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Abstract The co-inhibitory molecule PD-1 suppresses
T cell responses and has been targeted in the treatment of
cancer. Here, we examined the role of PD-1 in regulating
the balance between regulatory and effector T cells and
whether blocking PD-1 could enhance tumour vaccine-
induced protective immunity. A significantly higher propor-
tion of tumour-resident T cells expressed PD-1 and Foxp3
compared with T cells in the tumour circulation or draining
lymph nodes, and this correlated with a lower frequency
of IFN-y- and TNF-secreting CD8 T cells. Blocking PD-1
with a specific antibody reduced Foxp3™ regulatory T
(Treg) cell induction and enhanced proliferation, cytokine
production, and tumour killing by CD8 T cells. Treatment
of CT26 tumour-bearing mice with anti-PD-1 in combi-
nation with a vaccine, comprising heat-shocked irradiated
tumour cells and a TLR 7/8 agonist, significantly reduced
tumour growth and enhanced survival. Furthermore, sur-
viving mice resisted tumour re-challenge. The rejection of
tumours in mice treated with the anti-PD-1 vaccine combi-
nation was associated with a reduction in tumour-infiltrat-
ing Treg cells and enhancement of IFN-y-secreting CD8 T
cells. Our findings demonstrate that high PD-1 expression
correlates with increased tumour-infiltrating Treg cells and
reduced effector T cells and that when combined with a
potent antigen-adjuvant combination, blocking PD-1 effec-
tively enhances anti-tumour immunity.
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dLN Draining lymph nodes
hs Heat-shocked

irr y-Irradiated

RA Retinoic acid

Treg cells Regulatory T cells
Introduction

Tumour-specific T cells can prevent the development of
cancer through cytotoxic activity against tumour cells and
release of anti-tumour cytokines, including IFN-y and TNF.
The number of tumour-infiltrating T cells has been associ-
ated with better clinical outcome and improved responses
to immunotherapies in melanoma patients [1]. Further-
more, adoptive T cell therapy can increase the objective
response rate in patients with metastatic melanoma [2].
Thus, a major goal of immunotherapy is to induce potent
anti-tumour T cell responses. However, the development of
tumours can be associated with suppression of effector T
cells through an enhancement of regulatory T (Treg) cells
and the suppressive effects of anti-inflammatory cytokines
and co-inhibitory molecules [3, 4]. The frequency of Treg
cells in human tumours is also associated with poorer dis-
ease outcome [5]. Indeed, the failure of many immune-
based therapies and vaccines in clinical trials can in part be
attributed to the immunosuppressive microenvironment of
the growing tumour [6]. TGF-f produced by tumour cells
in combination with retinoic acid (RA) induces conversion
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of naive T cells to Treg cells, and blocking TGF- or RA
can reduce Treg development and suppress tumour growth
in mice [7-9]. Depletion of Treg cells improved cytotoxic T
lymphocyte responses and induced clearance of the tumour
[10]. Therefore, overcoming immunosuppressive effects of
the tumour microenvironment is a major challenge in the
development of successful immunotherapeutics and vac-
cines against cancer.

The co-inhibitory molecules PD-1 and CTLA-4,
expressed on immune cells, play an important role in
tumour-induced immunosuppression by inhibiting activa-
tion of T cells [3, 11]. Constant antigen stimulation induces
T cell exhaustion, characterised by enhanced expression
of co-inhibitory receptors, reduced cytokine secretion, and
loss of effector function [12]. PD-1, which is expressed
mostly by T and B cells, interacts with the ligands PD-L1
and PD-L2 on tumour cells leading to T cell dysfunction
[13, 14]. PD-1-PD-L1 interferes with a range of signalling
molecules involved in survival, proliferation, and cytokine
secretion [15]. Furthermore, aberrant PD-L1 expression
on tumour cells is associated with immune escape in mul-
tiple cancers [16]. Antibodies targeting PD-1 or PD-L1
have recently been approved for the treatment of mela-
noma, renal cancer, non-small-cell lung cancer, and blad-
der cancer [17, 18]. Furthermore, the combination of ipili-
mumab (anti-CTLA-4) and nivolumab (anti-PD-1) induced
significant responses in untreated melanoma patients
and was more effective than either treatment alone [19].
While immune checkpoint inhibitors induce potent T cell
responses in some patients, there is still a significant pro-
portion of patients who do not respond and many of the
responders develop colitis and other autoimmune diseases
[19].

The aim of this study was to address the hypothesis
that anti-tumour immunity could be enhanced by promot-
ing effector T cells with immune activators, while revers-
ing immunosuppression with immune checkpoint inhibi-
tors. We tested this hypothesis by assessing the ability of
an anti-PD-1 antibody to promote T cell responses and to
enhance the efficacy of a cancer vaccine comprising killed
tumour cells and a TLR agonist.

Materials and methods
Mice

BALB/c mice were purchased from Harlan Laboratories,
Bicester, UK. Mice were housed under specific pathogen-
free conditions and maintained according to European Union
regulations. Animal experiments and maintenance were
approved and regulated by the university ethics committee
and the Health Products Regulatory Authority Ireland.
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Tumour model

The CT26 murine colon carcinoma cell line was purchased
from the ATCC (Manassas, VA). CT26 cells were used for
tumour induction in BALB/c mice, by subcutaneous (s.c.)
administration of 3 x 10° cells per mouse into the right
flank. Tumour growth was recorded every 2-3 days, and
animals were killed when tumours measured 15 mm in
diameter (D). Tumour size was calculated using the follow-
ing formula: (D1)? x (D2/2), D1 being the smaller value of
the tumour diameter.

Tumour vaccine

The vaccine comprised heat-shocked (hs; 43 °C for 1 h) and
y-irradiated (irr; 200 Gy) CT26 tumour cells combined with
R848 (40 pg/mouse; Sigma-Aldrich). Mice were injected
with hs/irr CT26 cells (1 x 10° cells/mouse) and R848 s.c.
into the tumour site 3, 10, and 17 days after tumour induc-
tion. Anti-PD-1 (200 pg/mouse; clone RMP1-14) was
injected intraperitoneally (i.p.) on days 2, 9, and 16.

Stimulation of tumour cells with IFN-y

CT26 tumour cells were cultured overnight, washed, and stim-
ulated with recombinant IFN-y (500 ng/ml; R&D) for 24 h.

Treg conversion assay

Naive spleen cells were stained with CellTrace Violet (CTV;
Life Technologies) and cultured with plate-bound anti-CD3
(1 pg/ml; BD), soluble anti-CD28 (3 pwg/ml; BD) with TGF-
(5 ng/ml; R&D systems), RA (100 nM, Enzo Life Sciences),
and anti-PD-1 (10 pg/ml) or anti-IFN-y (10 pwg/ml; BD).
After 3 days of culture, cells were stained with LIVE/DEAD
fixable aqua dye (Life Technologies) and antibodies for CD3,
CD4, CD25, and intranuclear staining with a Foxp3 antibody
(eBioscience) and analysed by flow cytometry.

Cytotoxicity assay

CT26 cells were stained with CTV and co-cultured with
spleen cells from CT26 tumour-bearing mice in differ-
ent effector-to-target (E:T) ratios. After 24 h, tumour cells
were stained with 7-AAD (1 pg/ml; BD). Cell death was
analysed by flow cytometry. IFN-y (BD) and TNF (R&D)
concentrations were quantified in supernatants by ELISA.

Flow cytometry for tumour-resident
and tumour-circulating lymphocytes

For analysis of tumour-resident or tumour-circulating
immune cells, mice were injected with CD45.2-PE
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intravenously (i.v.) and killed 10 min later to stain for
circulating leucocytes. Tumours were dissected 11 or
23 days after tumour induction and digested with DNAse
I (20 U/ml; Sigma-Aldrich) and collagenase D (1 mg/ml;
Roche) in RPMI-1460 for 1 h. Single-cell suspensions,
prepared using a 100-pm nylon mesh, were stimulated
with phorbol 12-myristate 13-acetate (PMA; 10 ng/ml;
Sigma-Aldrich), ionomycin (500 ng/ml; Sigma-Aldrich),
and brefeldin A (BFA; 5 pg/ml; Sigma-Aldrich) for
4.5 h at 37 °C. Cells were stained with antibodies for
CD45, CD3, CD4, CD8, PD-1, and PD-L1, then fixed,
permeabilised, and incubated with antibodies for IFN-
v, TNF, and Foxp3. Data were acquired using a LSR
Fortessa™ (BD) flow cytometer and analysed with
FlowJo software.

Statistical analysis
Statistical analysis was performed using GraphPad Prism

5. ANOVA was used to compare statistical differences of
means between groups.

Results

PD-1 expression on intratumoural T cells correlates
with low production of type 1 cytokines

We examined the expression of co-inhibitory and regulatory
markers and their association with secretion of IFN-y or
TNF by intratumoural T cells in mice with CT26 tumours.
We used in vivo labelling with an anti-CD45.2 antibody
10 min prior to killing to discriminate tumour-resident from
tumour-circulating immune cells. Expression of PD-1 and
Foxp3 on CD4 and/or CD8 T cells was significantly higher
in tumour-resident cells when compared with cells in the
tumour circulation or draining lymph nodes (dLN) (Fig. 1a).
In contrast, TNF and IFN-y secretion was low or undetect-
able in CD4 and CD8 T cells from the tumour tissue, but
was relatively higher in dLN (Fig. 1a). High IFN-y on CDS8
T cells in dLN was associated with low PD-1 expression,
whereas high PD-1 in tumour tissue was associated with
the absence of IFN-y production (Fig. 1b). Moreover, we
found a negative correlation between PD-1 expression and
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Fig. 2 PD-L1 is expressed on intratumoural leucocytes and tumour
cells and upregulated by IFN-y. BALB/c mice were injected s.c.
with CT26 tumour cells. On day 23, CD45.2-PE was injected i.v.,
and 10 min later, tumours were isolated. Expression of CD45 and
PD-L1 was analysed by flow cytometry. a Frequency of immune cells
(CD45™) that express PD-L1. b, ¢ Flow cytometry for PD-L1 expres-
sion on CT26 tumour cells (CD45 cells) ex vivo. d Cultured CT26
tumour cells were stimulated with IFN-y for 24 h, and PD-L1 expres-
sion was analysed by flow cytometry. **P < 0.01, ***P < 0.001 by
1-way ANOVA

IFN-y production in CD8 T cells (Fig. 1c). PD-L1, a ligand
for PD-1, was expressed on tumour-resident CD45% leuco-
cytes, with lower PD-L1 on circulating and almost undetect-
able expression on cells from dLN (Fig. 2a). Furthermore,
tumour cells from mice with CT26 tumours expressed high
levels of PD-L1 (Fig. 2b, c). In vitro stimulation of CT26
tumour cells with [FN-y greatly enhanced the expression of
PD-L1 (Fig. 2d). The inverse correlation between expres-
sion of PD-1, PD-L1, or Foxp3 with cytokine secretion by
tumour-infiltrating T cells, especially CDS8 T cells, suggests
that effector T cell responses in tumours are constrained by
co-inhibitory molecules and Treg cells.

Anti-PD-1 reverses Treg cell conversion and enhances
effector function of T cells from tumour-bearing mice

To confirm the hypothesis that high levels of PD-1 expres-
sion on T cells are limiting anti-tumour T cell responses,
either directly or via induction of Treg cells, we assessed
the effect of blocking PD-1 on Treg cell conversion and on
effector T cell responses in vitro. Culture of naive spleen
cells in the presence of TGF-B induced significant Foxp3™
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Fig. 3 Anti-PD-1 reverses Treg cell conversion and enhances T cell
IFN-y secretion and proliferation. a Foxp3 expression by flow cytom-
etry after gating on CD3"CD4% cells following 3-day culture of
spleen cells from naive mice stained with CTV and stimulated with
anti-CD3, anti-CD28, with TGF-$, RA, and anti-PD-1 or anti-IFN-y.
b IFN-y concentrations in culture supernatants from a quantified by
ELISA. ¢ Proliferation of CD8 T cells from a quantified by CTV flu-
orescence intensity and analysed by flow cytometry. ***P < 0.001 by
ANOVA (n =3)
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Treg cell which was enhanced by the addition of RA. Addi-
tion of anti-PD-1 strongly reduced TGF- or TGF-g and
RA-induced conversion of naive CD4 T cells into Foxp3™
Treg cells (Fig. 3a). In contrast, blocking IFN-y increased
the frequency of Treg cells (Fig. 3a). This suggests that
PD-1 signalling plays a role in TGF-B-induced Treg con-
version, strengthening the evidence of a link between PD-1
and TGF-f signalling in CD4 T cells. Moreover, these find-
ings demonstrate that IFN-y interferes with the induction
of Treg cells.

Addition of anti-PD-1 to anti-CD3 and anti-CD28-acti-
vated spleen cells reversed the suppressive effect of TGF-f
or RA and TGF-f on IFN-y production (Fig. 3b). Further-
more, anti-PD-1 reversed the suppressive effect of TGF-p
on proliferation by CD8 T cells (Fig. 3c), demonstrating
that blocking PD-1 can restore CD8 T cell proliferation and
cytokine secretion in a suppressive microenvironment cre-
ated by TGF-p and RA.

Anti-PD-1 enhanced tumour-specific cytotoxic activity
of spleen cells from CT26 tumour-bearing mice (Fig. 4a).
This was associated with an increase in the concentration
of IFN-y and TNF in the supernatants (Fig. 4b). These
results demonstrate that blocking PD-1 inhibits Treg cell
conversion and enhances proliferation, IFN-y production,
and cytotoxic function of T cells in vitro.

Anti-PD-1 enhances the efficacy of a therapeutic
vaccine against CT26 tumours in mice

We next assessed the capacity of anti-PD-1 to modulate
anti-tumour immunity in vivo. Treatment of mice with
anti-PD-1 alone did not alter the growth of CT26 tumours
in BALB/c mice (Fig. 5a). We hypothesised that in the
context of a growing tumour, the induction of anti-tumour
effector immune responses may require immune stimula-
tion in addition to immune checkpoint blockade. We uti-
lised a vaccine approach comprising hs/irr CT26 cells with
the TLR7/8 agonist R848 as the adjuvant. Therapeutic
immunization of mice (days 3, 10, and 17) with the experi-
mental vaccine and adjuvant alone did not significantly
reduce tumour growth or survival (Fig. 5b). In contrast,
a combination of anti-PD-1-treatment with the vaccine
significantly reduced tumour growth and enhanced sur-
vival (Fig. 5b, c). Interestingly, several mice that initially
showed tumour growth were capable of clearing the tumour
(Fig. 5d). Nearly 40 % of mice treated with the combina-
tion completely eradicated the tumours by day 23 (Fig. Se).
Mice that had previously rejected the tumours resisted re-
challenge with CT26 tumour cells, whereas control naive
mice all developed tumours (Fig. 5f). These findings dem-
onstrate that blocking PD-1 can improve the efficacy of a
tumour vaccine, promote rejection of established tumours,
and induce tumour-specific immunological memory.
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Fig. 4 Anti-PD-1 enhances cytotoxicity of T cells from tumour-
bearing mice. Spleen cells from CT26 tumour-bearing mice were
co-cultured with CTV-labelled CT26 tumour cells at the indicated
E:T ratios for 24 h in the presence or absence of anti-PD-1. a Cell
death was measured by 7-AAD staining and flow cytometry, gating
on CTV™ cells. b IFN-y and TNF concentrations in co-culture super-
natants were quantified by ELISA. **P < 0.01, ***P < 0.001 by
ANOVA. n = 4 mice per group

A vaccine and anti-PD-1 combination reduces Treg cells
and enhances effector T cell responses

An examination of tumour-infiltrating T cells revealed
that the combination of the vaccine with anti-PD-1 signifi-
cantly reduced the frequency of tumour-infiltrating Treg
cells (Fig. 6a, b). The frequency of IFN-y* CD8 T cells
inversely correlated with tumour volume across the differ-
ent treatment groups (Fig. 6¢). Since this analysis excluded
mice that rejected the tumours, we also examined immune
responses in the spleen. Spleen cells from mice immu-
nized with the vaccine alone or with anti-PD-1 had the
highest cytotoxic responses against tumour cells (Fig. 6d).
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Fig. 5 Anti-PD-1 enhances the efficacy of a therapeutic vaccine
against CT26 tumours in mice. a BALB/c mice were injected s.c.
with CT26 tumour cells and treated with anti-PD-1 on days 2, 9, and
16. b BALB/c mice were injected s.c. with CT26 tumour cells and
immunized with a vaccine comprising hs/irr CT26 tumour cells and
R848 on days 3, 10, and 17 post-tumour induction. Anti-PD-1 was
injected 1 day prior to immunization. Results are shown as mean
tumour growth £ SEM (b), percent survival (c). d Expanded view of
tumour growth in mice treated with vaccine + anti-PD-1. e Percent-
age of mice that rejected tumours by day 23 (mean from two experi-
ments). f Tumour growth in mice treated with the vaccine + anti-
PD-1 and rejected the tumours and re-challenged with CT26 tumour
cells, compared with naive mice (control). *P < 0.05, **P < 0.01,
*#**P < 0.001 by ANOVA. n = 7-8 mice per group

Furthermore, when compared with all other experimental
groups, spleen cells from mice treated with the combina-
tion of the vaccine with anti-PD-1 induced the highest
concentration of IFN-y after co-culture with CT26 tumour
cells (Fig. 6e). Finally, spleen cells from mice that rejected
the tumours secreted significantly higher concentrations of
IFN-y compared with spleen cells from mice that did not
reject the tumours (Fig. 6f). Our findings clearly demon-
strate that treatment of mice with an anti-PD-1 antibody in
combination with a cancer vaccine reduced tumour-infil-
trating Treg cells and enhanced anti-tumour effector T cell
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Fig. 6 A vaccine and anti-PD-1 combination reduces Treg and
enhances effector T cell responses. Mice immunized as described in
Fig. 5. Mean (a) and sample FACS plots (b) of Foxp3 expression on
intratumoural CD45TCD3TCD4™ cells analysed by flow cytometry. ¢
Frequency of IFN-y*CD8* T cells in tumours versus tumour volume
for all experimental groups. d Cytotoxicity of spleen cells against
CTV-stained CT26 cells. e IFN-y concentrations in culture superna-
tants from d quantified by ELISA. f IFN-y concentrations by spleen
cells from mice treated with vehicle or vaccine + anti-PD-1 that
were tumour-bearing or rejected the tumour. *P < 0.05, **P < 0.01,
*#%P < 0.001 versus control by ANOVA. n = 7-8 mice per group

responses, reflected by an increase in tumour cell killing
and IFN-y secretion.

Discussion

The significant new findings of this study are that PD-1
expression on tumour tissue-resident T cells is associated
with enhanced Treg cells and substantially reduced effector
T cell responses. Furthermore, transient inhibition of this
immune checkpoint in the context of immune activation
with a cancer vaccine can release the brake on cytotoxicity
and cytokine secretion by tumour-infiltrating CD8 T cells.
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Although there is much speculation and indirect evi-
dence that immune checkpoints restrain anti-tumour T cell
responses, there is very limited direct evidence from tumour
models [11]. A key finding of this study was the observation
of an inverse correlation between T cell effector function
and co-inhibitory receptor expression in tumour-bearing
mice. Although cytokine-secreting T cells were observed in
the dLN of tumour-bearing mice, they were mostly absent
from tumour-infiltrating lymphocytes, whereas expression
of PD-1 and Foxp3 was vastly elevated on tumour-resident
T cells. Moreover, tumour cells expressed high levels of
PD-L1 which was greatly enhanced by IFN-y, suggest-
ing that PD-L1 expression is a defence mechanism uti-
lised by tumours in response to pro-inflammatory stimuli.
PD-L1 was also highly expressed on tumour-infiltrating
leucocytes, including DCs, macrophages, and T cells (data
not shown), suggesting that tumour cells as well as infil-
trating immune cell populations contribute to PD-1/PD-
L1-mediated T cell suppression. Blocking with anti-PD-1
demonstrated that PD-1 constrained T cell proliferation,
IFN-y secretion, and cytotoxic activity against tumour cells
in vitro. This suggests that PD-1 signalling suppresses T
cell effector function and is consistent with the demonstra-
tion that PD-1 recruits the phosphatase SHP-2 which inter-
feres with TCR signalling and dephosphorylates important
downstream effector molecules [15].

Another key finding of our study was the observa-
tion that blocking PD-1 reduced the conversion of TGF-
B-induced Treg cells in vitro. PD-L1-expressing DCs or
PD-L1-coated beads can promote TGF-B-induced Treg
conversion [20, 21]. We found that blocking PD-1 strongly
elevated IFN-y production, whereas addition of anti-
IFN-y enhanced the number of Foxp3™ Treg cells. This
is consistent with a report that IFN-y can interfere with
Treg induction [22]. Our study also revealed that block-
ing PD-1 in vivo in combination with therapeutic immu-
nization with a vaccine significantly reduced the levels of
Treg cells infiltrating the tumours. This was associated with
enhanced IFN-y production and reduced tumour growth.
Surprisingly, this reduction was not seen when anti-PD-1
was administered alone. These findings indicate that the
reduction in Treg cells and enhancement of effector T cells
is most efficient with a combination of immune checkpoint
blockade and stimulation with a potent immunomodulator,
such as a TLR agonist.

Our active immunotherapy combination was able
to induce clearance of established tumours and protec-
tion against a second tumour challenge. The reduction in
tumour growth was associated with increased tumour-infil-
trating IFN-y-secreting CD8 T cells and reduced infiltra-
tion of Treg cells, which correlates with a better progno-
sis in the clinic [1]. The findings demonstrate that immune
checkpoint inhibitors block Treg cell induction and take the

brake off tumour-specific T cells which in turn were able to
induce tumour cell lysis. Transiently blocking PD-1 prior
to activation of tumour-specific T cell responses by vac-
cination may be a safer and more effective approach for
the treatment of certain cancers than combination immune
checkpoint blockade.
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