating effector cells may
be in a tolerant state that can be actively reversed by PD-1
abrogation so that PD-1 antibody might boost effector cells
and limit Treg cell inhibitory function in the tumor microenvi-
ronment. Memory CD8" T cells were capable of making IL-2
(51) and had down-regulated PD-1 expression (52). We
observed reduced PD-1 expression on melanoma antigen-
specific CTL harvested from anti-PD-1 antibody-treated
cultures. PD-1 blockade induced a higher fraction of IL-2-
secreting melanoma antigen-specific CTL (Fig. 4E). Memory
cells were characterized by IL-2 production and by down-
regulation of activation markers such as Ki67, CD38, HLA-
DR and PD-1 and bimodal expression of CCR7, CCR5,
CDe62L, CD28 and granzyme B (52). We did observe down-
regulation of granzyme B in melanoma antigen-specific CTL
treated with anti-PD-1 antibody (data not shown). Classically,
memory T cells express receptors for the homeostatic cyto-
kines IL-7 and IL-15 (53, 54). Accordingly, we did observe
a bigger fraction of IL-7 receptor expressing melanoma
antigen-specific CTL after anti-PD-1 antibody treatment. It is
very possible that PD-1 blockade in the culture resulted in
more memory precursor cells. Anti-PD-L1 antibody treatment
did not augment the proportion of memory T cells when used
in a murine model of lymphocytic choriomeningitis virus
(LCMV) infection. Although a single injection of PD-L1-
specific antibody boosted CD8* T cell numbers and function
for at least 100 days, none of the LCMV-specific CD8*
T cells down-regulated the inhibitory receptor PD-1 (27),
and effectors did not acquire the phenotype of memory
T cells that is typically observed after successful clearance
of LCMV and contraction of the immune response. It is
tempting to speculate that anti-PD-1 antibody treatment
might be broadly applicable to infectious diseases and
tumor immunotherapy both by directly augmenting CTL
numbers and function and inhibiting the function of Treg,
supporting a potential therapeutic strategy with anti-PD-1-
blocking antibody to abrogate PD-1/PD-L1 interactions.

Supplementary data

Supplementary Figures 1-3 and Table 1 are available at
International Immunology Online.
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Abbreviations

APC allophycocyanin

CFSE carboxy fluorescein diacetate succinimidyl ester
CTLA-4 cytotoxic T lymphocyte antigen-4

DC dendritic cell

DMSO dimethyl sulfoxide
ELISPOT enzyme-linked immunosorbent spot assay
gp100 glycoprotein 100

HS human AB serum

LCMV lymphocytic choriomeningitis virus
MART melanoma antigen recognized by T cell
PD-1 programmed death-1

PD-L programmed death ligand

PMA phorbol myristate acetate

TMTreg tumor-induced regulatory T cell

TNF tumor necrosis factor

Treg regulatory CD4*CD25" T cells
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