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ABSTRACT

Regulatory T (Treg) cells have an immunosuppressive function, and programmed death-1 (PD-1)-expressing Treg cells reportedly
induce resistance to PD-1 blockade therapies through their reactivation. However, the effects of antigenicity on PD-1 expression
inT,, cells and the resistance to PD-1 blockade therapy remain unclear. Here, we show that Te cells gain high PD-1 expression
through an antigen with high antigenicity. Additionally, tumors with high antigenicity for Treg cells were resistant to PD-1 block-
ade in vivo due to PD-1* T, eg-cell infiltration. Because such PD-1* T, cells have high cytotoxic T lymphocyte antigen (CTLA)-4
expression, resistance could be overcome by combination with an anti-CTLA-4 monoclonal antibody (mAb). Patients who re-
sponded to combination therapy with anti-PD-1 and anti-CTLA-4 mAbs sequentially after primary resistance to PD-1 blockade
monotherapy showed high T, cell infiltration. We propose that the high antigenicity of T, , cells confers resistance to PD-1
blockade therapy via high PD-1 expression in Te cells, which can be overcome by combination therapy with an anti-CTLA-4
mAb.

1 | Introduction various cancer types [1, 2]. However, their efficacy remains in-

sufficient, and various combination therapies, including com-
Specific monoclonal antibodies (mAbs) against programmed  binations with anti-cytotoxic T lymphocyte antigen (CTLA)-4
death (PD)-1 or programmed death ligand-1 (PD-L1) have im- mADbs, have been tried [3-9]. However, the combination ther-
proved patient survival and have been approved for treating apies have increased immune-related adverse effects (irAEs)

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; CTLA-4, cytotoxic T lymphocyte antigen-4; eng cell, effector regulatory T cell; FFPE, formalin fixed paraffin embedded;
GITR, glucocorticoid-induced tumor necrosis factor receptor-related protein; ICI, immune checkpoint inhibitor; ICOS, inducible T-cell co-stimulator; irAEs, immune-related adverse event;
mADb, monoclonal antibody; MHC-I, major histocompatibility complex class I; MHC-II, major histocompatibility complex class IT; OVA, ovalbumin; PBMC, peripheral blood mononuclear cell;
PD-1, programmed cell death-1; PD-L1, programmed cell death-1 ligand-1; TCR, T cell receptor; TIL, tumor-infiltrating lymphocytes; TME, tumor microenvironment; ng cell, regulatory T cell.
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[10, 11]. Therefore, predictive biomarkers for combination thera-
pies with anti-CTLA-4 mAbs are urgently required.

Regulatory T (Treg) cells are highly immunosuppressive and
contribute to the maintenance of self-tolerance and immune
homeostasis [12, 13]. Treg cells in the tumor microenvironment
(TME) promote tumor progression [14, 15]. Previous studies
have reported that PD-1* Teq cells in the TME could be asso-
ciated with resistance to PD-1 blockade therapy through their
reactivation [16-18]. Antigenicity plays an important role in
PD-1 expression in T cells [16, 19], whereas the effects of anti-
genicity on PD-1 expression in Tieq cells and resistance to PD-1
blockade therapy remain unclear. Furthermore, CTLA-4 is a
crucial molecule for T, ,-cell-mediated immune suppression,
and anti-CTLA-4 mAbs can inhibit Treg cells [12, 13]. However,
the effects of anti-CTLA-4 mAbs on PD-1* T, cells in the TME
remain unclear.

In this study, we investigated the role of antigenicity for Tre cells
in PD-1 expression in T, cells and found that high antigenicity
of T, cells induced high PD-1 expression in T, cells. Mouse tu-
mors with high antigenicity for T, cells were resistant to PD-1
blockade by PD-1* Tieq cells. Additionally, resistant tumors re-
sponded to a combination of anti-PD-1 and anti-CTLA-4 mAbs.
We propose that the high antigenicity for T , . cells confers re-
sistance to PD-1 blockade therapy via high PD-1 expression in
T,,, cells, which can be overcome by combination therapy with
anti-CTLA-4 mAbs.

2 | Materials and Methods
2.1 | T Cell Receptor Stimulation Assays

To evaluate PD-1 expression in T cells, peripheral blood mono-
nuclear cells (PBMCs) from three healthy volunteers or spleno-
cytes from female C57BL/6J mice (Japan SLC, Shizuoka, JPN)
were cultured with indicated concentrations of anti-CD3 mAb
(human, clone OKT3, Thermo Fisher Scientific, Waltham, MA;
mouse, clone 145-2C11, BioLegend, San Diego, CA), 10ug/
mL anti-CD28 mAb (human, clone CD28.2, Thermo Fisher
Scientific; mouse, clone 37.51, BioLegend), and 30IU/mL IL-2
(PeproTech, Cranbury, NJ) for 48h and then subjected to flow
cytometry. The protocol was approved by the appropriate in-
stitutional review board and ethics committee of Okayama
University Hospital.

2.2 | Suppression Assays

PD-1-CD8" T cells and PD-1~ or PD-1*CD25*CD4* T cells (Treg
cells) were sorted from mouse splenocytes using a FACSAria
instrument (BD Biosciences, Franklin Lakes, NJ). A total of
2% 10* CTV (Thermo Fisher Scientific)-labeled responder CD8*
T cells (T,,, cells) were cocultured with or without unlabeled
2X10* T, cells in the presence of gamma-irradiated antigen-
presenting cells (APCs) (CD4* and CD8* T-cell depleted sple-
nocytes) and 1ug/mL anti-CD3 mAb. In some wells, 20 ug/mL
anti-mouse PD-1 (clone RMP1-14, BioLegend) was added. The
dilution of CTV-labeled cells was assessed 3 days later with flow
cytometry.

2.3 | Prediction of Binding Affinity of Ovalbumin
Peptides

We predicted the binding affinities to mouse MHC class II
(MHC-II), I-A® using NetMHCIIpan 4.0 [20, 21]. The total
ovalbumin (OVA) peptide reportedly includes peptides pre-
sented by MHC class I (MHC-I) (OVA-I, SIINFEKL [257-264])
and MHC-II (OVA-1I, ISQAVHAAHAEINEAGR [323-339])
(Figure S1A) [22, 23]. We used ISQAVHAAHAEINEAGR,
ISQAVHAAFAEINEAGR, and ISQAVHAARAEINEAGR as
the OVA-II, OVA-II (F), and OVA-II (R) peptides, respectively.

2.4 | Peptide Pulse Assays

The following OVA peptides were obtained from Synpeptide
(Shanghai, China): OVA-I, OVA-II, OVA-II (F), and OVA-II (R).
CD25tCD4* Treg cells were purified from female C57BL/6J or
B6.Cg-Tg(TcraTcrb)425Cbn/J mice (OT-II; IMSR_JAX:004194,
Jackson Laboratories) splenocytes using a FACSAria instru-
ment. These cells were stimulated with gamma-irradiated APCs
pulsed with the various peptides at a 10 uM concentration. APCs
were added to round-bottom 96-well plates containing purified
Tieq cells. After 48 h, presensitized Treq cells were analyzed using
flow cytometry.

2.5 | Cell Lines

B16F10 and LL/2 cell lines were purchased from ATCC
(Manassas, VA). The B16F10 and LL/2 cell lines were main-
tained in RPMI 1640 medium supplemented with 10% FBS
(Thermo Fisher Science). All cell lines were used after con-
firming mycoplasma negativity using the PCR Mycoplasma
Detection Kit (Takara Bio, Shiga, JPN).

2.6 | Constructs and Viral Production

The following constructs were gifts: pcDNA3-TfR-OVA, from
Sandra Diebold and Martin Zenke (Addgene plasmid #64600;
http://n2t.net/addgene:64600) [24], and pBABE-puro, from
Hartmut Land and Jay Morgenstern & Bob Weinberg (Addgene
plasmid #1764; http://n2t.net/addgene:1764) [25]. TfR-OVA
cDNA was cloned into the pBABE-puro vector using In-Fusion
Snap Assembly Master Mix (Takara Bio). The OVA-T and OVA-II
epitopes were deleted from the pBABE-puro-TfR-OVA vector
using a KOD-Plus mutagenesis kit (TOYOBO, Osaka, JPN) to
obtain pBABE-puro-TfR-OVA-II and pBABE-puro-TfR-OVA-I,
respectively (Figure S1A). Additionally, an H331F mutation in
OVA was introduced into the pPBABE-puro-TfR-OVA-II vector
using the KOD-Plus mutagenesis kit and designated pBABE-
puro-TfR-OVA-II (F) (Figure S1B).

PBABE-puro-TfR-OVA-I, pBABE-puro-TfR-OVA-II, or pBABE-
puro-TfR-OVA-II (F) vector was transfected with pvVSV-G vec-
tor (Takara Bio) into packaging cells using Lipofectamine 3000
Reagent (Thermo Fisher Scientific). After 48h, the superna-
tant was concentrated and transfected into the cells. B16F10
cells transfected with TfR-OVA, TfR-OVA-I, TfR-OVA-II, or
TfR-OVA-II (F) were designated B16F10/OVA, B16F10/OVA-I,
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B16F10/OVA-II, or B16F10/OVA-II (F), respectively. The LL/2
cell line transfected with TfR-OVA was designated LL2/OVA.

2.7 | Quantitative Real-Time Reverse
Transcription PCR

Total RNA was reverse-transcribed to cDNA using PrimeScript
RT Master Mix (Takara Bio), and real-time PCR was performed
using TB Green Premix Ex Taq II (Takara Bio). Gapdh was used
as an internal control. For each sample, AC, for OVA versus
Gapdh was calculated as AC,=C, (OVA)—C, (Gapdh). In vitro
experiments were performed in triplicates. The used primers are
summarized in Table S1.

2.8 | Coculture Assays

Purified WT or OT-II CD25*CD4* Treg cells or bulk splenocytes
from female C57BL/6J mice or OT-II mice were cocultured with
OVA-overexpressing cancer cells for 48h. Afterward, PD-1 ex-
pression in Teq cells was analyzed with flow cytometry.

2.9 | Mouse Study

C57BL/6J-Prkdc<scid>/Rbrc mice (B6 SCID; RBRC01346) were
provided by RIKEN BRC through the National BioResource
Project of the MEXT/AMED, Japan. 5x 103 (B16F10) or 1x10°
(LL/2) cells were injected subcutaneously on day 0, and the
tumor volume was monitored twice a week. 5x10° CD8* T
cells sorted from wild-type C57BL/6J splenocytes and/or 5x 103
CD25*CD4* T, cells sorted from wild-type C57BL/6J or OT-1I
splenocytes using a FACSAria instrument were injected intra-
venously on day 4. Anti-PD-1 (200 ug/mouse, clone RMP1-14,
BioLegend), anti-CTLA-4 IgG2a (200ug/mouse, clone 9D9,
Absolute Antibody, Wilton, UK), and/or control mAbs (clone
RTK2758, BioLegend) were administered intraperitoneally
three times every 3days from day 5 onwards. Additionally, a
combination of anti-PD-1 and CTLA-4 IgG2a mAbs was admin-
istered intraperitoneally three times every 3days from day 14
after anti-PD-1 mAbD alone. Tumors were harvested on day 8 or
12 for tumor-infiltrating lymphocytes (TIL) analysis.

In vivo experiments were performed at least twice. All animals
were bred and housed under specific pathogen-free conditions
at Okayama University. The animal experiments were approved
by the Animal Committee for Animal Experimentation of
Okayama University. All experiments adhered to the U.S. Public
Health Service Policy on Human Care and Use of Laboratory
Animals.

2.10 | Flow Cytometry

Flow cytometry assays were performed as previously described
[16, 17]. Briefly, the cells were washed with phosphate-buffered
saline containing 2% FBS and stained with surface antibodies.
Intracellular staining was performed with specific antibodies
and a FOXP3/Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific). When PD-L1, CD80, CD86, and MHC-II

expression in cancer cells were evaluated in vitro, cancer cells
were treated with or without IFN-5 (10ng/mL, PeproTech) for
48 h. The samples were assessed using a BD FACSFortessa instru-
ment (BD Biosciences) and FlowJo software (BD Biosciences).
The staining antibodies are summarized in Table S2.

2.11 | Patients and Immunohistochemistry

Two patients with advanced melanoma responded to the com-
bination therapy with nivolumab and ipilimumab sequen-
tially after primary resistance to anti-PD-1 mAb monotherapy
between 2015 and 2020 at Okayama University Hospital or
Yamanashi University Hospital, and their formalin-fixed
paraffin-embedded (FFPE) samples before the initiation of anti-
PD-1 mAb monotherapy were obtained. Additionally, FFPE
samples were obtained before the initiation of anti-PD-1 mAb
monotherapy from four non-responders with advanced mela-
noma to the combination therapy sequentially after primary re-
sistance to anti-PD-1 mAb monotherapy between 2019 and 2020
at Okayama University Hospital. Primary resistance was de-
fined as disease progression at the first evaluation or < 6 months
of stable disease without any tumor shrinkage. Patients' clinical
information is summarized in Table S3. The protocols were ap-
proved by the appropriate institutional review boards and ethics
committees of Okayama University Hospital and Yamanashi
University Hospital.

FFPE sections (3 um) were deparaffinized, rehydrated, and sub-
jected to antigen retrieval. After permeabilization, individual
slides were incubated with an anti-Foxp3 mAb (clone 236A/
E7, Abcam, Cambridge, UK) overnight at 4°C. After inhibit-
ing endogenous peroxidase activity, slides were incubated for
30min with SingleStain Boost Immunohistochemistry (IHC)
Detection Reagent (Cell Signaling Technology, Danvers, MA).
They were then treated with a DAB substrate kit (Cell Signaling
Technology). Nuclear counterstaining was performed using
Giemsa staining solution to differentiate between melanin pig-
ment and DAB color development.

2.12 | Statistical Analyses

GraphPad Prism 8 (GraphPad Software, San Diego, CA) was
used for statistical analyses. The relationship between continu-
ous variables between or among groups was compared using a t-
test or one-way ANOVA, respectively. The relationship between
tumor volume curves was compared using two-way ANOVA.
For multiple testing, a Bonferroni correction was employed.
Statistical significance was set at p<0.05. All statistical details
are provided in the figure legends.

3 | Results

3.1 | Stronger TCR Stimulation Induces Higher
PD-1 Expression in Treq Cells

First, we treated PBMCs with anti-CD3 and anti-CD28 mAbs.
Similar to previous reports, PD-1 expression in CD8* T cells
increased in an anti-CD3 mAb concentration-dependent
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manner (Figure S2A). Next, we investigated PD-1 expression
in Tieq cells. Because naive human CD4* T cells transiently
upregulate Foxp3 expression upon T cell receptor (TCR) stim-
ulation, Foxp3* T cells in humans comprise suppressive Treg
and non-suppressive conventional T cells [26]. Therefore, we
fractionated CD4*Foxp3* T cells into three subsets based on
their expression levels of the naive T-cell markers CD45RA
and Foxp3: Fr I, naive Tieg cells (CD45RA*Foxp3°¥CD4%)
with weak immunosuppressive function; Fr II, effector
Treg (eT,,) cells (CD45RA-Foxp3hishCD4+) with strong
immunosuppressive function; and Fr III, non-Treg cells
(CD45RA-Foxp3'°"CD4*) with no immunosuppressive func-
tion (Figure 1A) [13, 27]. PD-1 expression in eTreg cells also
increased in a concentration-dependent manner (Figure 1B).
Additionally, the expression of Treg—cell activation-related mol-
ecules, such as CTLA-4, inducible T-cell co-stimulator (ICOS),
and glucocorticoid-induced tumor necrosis factor receptor-
related protein (GITR), increased (Figure 1C-E). Accordingly,
PD-1* eT,,, cells had significantly higher expression levels of
these molecules than PD-1~ eTreg cells (Figure 1F). Similar
findings were observed in the mouse splenocytes (Figure 2A-
E and Figure S2B). These results indicate that stronger TCR
stimulation induces higher PD-1 expression and activation in

Treg as well as CD8* T cells.

3.2 | Activated Suppressive Function of PD-1* Treg
Cells Is Further Amplified by PD-1 Blockade

We next performed suppression assays using PD-1- or PD-
1*CD25*CD4"* T, cells. The proliferation of Tresp cells was ex-
amined with CTV-labeled PD-1-CD8* T cells cocultured with or
without Treq cells. When Tresp cells were cocultured with PD-1~
Treg cells, the proliferation of Tresp cells was comparable by PD-1
blockade (Figure 2F). In contrast, PD-1* Treg cells showed a little
activated immunosuppressive function compared with PD-1~
ones, and the proliferation of T, cells was much more strongly
inhibited by PD-1 blockade, indicating further amplification of
activated PD-1* Treq cells (Figure 2F).

3.3 | Antigenicity for Treg Cells Plays Important
Roles in PD-1 Expression and Activation in Treg Cells
Both In Vitro and In Vivo

Since strong TCR stimulation indicates high antigenicity, we
used an OVA peptide as an antigen with high antigenicity for
Treg cells. The total OVA sequence reportedly includes both
OVA-I and OVA-II epitopes, which can induce CD8* and CD4+
T-cell activation, respectively (Figure S1A) [22, 23]. As expected,
when T, , cells were stimulated with the OVA-II peptide in vitro,
the cells from OT-II mice (OT-1I Teq cells) showed significantly
higher PD-1 expression than those from wild-type mice (WT Treg
cells) (Figure S3A). Similar trends were observed for CTLA-4,
ICOS, and GITR expression (Figure S3B-D). Additionally, PD-
1* T, cells stimulated by the OVA-II peptide had significantly
higher expression levels of these molecules than PD-17 T , cells
(Figure S3E).

Because OVA-specific Treq cells in wild-type mice are extremely
scarce, we next used OVA peptides with various antigenicities for

OVA-specific OT-IT Treg cells. The OVA-II (F) and (R) peptides
from H331F- and H331R-mutated OVA, respectively, reportedly
induce weak TCR signaling in OT-II TCR compared with the
wild-type OVA-II peptide [23, 28, 29]. Additionally, we pre-
dicted the binding affinities to A-I® of these OVA peptides using
NetMHClIIpan 4.0 [20, 21]. The predicted binding affinities of
the OVA-II (F) and (R) peptides were slightly lower than those of
the OVA-II peptide, whereas that of the OVA-I peptide was very
low (Figure S1C). Then, we used OVA-I, OVA-II (F), OVA-II (R),
and OVA-II peptides with various antigenicities to stimulate OT-
IIT,, cells. OVA-I, with little antigenicity for CD4* T cells, did
not induce PD-1 expression in OT-II Tieq cells; however, OVA-II
(F) and (R), with antigenicity for CD4* T cells, induced PD-1
expression in OT-II T, cells (Figure 3A). Additionally, OVA-II,
which had the highest antigenicity, further induced PD-1 ex-
pression in OT-11 Treg cells (Figure 3A). Similar trends were
observed for CTLA-4, ICOS, and GITR expression in OT-II T]reg
cells (Figure 3B-D).

Tovalidate these findingsin vivo, we created OVA-overexpressing
B16F10 and LL/2 cell lines (B16F10/OVA, B16F10/OVA-I,
B16F10/OVA-II [F], B16F10/OVA-II, and LL2/OVA) and ad-
justed OVA expression equally (Figure S1A,B,D). PD-L1 expres-
sion in B16F10/OVA and LL2/OVA cells increased following
IFN-5 treatment, while CD80, CD86, and MHC-II were scarcely
expressed (Figure S4A). Accordingly, PD-1 expression in WT
or OT-II T, cells cocultured with OVA-overexpressing cancer
cells using purified Treg cells showed little increase in vitro,
possibly due to the lack of MHC-II expression (Figure S4B). In
contrast, PD-1 expression in gated T, , cells cocultured with
OVA-overexpressing cancer cells using bulk splenocytes in-
creased in vitro, with PD-1 expression being higher in OT-II
T, cells than in WT T, cells (Figure S4B). These findings sug-
gest that the cancer cells themselves do not present the OVA-II
peptide and that APCs are required for Tieq cells to recognize
the peptide. These tumors were inoculated into B6 SCID mice,
and OT-II T, cells were transferred; then we analyzed PD-1
expression in tumor-infiltrating OT-II Tieq cells (Figure 4A).
These cancer cells had PD-L1 but had scarce CD80, CD86, and
MHC-II expression in vivo (Figure S4C). In contrast, APCs such
as dendritic cells in TILs had these molecules (Figure S4C).
PD-1 expression in Treg cells in B16F10/OVA-I tumors was com-
parable to that in parental tumors (Figure 4B). In contrast, PD-1
expression in Treg cells in BI6F10/OVA-II (F) tumors was higher
than that in parental tumors. Furthermore, Treg cells in B16F10/
OVA-II tumors showed the highest PD-1 expression (Figure 4B).
Similar trends were observed in CTLA-4, ICOS, and GITR ex-
pression (Figure 4C-E). Taken together, the high antigenicity
of Tieq cells induces high PD-1 expression and activation in T, .
cells both in vitro and in vivo.

3.4 | High Antigenicity for Treq Cells Impairs
Antitumor Immunity Including PD-1
Blockade-Mediated One

We treated OVA-overexpressing tumors (B16F10 or LL/2) in B6
SCID mice with T cell transfer and/or ICIs to evaluate the re-
lationship between the antigenicity of Treq cells and antitumor
immunity (Figure 5A). When CD87 T cells from wild-type mice
(WT CD8™* T cells) were transferred, B16F10/OVA tumors grew
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mL) to 1. Representative flow cytometry staining (left) and summaries (right) are shown (n =3). (F) CTLA-4, ICOS, and GITR in eTreg cells according
to PD-1 expression in the condition with 0.5ug/mL anti-CD3 mAb. In vitro experiments were performed as described in (B-E). Gating strategy for
PD-1 expression (top) and summaries (bottom/left, CTLA-4; bottom/middle, ICOS; and bottom/right, GITR) are shown (n=3). *p <0.05; **p <0.01;
*#*p <0.001; bars, mean; error bars, SEM.
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FIGURE2 | Relationship between TCR stimulation and PD-1 expression in mouse T, . cells, and their suppressive function according to PD-1 ex-
pression. (A-D) PD-1 (A), CTLA-4 (B), ICOS (C), and GITR (D) expression in Treg cells. Splenocytes from C57BL/6J mice were cultured with anti-CD3
and anti-CD28 mAbs, and IL-2 for 48 h and subjected to flow cytometry. Fold changes were calculated by normalizing the mean fluorescence intensi-
ty (MFI) of the no-antibody group (0pug/mL) to 1. Representative flow cytometry staining (left) and summaries (right) are shown (n=3). (E) CTLA-4,
ICOS, and GITR in Treq cells according to PD-1 expression in the condition with 0.5ug/mL anti-CD3 mAb. In vitro experiments were performed as
described in (A-D). Gating strategy for PD-1 expression (leftmost) and summaries (second from the left, CTLA-4; second from the right, ICOS; and
rightmost, GITR) are shown (n=3). (F) Suppression assay of Treg cells. CTV-labeled responder CD8" T cells (Tresp
cocultured with or without unlabeled sorted PD-1~ or PD-1* Treq cells. Anti-PD-1 mAb was added to some wells. The proliferation of T
assessed 3days later by dilution of CTV-labeled cells using flow cytometry. The fold change in CTV dilution of T
is shown (n=3). *p <0.05; **p <0.01; ***p <0.001; bars, mean; error bars, SEM.

cells) from mouse splenocytes were
resp Cells was

resp cells was calculated. Summary

slowly compared to those in the control (Figure S5A). In addi-
tion, PD-1 blockade exhibited dramatic efficacy. In contrast, ad-
ditional WT T, -cell transfer induced rapid growth compared
to CD8* T cell transfer alone. Under this condition, the tumors
were slightly resistant to PD-1 blockade (Figure S5A).

Next, we transferred OT-II Treg cells, in addition to WT CD8*
T cells (Figure 5A). Because OVA-II has high antigenicity for
OT-II T,,, cells, tumor-infiltrating OT-IT Treg cells exhibited
significantly higher PD-1, CTLA-4, ICOS, and GITR expres-
sion than WT T, cells, indicating that tumor-infiltrating
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FIGURE 3 | Relationship between antigenicity and PD-1 expression in Treg cells in vitro. PD-1 (A), CTLA-4 (B), ICOS (C), and GITR (D) ex-
pression in OT-1I Tieg cells. CD257CD4* Treq cells were purified from OT-II splenocytes and stimulated with gamma-irradiated antigen-presenting
cells pulsed with various peptides (OVA-I, SIINFEKL; OVA-1I, ISQAVHAAHAEINEAGR; OVA-II (F), ISQAVHAAFAEINEAGR; and OVA-II (R),
ISQAVHAARAEINEAGR). After 48h, presensitized Treg cells were analyzed with flow cytometry. Fold changes were calculated by normalizing

the mean fluorescence intensity of DMSO to 1. Representative flow cytometry staining (left) and summaries (right) are shown (n=3). *p<0.05;

**p <0.01; ***p <0.001; ****p <0.0001; ns, not significant; bars, mean; error bars, SEM.

OT-II T,,, cells were activated in OVA-overexpressing tumors
(Figure 5B-E). Similar to in vitro data, PD-1* OT-II Treg cells
had significantly higher expression levels of CTLA-4, ICOS,
and GITR than PD-1- OT-II Theq cells in B16F10/OVA-II tu-
mors (Figure 5F). The transfer of OT-1I Treg cells induced
rapid growth compared to WT Treg—cell transfer (Figure 6A
and Figure S5B). In addition, this model (WT CD8* T and
OT-11 Tieg cells) was resistant to PD-1 blockade compared to
the WT CD8* T and WT T, cell transfer model (Figure 6A
and Figure S5B). Because previous reports have shown that
PD-1 blockade activates PD-1* Treg—cell mediated suppressive
functions [16-18], we analyzed and compared TILs treated
with PD-1 blockade (Figure 5A). The results showed that
PD-1 blockade increased Treg-cell activation-related molecule
expression in tumor-infiltrating OT-II T, , cells and the T,/
CD8" T cell ratio, which is consistent with previous stud-
ies (Figure 6B-G) [16-18]. As PD-1* T, cells showed high
CTLA-4 expression, as shown in Figure 5F, we added an anti-
CTLA-4 IgG2a mAb with antibody-dependent cellular cyto-
toxic activity (ADCC) to this model. Notably, an anti-CTLA-4
IgG2a mAb reversed the resistance and reduced the Treg/CDSJr
T cell ratio in TILs, whereas the anti-CTLA-4 IgG2a mAb
alone exhibited efficacy comparable to that of PD-1 blockade
alone (Figure 6A,G and Figure S5B-D). Additionally, the com-
bination therapy following anti-PD-1 mAb alone also reversed
the resistance (Figure S5C,D). Overall, these results suggest
that the high antigenicity for T, cells impairs antitumor im-
munity and confers resistance to PD-1 blockade via PD-1" T ,

cells. Anti-CTLA-4 mAbs can target such T, cells and over-
come this resistance.

3.5 | Patients Who Are Resistant to Anti-PD-1
mAb Monotherapy due to T e Cell Infiltration Can
Respond to Combination Therapy With Anti-PD-1
and Anti-CTLA-4 mAbs

Finally, we analyzed clinical samples from patients with ad-
vanced melanoma who received combination therapy with
anti-PD-1 and anti-CTLA-4 mAbs, sequentially after primary
resistance to anti-PD-1 mAb monotherapy (Table S3). Two pa-
tients (cases 1 and 2) who responded to combination therapy
sequentially after resistance to monotherapy showed high Treq
cell infiltration (Figure 7A,B,D). In contrast, four patients (cases
3-6) who failed to respond showed little Treq cell infiltration
(Figure 7C,E). These results support our experimental findings,
suggesting that PD-1* Treg cell infiltration can be used as a pre-
dictive biomarker for combination therapy with anti-PD-1 and
anti-CTLA-4 mAbs.

4 | Discussion
PD-1 generally suppresses effector functions in effector T cells,

mainly by inhibiting TCR signaling pathways [30]. In addition
to effector T cells, PD-1 plays a suppressive role in Treq cells,
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FIGURE4 | Relationship between antigenicity and PD-1 expression in tumor-infiltrating T, cells in vivo. (A) Experimental scheme. 5x 10° pa-
rental B16F10, B16F10/OVA-I, B16F10/OVA-II (F), or BI6F10/OVA-II cells were injected subcutaneously into B6 SCID mice on day 0. Subsequently,
5x10° OT-IT Treg cells were injected intravenously on day 4. Tumors were harvested on day 8 for tumor-infiltrating lymphocyte (TIL) analysis with
flow cytometry. (B-E) PD-1 (B), CTLA-4 (C), ICOS (D), and GITR (E) expression in tumor-infiltrating OT-II Treg cells. Representative flow cytometry
staining (left) and summaries (right) are shown (n=5). *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; ns, not significant; bars, mean; error bars,

SEM.

which can be activated by PD-1 blockade [16-18]. PD-1 is highly
expressed in tumor-infiltrating Treg cells, and PD-1 blockade ac-
tivates suppressive functions in PD-1+ Teq cells, leading to resis-
tance to PD-1 blockade therapies [16-18]. However, the detailed
mechanism of PD-1 expression in tumor-infiltrating T, cells
remains unclear. We previously showed that the glycolytic TME
promotes PD-1 expression in Theq cells [31]. Here, we addition-
ally demonstrated that the antigenicity of T . cells was import-
ant for PD-1 expression, leading to resistance to PD-1 blockade
therapies.

During thymic development, thymocytes, which strongly bind
self-peptides presented by medullary thymic epithelial cells,
undergo apoptosis, a process called negative selection [32].
However, some CD4*CD8~ thymocytes that receive relatively

strong TCR stimulation from self-peptides subsequently differ-
entiate into Treg cells [33-36]. A recent study showed that the
development of Treg cells occurs in response to strong but dis-
rupted stimulation by self-antigens [37]. Therefore, the TCR rep-
ertoire of Tieq cells tends to be enriched for self-specificity. In the
present study, Tieq cell antigens in tumors promoted PD-1 ex-
pression in tumor-infiltrating Tieq cells and conferred resistance
to PD-1 blockade therapies. Therefore, the T, , cell antigens, as
well as PD-1* T, . cell infiltration, can be used as resistance bio-
markers. However, evaluating Treg cell antigens accurately can
be difficult because they could have self-specificities [33-36]. In
contrast, several other studies have shown that T, cells in tu-
mors recognize somatic mutation-derived neoantigens [38, 39].
Therefore, further studies are warranted to elucidate the role of
Treq cell antigens in tumors.
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FIGURE 5 | Analyses of tumor-infiltrating WT and OT-II T, cells in adoptive T-cell transfer models. (A) Experimental scheme. 5x 10° B16F10/
OVA or 1x10% LL2/OVA cells were injected subcutaneously into B6 SCID mice on day 0. Subsequently, 5x 106 WT CD8* T cells and/or 5x10° WT
or OT-II T, cells were injected intravenously on day 4. Anti-PD-1, anti-CTLA-4 IgG2a, or control mAbs were administered intraperitoneally from

day 5 onwards three times every 3days. BI6F10 tumors were harvested on day 12 for TIL analysis with flow cytometry. (B-E) PD-1 (B), CTLA-4

(C), ICOS (D), and GITR (E) expression in tumor-infiltrating WT and OT-II Treg cells. Representative flow cytometry staining (left) and summaries
(right) are shown (n=>5). (F) CTLA-4, ICOS, and GITR in tumor-infiltrating OT-II Treg cells according to PD-1 expression. Summaries (left, CTLA-4;
middle, ICOS; and right, GITR) are shown (n = 5). MFI, mean fluorescence intensity; **p < 0.01; ***p <0.001; ****p < 0.0001; bars or lines, mean; error

bars, SEM.

Anti-CTLA-4 mAbs have been used for the treatment of various
cancer types in combination with PD-1 blockade therapies, and
some patients achieved durable responses like the case 1 [3-9].
However, in a recent Japanese clinical trial, severe irAEs were
observed, forcing the trial to stop [10, 11]. Therefore, predictive
biomarkers for combination therapy with anti-CTLA-4 mAbs are
required. In this study, PD-1* T,,, cells exhibited high CTLA-4
expression. Accordingly, an anti-CTLA-4 mAb with ADCC activ-
ity reduced tumor-infiltrating Treg cells, which is consistent with
previous reports [40-44], and overcame the resistance to PD-1

blockade due to PD-1* T, cells. Although our study had a small
sample size, this is the first study to show that patients who re-
sponded to combination therapy with anti-PD-1 and anti-CTLA-4
mAbs sequentially after primary resistance to PD-1 blockade
monotherapy had high T, cell infiltration. Consistently, the
combination therapy following anti-PD-1 mAb alone also re-
versed the resistance in our mouse experiments. From these
findings, PD-1* Treg cell infiltration and Treq cell antigens may
be predictive biomarkers for combination therapy. However, the
strong autofluorescence made it challenging to evaluate PD-1
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FIGURE 6 | Tumor growth and analyses of tumor-infiltrating OT-II Treg cells in adoptive T-cell transfer models treated with PD-1 and/or CTLA-4
blockade. In vivo experiments were performed as described in Figure 5A. (A) B16F10/OVA tumor growth curves in B6 SCID mice treated with
adoptive T-cell transfer combined with PD-1 and/or CTLA-4 blockade. (B-F) CTLA-4 (B), ICOS (C), GITR (D), OX-40 (E), and Ki67 (F) expression
in tumor-infiltrating OT-II T, cells treated with or without PD-1 blockade. Representative flow cytometry staining (left) and summaries (right)
are shown (n=5). (G) T, /CD8" T-cell ratios in TILs treated with or without PD-1 and/or CTLA-4 blockade. Summary is shown (n=>5). *p <0.05;

reg
*#p <0.01; ***p <0.001; bars, mean; error bars, SEM.

expressionin T, cells from our melanoma samples using multi- In summary, we demonstrated the importance of the antigenic-
plex fluorescent immunostaining. To validate our findings, larger ity of Treg cells on PD-1 expression in T, cells. Tumors with
prospective studies using fresh TILs are warranted. high antigenicity for T, , cells were resistant to PD-1 blockade
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FIGURE 7 | Clinical courses and IHC. (A) Computed tomography imaging of case 1 who responded to combination with anti-PD-1 and anti-
CTLA-4 mAbs sequentially after primary resistance to an anti-PD-1 mAb. She experienced progressive disease in lung metastases 3 months after
first line nivolumab monotherapy at the first evaluation. Subsequently, she received combination therapy with ipilimumab as second line treatment.
Four months later, tumors dramatically responded to the combination therapy. She achieved complete response for more than 8years even without
any therapies. (B) Computed tomography imaging of case 2 who responded to combination with anti-PD-1 and anti-CTLA-4 mAbs sequentially
after primary resistance to an anti-PD-1 mAb. He experienced progressive disease in lung metastases 4 months after first line nivolumab monother-
apy at the first evaluation, but continued monotherapy for 9 months without any tumor shrinkage. However, lung metastases further exacerbated.
Subsequently, he received combination therapy with ipilimumab as second line treatment. Three months later, tumors dramatically responded to
the combination therapy. (C) Computed tomography imaging of case 6 who failed to respond to combination with anti-PD-1 and anti-CTLA-4 mAbs
sequentially after primary resistance to an anti-PD-1 mAb. She experienced progressive disease in lung metastases 3 months after 1st line pembroli-
zumab monotherapy at the first evaluation. Subsequently, she received combination therapy of nivolumab and ipilimumab as second line treatment.
Three months later, lung tumor size increased and new liver metastases appeared (an arrow) and the treatment was discontinued. She died 5months
after the discontinuation. (D, E) immunohistochemistry (IHC) of cases 1, 2 (D) and 3-6 (E). Formalin fixed paraffin embedded (FFPE) samples be-
fore the initiation of anti-PD-1 mAb monotherapy were stained with an anti-Foxp3 mAb and representative staining are shown. Scale bars, 20 um.

by PD-1* T, cells. Additionally, resistant tumors responded to
the combination therapy with anti-CTLA-4 mAbs. We propose
that the high antigenicity of Treq cells confers resistance to PD-1
blockade therapy via high PD-1 expression in Treg cells, which Hiroaki Matsuura: data curation, formal analysis, writing - orig-
can be overcome by combination therapy with anti-CTLA-4 inal draft. Takamasa Ishino: data curation, formal analysis.

mAbs. PD-1* T___ cell infiltration and T___ cell antigens may be T(,’Shlf'fml Ninomiya: da.ta curation, form‘al‘ anal.ysm. Kiichiro
L .o Tee R Ninomiya: conceptualization, project administration, resources.
predictive biomarkers for combination therapies.
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