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PD-1 blockade is a cancer immunotherapy effective in various types
of cancer. In a fraction of treated patients, however, it causes rapid
cancer progression called hyperprogressive disease (HPD). With our
observation of HPD in ~10% of anti-PD-1 monoclonal antibody
(mAb)-treated advanced gastric cancer (GC) patients, we explored
how anti-PD-1 mAb caused HPD in these patients and how HPD
could be treated and prevented. In the majority of GC patients,
tumor-infiltrating FoxP3"9"CD45RA-CD4* T cells [effector Treg
(eTreg) cells], which were abundant and highly suppressive in tumors,
expressed PD-1 at equivalent levels as tumor-infiltrating CD4* or
CD8* effector/memory T cells and at much higher levels than cir-
culating eTreg cells. Comparison of GC tissue samples before and
after anti-PD-1 mAb therapy revealed that the treatment mark-
edly increased tumor-infiltrating proliferative (Ki67%) eTreg cells in
HPD patients, contrasting with their reduction in non-HPD pa-
tients. Functionally, circulating and tumor-infiltrating PD-1* eTreg
cells were highly activated, showing higher expression of CTLA-
4 than PD-1~ eTreg cells. PD-1 blockade significantly enhanced in
vitro Treg cell suppressive activity. Similarly, in mice, genetic abla-
tion or antibody-mediated blockade of PD-1 in Treg cells increased
their proliferation and suppression of antitumor immune responses.
Taken together, PD-1 blockade may facilitate the proliferation of
highly suppressive PD-1* eTreg cells in HPDs, resulting in inhibition
of antitumor immunity. The presence of actively proliferating PD-1*
eTreg cells in tumors is therefore a reliable marker for HPD. Deple-
tion of eTreg cells in tumor tissues would be effective in treating
and preventing HPD in PD-1 blockade cancer immunotherapy.
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ancer immunotherapy represented by immune checkpoint

blockade (ICB) such as anti-CTLA-4 and anti-PD-1 mono-
clonal antibodies (mAbs) instigates cytotoxic CD8* T lympho-
cytes (CTLs) to kill cancer cells (1, 2). ICB has shown clinical
efficacy in multiple cancer types and even in patients with ad-
vanced stages of cancer (3-5). However, the therapeutic efficacy
of ICB is currently limited to 15-30% of treated cancer patients.
More importantly, rapid disease progression [known as hyper-
progressive disease (HPD)], rather than cancer regression, has
been reported recently in certain cancer patients treated with
anti—-PD-1 mAbD (6-8). To make ICB safer and more effective for
cancer immunotherapy, the mechanism of HPD needs to be
elucidated.

Regulatory T (Treg) cells are an immunosuppressive subset of
CD4* T cells, characterized by specific expression of the tran-
scription factor forkhead box protein P3 (FoxP3) (9-14). They
are abundant in tumor tissues, and there is accumulating evi-
dence that FoxP3™ Treg cells, among various types of immunosup-
pressive cells in tumor tissues, play key roles in hindering effective
antitumor immunity in cancer patients (14-19). In addition, there are
observations that, among tumor-infiltrating lymphocytes (TILs), not
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only activated and exhausted CD4" and CD8* T cells, but also a
fraction of Treg cells express PD-1 (20-25). Whereas the clinical
efficacy of PD-1 blockade has been attributed to its augmentation
of effector functions of tumor-infiltrating T cells, especially CTLs,
possible effects of PD-1 blockade on PD-1-expressing Treg cells in
tumor tissues remain unknown (1, 2).

FoxP3* T cells in humans are heterogeneous in function (14).
They comprise suppressive Treg cells and nonsuppressive con-
ventional T (Tconv) cells, as human naive CD4* T cells transiently
up-regulate FoxP3 expression upon T cell receptor (TCR) stim-
ulation (26). Accordingly, human FoxP3"CD4* T cell population
can be fractionated into the following three subsets based on the
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PD-1 blockade is a cancer immunotherapy effective in various
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body. Tumors of HPD patients possessed highly proliferating
FoxP3* Treg cells after treatment, contrasting with their reduction
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expression levels of the naive T cell marker CD45RA and FoxP3
or CD25 (14, 18, 19, 27?: Fraction (Fr) I naive Treg cells
(CD45RATCD25"YFoxP3'°"CD4"); Fr. Il effector Treg
(eTreg) cells (CD45RACD25"€"FoxP3"e"CD4+); and Fr. III
non-Treg cells (CD45RA"CD25°¥FoxP3'**CD4"). Fr. II eTreg cells,
which highly express CTLA-4, are the predominant tumor-infiltrating
FoxP3*CD4* T cells in the majority of cancers (14, 18, 19, 28).

In this study, we have determined the Treg cell fraction in the
tumor and the peripheral blood that expresses PD-1 and exam-
ined the effects of PD-1 blockade on FoxP3* Treg cells in vitro
and in vivo, in humans and mice. In particular, we have examined
HPD in gastric cancer (GC) patients during anti-PD-1 mAb
therapy by analyzing tumor samples obtained by biopsy before
and after therapy. We have found that PD-1 blockade or defi-
ciency enhances proliferation and immunosuppressive activity of
PD-1* Treg cells in humans and mice. Our results indicate a key
role of PD-1* eTreg cells in HPD development and suggest that
depletion of Treg cells in tumor tissues could be effective in
treating HPD during anti-PD-1 mAbD therapy.

Results

HPDs Are Observed in ~10% of Advanced GC Patients Treated with
Anti-PD-1 mAb. Thirty-six patients with advanced GC who re-
ceived anti-PD-1 mAb (nivolumab) from October to December
2017 were enrolled in this study (SI Appendix, Table S1). Nine
and 10 patients achieved partial responses (PR) and stable dis-
eases (SD), respectively, by anti-PD-1 mAbD treatment at the first
evaluation 4-6 wk after starting the treatment. Among 17 patients
with progressive diseases (PD), four patients (11.1% of 36 pa-
tients) were diagnosed as HPD during anti-PD-1 mAbD treatment
(Fig. 14 and SI Appendix, Table S1). HPD was defined as pre-
viously reported (6): time-to-treatment failure <2 mo, >50% in-
crease in tumor burden compared with pretreatment imaging,
and >twofold increase in progression speed. Despite good per-
formance status (PS) before the treatment, three HPD patients
died of tumor progression within a very short period (20-65 d)
after the initial administration of anti-PD-1 mAb (SI Appendix,
Table S2). Most HPD patients (three among four cases) suffered
from multiple metastatic lesions especially in the liver (SI Ap-
pendix, Table S1).

In 21 patients among 36 GC patients, formalin-fixed paraffin-
embedded (FFPE) samples at pretreatment were available for
genome analyses and subjected to next-generation sequencing
(81 Appendix, Table S3). As summarized for genomic features of
the patients in SI Appendix, Fig. S1 and Tables S2 and S4, one
HPD patient possessed MDM2 gene amplification as reported in
other types of cancer (case 3 in SI Appendix, Table S2) (7), while
no patients without HPD had the MDM?2 gene family alteration
(SI Appendix, Fig. S1). Other genetic changes found in HPD
patients (such as ERBB2 amplification, KRAS amplification, TP53
mutation, and PIK3CA mutation) were also detected in non-HPD
patients (SI Appendix, Fig. S1), suggesting that these mutations
were unlikely to be specifically involved in HPD.

eTreg Cells in TILs Highly Express PD-1. The lack of common genetic
alterations in HPD prompted us to examine immune responses
in HPD patients. Paired (pre- and posttreatment) fresh tumor
samples were obtained from 14 (2 HPD and 12 non-HPD) pa-
tients among 36 GC patients for phenotypic and functional
analyses of Treg cells in TILs. While Fr. II eTreg cells were more
abundant in TILs compared with peripheral blood mononuclear
cells (PBMCs), there was no significant difference between HPD
and non-HPD patients in eTreg cell frequency in TILs and
PBMC:s (Fig. 1 B and C). Notably, Fr. I eTreg cells and also Fr.
III cells in HPD and non-HPD patients highly expressed PD-1 at
a comparable level as effector/memory CD45RA™FoxP3~CD4*
TILs, which could be further dissected into the CD25" (Fr. IV)
and the CD25~ (Fr. V) populations (Fig. 1 D and E) (27). The
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PD-1 expression levels of Fr. II TILs were also comparable with
those of central memory (CM) or effector memory (EM) type
CD8* TILs. Thus, eTreg cells, which expressed PD-1 as highly as
effector CD8* and CD4*% T cells, would likely be targeted by
anti-PD-1 mAb, particularly in tumor tissues.

Frequency of Proliferating (Ki67*) eTreg Cells Is Increased in TiLs of
HPD Patients and Decreased in Non-HPD Patients After Anti-PD-
1 mAb Treatment. To address in vivo effect of PD-1 blockade
on Treg cells, we examined the changes in the ratio of immune
cells, particularly eTreg cells, in TILs from HPD patients before
anti-PD-1 mAb treatment and at first evaluation 4-6 wk after
starting the treatment (Fig. 2 and SI Appendix, Fig. S2). The
kinetics of eTreg cell frequency in TILs was variable in patients
with or without HPD (Fig. 24). While HPD patients did not
show significant changes in the ratio of eTreg cells to CD8"
T cells in TILs after anti-PD-1 treatment, non-HPD patients
exhibited significant decrease in the ratio (Fig. 24). The frequency
of PD-1*, CTLA-4*, or Ki67" eTreg cells in HPD patients’ TILs
before treatment was not significantly different from non-HPD
patients’ TILs (SI Appendix, Fig. S2). Notably, however, the fre-
quency of Ki67* eTreg cells in TILs was increased, albeit not
significantly, during anti-PD-1 mAb treatment in HPD patients,
contrasting with the significant decrease in non-HPD patients (Fig.
2B). We also measured the ratio of Ki67* eTreg cells to Ki67*CD8*
T cells in TILs and found that it was reduced in the non-HPD group
after treatment while remaining unchanged in the HPD group (SI
Appendix, Fig. S3). In one HPD patient without MDM?2 gene al-
teration (case 1 in ST Appendix, Table S2), the frequency of Ki67*
eTreg cells in the tumor was markedly higher after treatment. Im-
munohistochemistry confirmed the presence of a larger number
of Foxp3*CD4" T cells in posttreatment tumor compared with
pretreatment tumor (Fig. 2 B and C). These results collectively
indicate that HPD would likely occur when CD8" T cells are not
dominant over eTreg cells in tumor tissues and that the domi-
nance is dependent on the proliferative response of eTreg cells
rather than CD8" T cells to anti-PD-1 therapy.

PD-1* eTreg Cells Are Higher in CTLA-4 Expression and More Proliferative
than PD-1- eTreg Cells. We then investigated the activation status of
PD-1* and PD-1" eTreg cells in TILs. CTLA-4, a key molecule for
Treg-mediated suppression (29, 30), was expressed at higher levels by
eTreg cells in TILs compared with PBMCs, and the expression was
higher in PD-1* eTreg cells than PD-1" ones (Fig. 3 4 and B). In
addition, Ki67 expression was much higher in PD-1* €Treg cells com-
pared with PD-17 eTreg cells in PBMCs (Fig. 3 4 and B). Collectively,
PD-1* €Treg cells in TILs were actively proliferating and appeared to be
potently immunosuppressive as indicated by high CTLA-4 expression.

Anti-PD-1 mAb Augments Treg Cell-Mediated Immunosuppressive
Activity in Vitro. Since both TCR and CD28 signals, which are
inhibited by PD-1, play crucial roles in Treg cell maintenance
and immunosuppressive function (31-33), we examined whether
PD-1 blockade could enhance Treg cell-mediated immunosup-
pressive function. We first analyzed proliferative capacity of carbox-
yfluorescein diacetate succinimidyl ester (CFSE) labeled CD8" T cells
cultured with or without PD-1"CD45RA~CD25"¢"CD4" T cells
(eTreg cells) in the presence of anti-CD3 mAb and antigen-
presenting cells (APCs) (SI Appendix, Fig. S4). While re-
sponder CD8* T cells (Tresp cells) vigorously proliferated in the
absence of eTreg cells, the proliferation of Tresp cells was sig-
nificantly suppressed by eTreg cells. Addition of anti-PD-1 mAb
to the cell culture further augmented the suppression mediated
by eTreg cells (Fig. 4 A and B). In addition, anti-PD-1 mAb
treatment significantly increased Ki67 expression by PD-1*
eTreg cells (Fig. 4C). This was validated by PD-L1 Fc Ig, which
significantly decreased the proliferation of PD-1* eTreg cells,
but not PD-1" eTreg cells. The proliferation was restored with
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Fig. 1. Clinical course of an HPD patient and PD-1 expression by various T cell fractions in tumors and the periphery. (A) Clinical course of an HPD patient. A
73-y-old male with an MDM2 amplification (case 3 in S/ Appendix, Table S2) received anti-PD-1 mAb (nivolumab) as fourth-line treatment. After two doses of
anti—PD-1 mAb, his performance status became poor, and the computed tomography showed rapid disease progression diagnosed as HPD. Fifty-five days
after the initial administration of anti-PD-1 mAb, he died of tumor progression. (B) TILs and PBMCs collected from 14 GC patients before anti-PD-1 mAb
treatment were subjected to flow cytometry. Representative flow cytometry plots of CD4* T cells (CD45RA and FoxP3) and CD8* T cells (CCR7 and CD45RA) are
shown. (C) Frequency of CD45RAFoxP3"9"CD4* eTreg cells in 14 GC patients. (D and E) PD-1 expression by each CD4* and CD8* T cell fraction. TILs and
PBMCs collected from 14 GC patients before anti-PD-1 mAb treatment were subjected to flow cytometry. Representative flow cytometry staining for PD-1 by
each CD4" and CD8™" T cell fraction. Red, TILs; blue, PBMCs; gray, isotype control (D). Summary of PD-1 expression by each CD4* and CD8* T cell fraction in 14
GC patients (E). Red circle, HPD patients; black circle, non-HPD patients; naive (CCR7*CD45RA™*); CM, central memory (CCR7*CD45RA"); EM, effector memory
(CCR7-CD45RA"); TEMRA, terminally differentiated effector memory (CCR7-CD45RA™).
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further addition of anti-PD-1 mAb (Fig. 4D). These findings
collectively indicate that PD-1 expressed by eTreg cells can be a
negative regulator of Treg cell-mediated immunosuppressive func-
tion and Treg cell proliferation and that PD-1 blockade augments
immunosuppressive activity and proliferation of eTreg cells.

PD-1-Deficient Treg Cells Are Highly Proliferative and Immunosuppressive
in Mice. To confirm the above findings in humans, we in-
Vesticgated the role of PD-1 in Treg cells by generating
CD4“PD1"**FoxP3RESPTRGIP (ERGY) mice with T cell-specific
PD-1 deficiency (SI Appendix, Fig. S5). While CD4““PD1"***FDG
and control CD4“"*FDG mice had comparable frequencies of
Treg cells, FoxP3~CD4" (Tconv), and CD8" T cells, the former
possessed higher proportions of activated CD44*CD62L" cells
in the various T cell populations, although they did not manifest
discernable autoimmunity (Fig. 5 4 and B). Interestingly, only
Ki67* Treg cells, but not Ki67* Tconv cells and CD8* T cells,
were significantlg increased in CD4“PD11**FDG mice com-
pared with CD4~"FDG mice (Fig. 5C). Given that Treg cells are
highly dependent on basal TCR signaling to proliferate (33, 34)
and possess a higher frequency of Ki67" self-renewing cells than
CD4" Tconv or CD8* T cells at steady state (27), it is likely that
stronger TCR signaling due to PD-1 deficiency readily augments
Treg cell proliferation.
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Post-treatment at 1st
evaluation (HPD)

cells in TILs of kinetic changes from pretreatment to
first evaluation. Black, anti-PD-1 mAb (-); red, anti-
PD-1 mAb (+); gray, isotype control. (B, Right) Sum-
mary of kinetic changes of Ki67* eTreg cells in two
HPD patients and 12 non-HPD patients. One patient
who experienced HPD without any MDM2 gene al-
terations had very high Ki67* eTreg cell infiltration
at HPD state (an arrowhead; case 1 in S/ Appendix,
Table S2). n.s., not significant. (C) FFPE slides of case
1 before and after treatment were subjected to im-
munohistochemical staining of tumor-infiltrating
Treg cells.

We next addressed whether the lack of increase in Ki67*
Tconv cells in CD4“"PD1%"**‘FDG mice was due to enhanced
immunosuppressive function of PD-1-deficient Treg cells. To
assess this possibility, we compared immunosuppressive function
of PD-1-intact and PD-1-deficient Treg cells by in vitro sup-
pression assay. The results showed that PD-1-deficient Treg cells
were more suppressive against the proliferation of Tconv cells from
either CD4““FDG or CD4“"°PD1"**’FDG mice (Fig. 5D). It is
thus possible that in CD4“*PD1"**“FDG mice, enhanced immu-
nosuppression by PD-1-deficient Treg cells suffices to prevent
proliferation of PD-1-deficient Tconv cells.

We further sought to exclude any extrinsic effects of PD-
1 deficiency on the proliferation of Treg cells because PD-1-
deficient mice are known to be prone to autoimmunity. To this
end, we transferred bone marrow (BM) cells composed of 70%
CD45.1 wild-type (WT) mice and 30% CD45.2 CD4““PD1"**‘FDG
mice into lethally irradiated CD45.1 host mice. Consistent with
our observations above, CD45.2* PD-1-deficient Treg cells had
increased Ki67 expression compared with CD45.2™ PD-1-intact
Treg cells (Fig. SE, Top). No significant difference in Ki67 ex-
pression was observed between CD45.2* PD-1-deficient Tconv cells
and CD45.27 PD-1-intact Tconv cells. To determine the impor-
tance of PD-1-deficient Treg cells in suppressing PD-1-deficient
Tconv cells, we administered diphtheria toxin (DT) in the bone
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marrow chimeric (BMC) mice to deplete CD45.2* PD-1—deficient
Treg cells. This gave rise to an increase in Ki67* PD-1-deficient
CD45.2" Teonv cells compared with PD-1-intact CD45.2™ Tconv
cells (Fig. 5SE, Bottom). The latter was likely to be still suppressed by
CD45.27 PD-1-intact Treg cells, which remained constant in fre-
quency (15.7% in non-DT-treated and 17.5% in DT-treated) but
were less efficient in suppressing PD-1-deficient Tconv cells, as
shown in the in vitro suppression assay in Fig. 5D.

In addition, to confirm the role of PD-1 in Treg cells, we ex-
amined whether blocking PD-1 signaling with anti-PD-1 mAb
would increase Treg cell immunosuppressive function in vitro.
In the in vitro suppression assay containing PD-1-deficient
Tconv cells, PD-1-intact Treg cells, and anti-PD-1 mAb, PD-
1 blockade on Treg cells not only increased their numbers but
also resulted in greater suppression of PD-1-deficient Tconv cell
proliferation (Fig. 5F).

Collectively, these results indicate that PD-1 deficiency or
blockade in Treg cells augments their proliferation and immu-
nosuppressive activity in vivo and in vitro and renders them a
memory/effector phenotype in vivo.

PD-1-Deficient Treg Cells Potently Suppress Antitumor Response by
PD-1-Deficient Effector T Cells and Promote Tumor Growth in Mice.
We next assessed the effects of Treg-specific PD-1 deficiency or
blockade on antitumor immune responses in mice. With B16F0
murine melanoma model, we found that the majority of tumor-
infiltrating Treg cells expressed PD-1 as high as Tconv cells and
CD8* T cells. Along with the high PD-1 expression, tumor-
infiltrating Treg cells were also highly Ki67-positive (Fig. 64).
We then examined antitumor activity of PD-1-deficient ef-
fector T cells by transferring spleen cells from either CD4““FDG
or CD4“°PD1"**“FDG mice into lympho-depleted mice, which
were injected s.c. with B1I6F0 melanoma cells. Three days later,
transferred FDG Treg cells were depleted by administering DT.
Whereas tumor development did not differ significantly between the
two groups without DT treatment, tumors were markedly reduced in
the DT-treated CD4““PD1"**“FDG group, indicating that PD-1—
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summarized. n.s., not significant.

deficient effector T cells possess stronger antitumor activity than
PD-1-intact ones upon Treg cell depletion (SI Appendix, Fig. S6).

We next assessed whether PD-1 deficiency in Treg cells would
enhance their ability to suppress in vivo antitumor responses in
lympho-depleted mice transferred with PD-1-deficient or PD-1-
intact Treg cells. Since PD-1-deficient and PD-1-intact Treg
cells differ in their proportions of activated cells, we collected
CD44~CDG62L" naive Treg cells from either FoxP3™FSCre or
FoxP3RES-Creppyjfloxed mice to ensure that any effect would result
from only the intrinsic deficiency of PD-1 in Treg cells. FoxP3™RESCr
or FoxP3™ESCrepp11oed Treg cells were cotransferred with
CD4“PD17°**YFDG spleen cells into lympho-depleted (6-Gy—
irradiated) mice (Fig. 6B). All recipient mice received sub-
cutaneous injection of B16F0 melanoma cells immediately fol-
lowing cell transfer and were treated with DT 3 d later to deplete
Treg cells from the CD4“PD11°**¢ FDG inoculum. At the end of
18 d, we found mice transferred with PD-1-intact Treg cells had
considerably smaller tumors, whereas those with PD-1-deficient
Treg cells bore much larger tumors (Fig. 6B). The result suggests
that PD-1-deficient Treg cells strongly favor tumor development.

To further determine the effect of Treg cell-specific PD-1 block-
ade on B16F0 tumor development, we cotransferred PD-1-intact
Treg cells with CD4“*PD1"***“FDG spleen cells into lympho-
depleted mice, which received DT 3 d after cell transfer and then
anti-PD-1 or control mAb treatment on days 5, 10, and 15 post
cell transfer. Mice treated with anti-PD-1 mAb developed sig-
nificantly larger tumors than those treated with control mAb (Fig.
6C). Additionally, anti-PD-1 mAb induced higher Ki67 expression
in Treg cells compared with control (Fig. 6D).

Taken together, PD-1 blockade in Treg cells results in their
expansion and enhances their immunosuppressive activity, pro-
moting tumor growth even in the presence of potent antitumor
immune responses mediated by PD-1-deficient Tconv cells.

Proliferative eTreg Cells Can Be Targeted by Anti-CTLA-4, Anti-0X-40,
or Anti-CCR4 mAb. Last, to evaluate eTreg-specific markers in
humans as potential therapeutic targets especially in HPD, 22
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TIL samples from GC patients who underwent surgical resection
were subjected to flow cytometric analysis (SI Appendix, Table
S5). In these samples, eTreg cells expressed CTLA-4, OX-40,
and CCR4 at significantly higher levels compared with CD4*
or CD8* Tconv cells, with a comparable level of LAG-3 (SI
Appendix, Fig. S7). These data suggest that antibodies, especially
cell-depleting ones, targeting CTLA-4, OX-40, and CCR4 can be
used for the treatment and prevention of HPD by specifically
depleting eTreg cells (28).

Discussion

Immune checkpoint blockade, particularly by anti-PD-1 mAb, is
now widely used as a cancer immunotherapy, with occasional
development of HPD with poor clinical outcome. A previous
study reported that 12 of 131 (9%) patients with various types of

10004 | www.pnas.org/cgi/doi/10.1073/pnas.1822001116

the cultures with the indicated ratio of Treg cells and
Tresp cells (B). (C) eTreg cells in the cultures were
subjected to flow cytometry to examine activation
and proliferative status. (Top) Phenotypic changes
(PD-1, CTLA-4, and CD28 expression) and pro-
liferative capacity (Ki-67 expression) of eTreg cells
with/without anti-PD-1 mAb (nivolumab). Black, anti-
PD-1 mAb (-); red, anti-PD-1 mAb (+); gray, isotype
control. (Bottom) Summary for expression levels de-
tected by MFI of PD-1, CTLA-4, CD28, and Ki-67 of eTreg
cells with/without anti-PD-1 mAb in four healthy indi-
viduals. (D) Proliferation of Treg cells. PD-1~ or PD-1*
eTreg cells were sorted from PBMCs of healthy indi-
viduals and cultured with/without PD-L1 Fc Ig and/or
anti-PD-1 mADb in the presence of anti-CD3 mAb and
anti-CD28 mADb. Forty-eight hours after incubation, the
proliferation of PD-1~ or PD-1* eTreg cells was evalu-
ated by WST-1 assay. Ratio of the absorbance at 48 to
0 h is shown.

cancer succumbed to HPD during anti—-PD-1 mAb treatment and
that no GC patients (0/2) experienced HPD (6). In our present
study, the occurrence rate of HPD in anti-PD-1 mAb-treated
advanced GC patients was ~10% (4 among 36). Our recent in-
dependent study with advanced GC patients also showed the
development of HPD with poor prognosis in 21% (13 of 62) of
anti-PD-1-treated patients (35), further underlining a need to
determine the cause of HPD and design treatment strategies
against it.

Our results in humans and mice have demonstrated that PD-
1 deficiency or blockade enhanced the activation of both Treg
and Tconv cells, the former suppressing and the latter aug-
menting antitumor immunity. PD-1 attenuates TCR signal and
also CD28 costimulatory signal; PD-1 blockade or deficiency in
T cells therefore enhances TCR and CD28 signal intensity, which
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Fig. 5. Strong proliferation and immunosuppressive function of murine Treg cells with PD-1 deficiency. (A-C) Spleen cells from 9- to 10-wk-old CD4“°FDG and
CD4“*PD17°**IFDG mice were subjected to flow cytometry. Representative flow cytometry plots of activated CD44*CD62L" cells in FoxP3+*CD4* Treg cells, FoxP3~CD4*
Tconv cells, and CD8" T cells in the indicated mice are shown (A). Summary for the percentage of activated (CD44"CD62L") cells in each cell population (B). Rep-
resentative staining (Top) and summary (Bottom) of proliferating (Ki67*) Treg cells, Tconv cells, and CD8* T cells (C). n = 4 per each group. Blue, CD4“"*FDG mouse; red,
CD4“epD17**FDG mouse; gray, negative stain control. (D) PD-1-intact (wild-type; WT) and PD-1-deficient (knockout; KO) Treg and Tconv cells were collected from
CD4“®FDG and CD4“*PD17°**dFDG mice, respectively. PD-1-intact and PD-1-deficient Tconv cells were stained with CellTrace violet (CTV) and cocultured with either
PD-1-intact or PD-1-deficient Treg cells at the indicated ratios of Treg cells and Tresp cells. After 3 d culture, the number of proliferating cells was measured by CTV
dilution. (E) Bone marrow chimeric (BMC) mice were generated by transferring bone marrow (BM) cells comprising 70% CD45.1 and 30% CD45.2 cD4%epD1floxed FpG
into lethally irradiated recipient CD45.1 mice. DT was administered in BMC mice to deplete PD-1-deficient CD45.2* Treg cells. Five days after DT treatment, spleen cells
were collected and subjected to flow cytometry. Representative staining of CD4" T cells in spleens (Left) and percentages of proliferating (Ki67") Treg cells and Tconv
cells (Right). n = 4-5 in each group. (F) PD-1-intact Treg cells were cocultured with PD-1-deficient Tconv cells labeled with CTV in the presence of either anti-PD-1 or
isotype-matched IgG mAb. The number of FoxP3"CD4™ Treg cells recovered (Left) and the number of proliferating Tconv cells (Right) are shown. Numbers on flow
cytometry plots indicate percentages of gated populations. Data are representative of at least two independent experiments.
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Fig. 6. Increased tumor growth by PD-1-deficient Treg cells. (A) C57BL/6 mice were inoculated with B16FO melanoma cells in the right rear flank. Fifteen days after
inoculation, T cells were prepared from tumors and draining inguinal lymph nodes and subjected to flow cytometry. Representative flow cytometry staining for
PD-1 expressed by Treg cells (red), Tconv cells (blue), and CD8* T cells (green) in TILs (Top) and Ki67 expressed by TIL Treg cells (red) from tumor and PD-1* Treg cells
(blue) and PD-1~ Treg cells (green) from draining lymph nodes (Bottom). (B) C57BL/6 mice were lympho-depleted by 6-Gy irradiation and then were transferred
with spleen cells from CD4<"*PD17°**dFDG mice and Treg cells from either FoxP3'RESCe or FoxP3'RESCrepp1floxed mice, After cell transfer, mice were injected s.c. with
B16FO0 cells. DT was administered intraperitoneally 3 d after cell transfer to deplete Treg cells from the CD4<*PD171°**¢FDG transferred fraction. Tumor growth of
B16 tumors was measured over 18 d. (C) Irradiated (6 Gy) CD45.2 B6 mice were transferred with CD45.2 CD4"PD17°**9FDG spleen cells and PD-1-intact CD45.1
Treg cells. Mice were injected with B16 tumor cells and DT as in B, and anti-PD-1 or isotype-matched IgG mAb was administered on days 5, 10, and 15. Tumor
growth of B16 tumors was measured over 18 d (Left). Tumor masses measured on day 18 are shown (Right). (D) Tumor-draining lymph nodes in anti-PD-1 mAb-
treated or control mice were collected on day 18 posttransfer to assess transferred CD45.1" Treg cells. Representative flow cytometry staining (Left) and percentage
(Right) of proliferating (Ki67*) transferred CD45.1* Treg cells from both groups. Data are representative of at least two independent experiments.
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activates Treg cells as well as Tconv cells (31-33). A previous
animal study showed that PD-1-deficient Treg cells had in-
creased immunosuppressive activity and better protected against
autoimmune diseases compared with PD-1-intact Treg cells,
indicating that lack of PD-1 signaling enhances the immuno-
suppressive function of Treg cells (20). On the other hand, it was
recently reported that PD-L1 binding to PD-1 during peripheral
Treg cell generation from Tconv cells was critical for the main-
tenance of long-term FoxP3 expression and in vivo regulation of
immune responses against murine colitis and graft versus host
disease (21). Furthermore, Treg cells have been shown to exhibit
immunosuppressive activity via direct interaction between PD-
1 on Treg cells and PD-L1 on CD8" T cells, an activity signifi-
cantly decreased by PD-1 blockade in an animal model of
chronic infection (22). It is also worth noting that some tumor-
infiltrating Treg cells express PD-L1 in addition to PD-1 (36, 37),
raising the likelihood of reciprocal PD-1 and PD-L1 signaling
that allows for a delicate control of immune cell homeostasis
within tumor tissues. These results suggest that PD-1 signaling
contributes to the function and maintenance of Treg cells
depending on various factors ranging from the Treg cell subtype
in question to the mechanism-of-action by which Treg cells
control diseases (e.g., chronic viral infection and cancer) through
their target cells of choice such as APCs or others (13, 14, 30).

The success of anti-PD-1 mAb therapy hinges on its ability to
unleash effector T cells from PD-1-dependent inhibition to en-
able them to kill tumor cells. This strategy, however, can be
supplanted by various means, one of which is the proliferation of
Treg cells and augmentation of their immunosuppressive activity
as shown in the present study. In tumor tissues, activated PD-1*
Treg cells, which highly express CTLA-4, may result in more
Treg: APC aggregates coupled with CTLA-4-dependent down-
regulation of the costimulatory molecules CD80 and CD86 on
APCs, hence restricting APC access for Tconv cells and their
activation (29, 30, 38). Additionally, proliferating PD-1" Treg
cells may rapidly absorb IL-2 and deprive it from tumor-reactive
effector T cells (30). With such Treg cell-mediated immune
suppression in tumor tissues, the antitumor efficacy of PD-1
blockade may rest on the balance between reinvigoration of ef-
fector T cells and augmentation of PD-1* Treg cell proliferation
and suppression. In the event that the latter effect is more
dominant, tumor cells could escape effector T cell killing and
grow uncontrollably (SI Appendix, Fig. S8). This is supported by
the finding that Treg cells were increased in nonresponders to
anti-PD-1 mAD treatment for malignant melanoma and de-
creased in responders (39), consistent with our observation in the
HPD cases. The underlying reason for preferential expansion of
Treg cells upon PD-1 blockade remains unknown. Although the
tumors of HPD and non-HPD patients harbor high PD-1*" Treg
cells, which serve as a major predisposition, it is reasonable to
speculate that the former may inherently be enriched in factors
(e.g., adenosine and indoleamine 2,3-dioxygenase) that support
eTreg cell expansion and induction upon PD-1 blockade. Future
work ought to assess the metabolite content of HPD tumors to
dissect unique features that favor and sustain Treg cell proliferation.
At present, it would be worthwhile to evaluate the proliferative
response of Treg cells in TILs during anti-PD-1 mAbD treatment to
identify potential HPD patients. According to recent reports using
mass cytometry, the relative frequencies of certain T cell subsets
and expression of activation/migration markers (e.g., CD45RO
and CD11a) may be used to predict clinical outcome following
PD-1 blockade (40, 41). ICOS is highly correlated with Ki-
67 expression in Treg cells (42) and, indeed, expressed by pro-
liferating Treg cells in gastric cancer TILs (43). It was also shown
that despite constant cell cycling of the majority of tumor-
infiltrating T cells, only a few specific clusters increased in size
in response to anti-PD-1 mAb therapy (40). Such findings are
useful for future studies to assess relevant cellular and molecular
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defects that would induce and expand PD-1" Treg cells in the
tumor tissue, causing HPD.

Our study strongly indicates that inhibiting Treg cell pro-
liferation could be an important strategy to treat and prevent
HPD in high-risk patients under PD-1 blockade therapy. This is
underscored by our mouse studies, which clearly suggest that by
leaving the PD-1 pathway intact in Treg cells and not inducing
their proliferation, PD-1 blockade on non-Treg effector T cells
may be more effective in eliminating tumor cells. Notably,
combination of nivolumab and ipilimumab (anti-CTLA-4 mAb),
which reportedly target Treg cells for depletion (44, 45), can
decrease HPD in malignant melanoma patients (46). OX-40-
targeting therapy, which reportedly suppresses Treg cells, is
presently under clinical trial with several solid tumors, and phase
I trials have shown promising antitumor activity (47). Further-
more, we have previously shown that CCR4 was specifically and
predominantly expressed by highly suppressive eTreg cells in
malignant melanoma; in vitro treatment of melanoma TILs with
anti-CCR4 mAb (mogamulizumab) indeed depleted melanoma-
infiltrating CCR4" eTreg cells and efficiently expanded and ac-
tivated both CD4" and CD8" T cells specific for a cancer-testis
antigen expressed by the melanoma (48). Several early-phase
clinical trials with mogamulizumab, used as an eTreg cell de-
pletion reagent, either as monotherapy or in combination with
ICBs, are being conducted in advanced solid tumors. The com-
bination of nivolumab and mogamulizumab is also being in-
vestigated in a Japanese phase I trial for solid tumors (49). The
occurrence rate of HPD in this combination therapy appears to
be lower than nivolumab monotherapy, warranting further
studies with large cohorts. Besides antibody-mediated therapy,
cytokine therapy could be a viable option as well. For example,
antitumor effects of anti—-PD-1 mAb were greatly enhanced by
increasing systemic IL-27 levels. This was attributed to reduced
IL-2 production and reduced IL-2Ra expression in Tconv cells
and Treg cells, respectively, which limited Treg cell number in
anti-PD-1 mAb-treated mice (50). Further development of
strategies for Treg cell depletion in cancer tissues is required.

In conclusion, the development of HPD in advanced GC patients
during anti-PD-1 mAb therapy is associated with proliferation of
Treg cells in tumor tissues. PD-1 blockade promotes cell cycling of
Treg cells and augments Treg cell-mediated immune suppression,
likely through stronger TCR signaling. Currently, monitoring of Treg
cells in the tumor during anti-PD-1 mAb treatment is not routinely
practiced. Our study calls for a need to do so. Further confirmation with
large cohort studies is required, especially for designing novel strategies to
better detect and treat HPD. Depletion of tumor-infiltrating eTreg
cells or attenuation of their immunosuppressive function could be
instrumental in treating and preventing HPD, as our study suggests.

Materials and Methods

All participants provided written informed consent. This study was approved
by the institutional review boards of National Cancer Center and was con-
ducted in accordance with ethics guidelines including the Declaration of
Helsinki. Mice were used according to protocols approved by Osaka University
animal care and use committee. Details about materials and methods are
provided in S/ Appendix, Materials and Methods.
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