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1 | INTRODUCTION

In 2020, over 430,000 individuals were newly diagnosed with RCC,
and more than 170,000 patients died from RCC worldwide.! The
median OS of patients with metastatic RCC was less than 20 months
before the ICI era.?® ICls such as anti-PD-1, anti-PD-L1 mAbs, or
combination therapies with anti-CTLA-4 mAbs have shown signif-
icant antitumor effects and greatly prolonged the OS of patients
with various cancer types, including metastatic RCC.3"® Compared
with molecular targeted therapies, combination therapy with anti-
PD-1 mAb and anti-CTLA-4 mAb prolonged OS with a hazard
ratio for death of 0.63.* However, more than half of RCC patients
fail to respond to this combination therapy, and there is an urgent
need to elucidate the detailed mechanisms and identify predictive
biomarkers.*

Immune checkpoint inhibitors exert antitumor effects by reac-
tivating dysfunctional effector T cells.”*° In addition to this mech-
anism of direct activation, anti-CTLA-4 mAbs reportedly suppress
Treg cells.X° Treg cells, a subset of highly immunosuppressive CD4*
T cells that express the master regulatory transcription factor
FOXP3, are characterized by constitutively higher expression of
CTLA-4 than Tconv cells or CD8" T cells.* Treg cells contribute to
maintaining immune homeostasis and protecting hosts from aller-
gic diseases or autoimmune diseases.}? However, in the TME, Treg
cells promote the immune escape of tumors by suppressing antitu-
mor immunity through various pathways: suppression of APCs via
CTLA-4, secretion of immunosuppressive cytokines such as IL-10
and TGF-B, and consumption of L2121 Among these pathways,
APC suppression via CTLA-4 is regarded as a key mechanism of
Treg-cell-mediated immunosuppression, and a previous study
demonstrated that Treg-cell-specific deletion of CTLA-4 in mice
evoked the systemic hyperproliferation of Tconv cells, resulting in
fatal autoimmune disorders.*

The binding of CD28 on T cells to CD80 or CD86 on APCs re-
sults in the costimulation of T-cell functions, including T-cell prolif-
eration, cytokine production, and survival.® In contrast, CTLA-4
also binds to CD80/CD86 with higher affinity and avidity than to
CD28.'* Therefore, CTLA-4 in T cells competes with CD28 to bind
CD80/CD86 and acts as an antagonist of CD28-mediated costim-
ulation. Furthermore, CTLA-4 in Treg cells binds to CD80/CD86
on APCs and removes CD80/86 from APCs by trans-endocytosis
and trogocytosis, resulting in APC suppression.t*”"* Thus, an
anti-CTLA-4 mAb is considered to exert its antitumor effect in two
main ways: by increasing CD28 costimulation of activated effector
T cells and by blocking the CTLA-4-mediated suppressive function
of Treg cells.

However, some previous studies have shown that both CTLA-4
blockade and Treg-cell depletion via the ADCC activity of NK cells

and/or macrophages are indispensable for tumor regression.20722

Our previous studies demonstrated that PD-1 blockade or defi-
ciency promotes proliferation and activates PD-1* Treg cells.?>%*
Other studies have also shown that CTLA-4 loss or blockade leads
to CD28-dependent Treg-cell hyperproliferation.?>2® However,
how CD28 stimulation affects the immunosuppressive functions of
Treg cells in the TME has not been fully demonstrated.?”*° Here,
we evaluated the expression of CTLA-4 and CD28 in various T cells
including Treg cells in the TME and detailed effects of CTLA-4 block-
ade without ADCC activity on Treg-cell-mediated immunosuppres-
sive functions via CD28 costimulation using both mouse models and

human clinical samples.

2 | MATERIALS AND METHODS

2.1 | Murine tumor models

BALB/c (6-8-week-old females; SLC Japan) or C57BL/6 mice
(6-8-week-old females; SLC Japan) were subcutaneously injected
with RENCA (2x10°) or OVA-overexpressing LL2 (LL2-OVA)
(5%10°) cells in 100 pL PBS, respectively. Tumor volume was cal-
culated as length x width? x0.5. When tumors reached an average
volume of approximately 50mm?, mice were randomized into sev-
eral groups (Day 0). Anti-CTLA-4 IgG2a mAb (clone 9D9, Absolute
Antibody Ltd.), anti-CTLA-4 IgG2a Fc-silent mAb (clone 9D9,
Absolute Antibody Ltd.), and control isotype-matched mAb were
administered intraperitoneally three times at an interval of 3days
at 100pg per dose in a volume of 100pL. To analyze TILs, tumors
were harvested on Day 7 including both regressed and progressed
tumors in treated groups, and extracted TILs were subjected to flow

cytometry.

2.2 | Patients and samples

Patients with RCC who underwent surgical resection at Okayama
University Hospital in 2022 were enrolled in this study. Fresh tumor
samples were subjected to TIL analysis. Peripheral blood samples
were obtained from healthy volunteers. All participants provided
written informed consent, and this study was approved by the
Institutional Review Board of Okayama University Hospital and
was conducted in accordance with ethics guidelines, including the
Declaration of Helsinki.

To collect TILs, tumor tissues were minced and treated with
TTDR reagent (BD Biosciences) as previously reported.31 PBMCs
were isolated by density gradient centrifugation with Lymphocyte
Separation Solution (Nakalai Tesque).
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2.3 | Proliferation assay for human Treg cells
CD4"CD25" Treg cells were sorted from PBMCs of healthy do-
nors using a CD47CD25* Regulatory T cell Isolation Kit (Miltenyi
Biotec) and labeled with CFSE (Thermo Fisher Scientific) according
to the manufacturer's instructions. In total, 2x10°> CFSE-labeled
Treg cells were cultured in the presence of human recombinant
IL-2 (201U/mL, PeproTech), anti-CD3 mAb (2.5 pg/mL, clone OKTS3,
BD Biosciences), and human recombinant B7-1/CD80 Fc chimera
protein (soluble CD80 protein, 5.0 ug/mL, R&D Systems)®? with or
without anti-CTLA-4 mAb (Ipilimumab biosimilar, Bio X Cell). Cell
proliferation was evaluated 3 days later by flow cytometry to assess
the dilution of CFSE-labeled cells.

2.4 | Treg-cell culture assay

Treg cells were sorted from PBMCs or TILs using a CD4*CD25"
Regulatory T cell Isolation Kit (Miltenyi Biotec) and were cultured
with or without anti-CTLA-4 mAb in the presence of IL-2 (201U/mL),
anti-CD3 mAb (2.5 pg/mL) and CD8O soluble protein (2.5, 5.0, 10, or
20pg/mL) for 72 or 24 h. Subsequently, the samples were subjected
to flow cytometry.

2.5 | Suppression assay

CD4*CD25" Treg cells and CD8™ T cells were sorted from PBMCs
of healthy donors using a CD47CD25"* Regulatory T cell Isolation
Kit and MojoSort™ Human CD8 T Cell Isolation Kit (BioLegend),
respectively. CFSE-labeled (1 uM) responder CD8* T cells (1x 10*
cells) from PBMCs were cocultured with or without unlabeled Treg
cells in the presence of IL-2 (201U/mL), anti-CD3 mAb (2.5 pg/mL),
and CD8O0 soluble protein (5.0 pg/mL). Anti-CTLA-4 mAb or control
isotype-matched mAb was added to some wells. Proliferation was
assessed 5days later by the dilution of CFSE-labeled cells using flow

cytometry.

2.6 | Invitro analysis of phosphorylation

Sorted Treg cells from PBMCs were incubated with or without
anti-CTLA-4 mAb in the presence of anti-CD3 mAb (5.0 pg/mL)
for 30min on ice, followed by 30min of incubation with or without
CDB8O0 soluble protein (5.0 ug/mL). T cells were then transferred to
37°C for stimulation for 30min and subjected to flow cytometry.

2.7 | Flow cytometry analysis

Single-cell suspensions were first incubated with Fc-block (mouse:
clone 2.4G2, BD Biosciences, human: polyclonal antibody, Thermo
Fisher Scientific) and then stained with mAbs specific for cell surface

antigens, and with Live/Dead cell viability dye. After staining for cell
surface markers, the cells were intracellularly stained with FoxP3
staining buffer (Thermo Fisher Scientific) according to the manu-
facturer's instructions. After washing, the cells were analyzed with
BD LSRFortessa™ X-20 (BD Biosciences) and FlowJo software (BD
Biosciences). For the analysis of phosphorylation, stimulated cells
were fixed using FoxP3 staining buffer (Thermo Fisher Scientific),
permeabilized with methanol according to the manufacturer's in-
structions and stained with mAbs. For the analysis of anti-CTLA-4
mAb-binding Treg cells, we used Alexa Fluor 647-conjugated anti-
human IgG-Fc mAb as a secondary antibody after staining with
ipilimumab. Staining antibodies were diluted according to the man-
ufacturer's instructions. Detailed information on the antibodies is
provided in Table S1.

2.8 | Statistical analysis

The relationships of continuous variables among groups were
compared using t-tests or one-way ANOVA. For multiple tests,
Bonferroni corrections were used. The relationships between tumor
volume curves were compared using two-way ANOVA. All statisti-
cal analyses were performed using PRISM 9.3 software (GraphPad
Software). All tests were two-tailed, and a p-value <0.05 was con-

sidered to indicate statistical significance.

3 | RESULTS

3.1 | Anti-CTLA-4 mAb reduces Treg cells in TILs
by ADCC activity and exerts antitumor activity

To evaluate differences in the antitumor effects of anti-CTLA-4
mADbs related to ADCC activity, we tested two types of anti-CTLA-4
1gG2a mAbs in mouse models: anti-CTLA-4 9D9-1gG2a mAb with
ADCC activity (anti-CTLA-4 1gG2a mAb) and anti-CTLA-4 9D9-
IgG2a mAb with a mutation in the Fc domain to abolish ADCC ac-
tivity (anti-CTLA-4 1gG2a Fc-silent mAb).?* As a result, anti-CTLA-4
lgG2a mAb showed dramatic efficacy, whereas treatment with anti-
CTLA-4 1gG2a Fc-silent led to relatively limited tumor regression
(Figure 1A; Figure 51).2

To address the effects of CTLA-4 blockade with ADCC activ-
ity in vivo, we examined the kinetic changes in immune cells among
TILs from the RENCA tumor model. Treg cells in the TME highly
expressed CTLA-4 compared with FOXP3°CD4* Tconv cells or
CD8* T cells (Figure 1B). Accordingly, compared with the control,
anti-CTLA-4 IgG2a mAb treatment resulted in a significant decrease
in the frequency of tumor-infiltrating Treg cells and a significant in-
crease in the frequencies of CD44"CD62L CD8™ effector T cells and
PD-1*CD8" T cells in TILs (Figure 1C-E). These findings, in accor-
dance with previous findings, show that the anti-CTLA-4 mAb with
ADCC activity exerts antitumor effects by activating effector T cells

and reducing Treg cells in the TME.?%2°



1862 - WATANABE ET AL.
LB RWIRN Cancer Scienc
(A)
RENCA Control Anti-CTLA-4 IgG2a mAb Anti-CTLA-4 IgG2a Fc-silent mAb
__100 1000 1000
“’E 0/8 TF 7/18 TF 4/8 TF
£ 800 800 800
g 600 600 600
=
€ 400 400 400
o
g 200 200 200
'_
0 0 0
0 7 14 21 0 7 14 21 0 7 14 21
Days Days Days
(B) (C)
*ok sk Control Anti-CTLA-4 1IgG2a mAb I
. & 80-
100 40000 *kkk T 105 ] ° *%
80 —_ - ) ) %\\‘ i 60 o
% g 200 © 104 3 Q9 1® I
= 60 < o & 40-
5 Y 20000 a o
x 40 é o 10 59.2 21.8 <
[0} -
20 © 10000- % 0 1 3 *g 20
0 0- 8 S . . S . . Q o-
0108 104 105 0 10 10* 10° 0 10% 10* 10°
CTLA-4 (APC) —— W CD8* T cells FOXP3 (PE-Cy7) H Control
W Tconv cells * B Anti-CTLA-4
ated on CD4* T cells
M Treg cells g IgG2a mAb
W Isotype control
(D) (E)
Control Anti-CTLA-4 IgG2a mAb Control Anti-CTLA-4 IgG2a mAb
1009 * K507  xx
26.2 |5 3.2 9.9 I 4 e e
. < 80 3 40
] © 2 8
8 8 60 i i 30
— 2 [l 8
+ | i
51103 é 8 40 21.0 ] 38.7 (.:) 20
=0 ) _Z C‘-E) 20 + 101
8 53.9 |3 6.0 80.8 E a
) T v T 0- et T - T —r T - T o 0-
0 10* 108 0 104 108 0 10 10* 10° 0 10% 10* 10°
CD44(BV510) M Control PD-1 (BV421) M Control
" . B Anti-CTLA-4 N . B Anti-CTLA-4
gated on CD8* T cells IgG2a mAb gated on CD8* T cells IgG2a mAb

FIGURE 1 Anti-CTLA-4 mAb with ADCC activity and antitumor effects. (A) In vivo efficacy of various anti-CTLA-4 mAbs against
RENCA tumors. BALB/c mice were injected subcutaneously with RENCA cells (2 x 10°). When the average tumor volume reached 50 mm®
(Day 0), various anti-CTLA-4 mAbs or control mAb was administered on Days 0, 3, and 6. Each tumor growth curve is shown according

to the indicated groups. The number of tumor-free (TF) mice per group is shown for each group. (B-E) CTLA-4 expression, Treg cells,
CD44*7CD62L CD8" effector T cells, and PD-1*CD8* T cells in TILs. In vivo experiments were performed as described in (A). TILs were
collected on Day 7 and subjected to flow cytometry. Representative flow cytometry staining (left) and summary data (right) of the mean
fluorescence intensity (MFI) for CTLA-4 in tumor-infiltrating CD8™ T cells, Tconv cells, and Treg cells in the control group (B) and the
frequencies of Treg cells (C), CD44*CD62L CD8* effector T cells (D), and PD-1*CD8* T cells (E) in TlLs are shown. All in vivo experiments
were performed in duplicate with similar results. One-way ANOVA with the Bonferroni correction was used in (B). Unpaired t-tests were
used in (C-E). Bars, mean; error bars, SEM; *p <0.05; **p <0.01; ****p <0.0001.

FIGURE 2

Influence of an anti-CTLA-4 mAb without ADCC activity on the TME. (A, B) CD80 and CD86 expression in APCs of TILs.

BALB/c mice were injected subcutaneously with RENCA cells (2 x 10°). When the average tumor volume reached 50 mm? (Day 0), various
anti-CTLA-4 mAbs or control mAb was administered on Days 0, 3, and 6. TILs were collected on Day 7 and subjected to flow cytometry.
Representative flow cytometry staining (left) and summary data of the mean fluorescence intensity (MFI) (right) for CD80 (A) and CD86

(B) in APCs of TILs are shown. (C) The frequencies of CD8" effector T cells and PD-1"CD8" T cells in TILs. In vivo experiments were
performed as described in (A) and (B). Summary data are shown (left, CD44"CD62L CD8" effector T cells; right, PD-1*CD8* T cells). (D) The
frequencies of Treg cells in TILs. In vivo experiments were performed as described in (A) and (B). Representative flow cytometry staining
(left) and summary data (right) are shown. (E-H) Immunosuppressive cytokines and activation markers in tumor-infiltrating Treg cells. In vivo
experiments were performed as described in (A) and (B). Representative flow cytometry staining (left) and summary data of the MFI for LAP
(E), IL-10 (F), ICOS (G), and CD25 (H) are shown. All in vivo experiments were performed in duplicate with similar results. One-way ANOVA
with the Bonferroni correction was used in (A-D). Unpaired t-tests were used in (E-H). Bars, mean; error bars, SEM; ns, not significant;
*p<0.05; **p<0.01; ***p<0.001; ****p <0.0001.
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3.2 | CTLA-4 blockade without ADCC activity we conducted additional TIL analyses using the RENCA tumor

increased the proliferation, cytokine production, and
expression of activation markers of Treg cells
in the TME

As anti-CTLA-4 1gG2a Fc-silent mAb, unlike anti-CTLA-4 1gG2a
mADb, failed to induce complete tumor regression in mouse models,

model to assess the effects of CTLA-4 blockade without ADCC
activity. Anti-CTLA-4 Fc-silent mAb also increased the frequencies
of CD8" effector T cells and PD-1"CD8™ T cells and increased APC
maturation, whereas the levels of increase were relatively low com-
pared with those seen with anti-CTLA-4 IgG2a mAb (Figure 2A-C).
In addition, Treg cells in the TME were not decreased but rather
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were slightly increased by anti-CTLA-4 1gG2a Fc-silent mAb, and
the expression of Kié7, a proliferation marker, was also increased
(Figure 2D; Figure S2A). Moreover, the production of immunosup-
pressive cytokines such as LAP (the propeptide of TGF-p) and IL-
10 also increased (Figure 2E,F).3® Activation markers of Treg cells,
such as GITR, ICOS, OX-40, and CD25, also showed increased
expression in the anti-CTLA-4 1gG2a Fc-silent mAb treatment
group (Figure 2G,H; Figure $2B,C).Y Anti-CTLA-4 1gG2a mAb
also affected surviving Treg cells in the TME (Figure S3). These
results suggest that CTLA-4 blockade without ADCC activity
augments Treg-cell proliferation and CTLA-4-independent Treg-
cell-mediated immunosuppressive functions, which could disturb
antitumor activities.

3.3 | CTLA-4" Treg cells in TILs highly
express CD28

While CTLA-4 shows immunosuppressive activity by competing
with CD28 to bind CD80/CD86 and acts as an antagonist of CD28-
mediated costimulation, CD28 also plays an important role in Treg-
cell activation.'® Thus, we hypothesized that CD28 expressed in Treg
cells further enhances Treg-cell activation due to CTLA-4 blockade
without ADCC activity because CD28 can bind free CD80/CD86
after CTLA-4 blockade. Thus, we examined CD28 expression in T
cells from RENCA TILs. CD28 expression was significantly higher in
Treg cells than in Tconv cells or CD8* T cells (Figure 3A). Moreover,
CD28 expression was higher in CTLA-gM Treg cells than in CTLA-4"
Treg cells (Figure 3B).

We next investigated human Treg cells. As human naive
CD4*% T cells transiently upregulate FOXP3 expression upon
TCR stimulation, FOXP3* T cells in humans comprise suppres-
sive Treg cells and nonsuppressive Tconv cells.®* Therefore, we
fractionated FOXP37CD4* T cells into three subsets based on
their expression levels of the naive T-cell markers CD45RA and
FOXP3: Fr |, naive Treg cells (CD45RATFOXP3'°¥CD4*) with weak
immunosuppressive function; Fr I, effector Treg (eTreg) cells
(CD45RAFOXP3Me"CD4*) with strong immunosuppressive func-
tion; and Fr Ill, non-Treg cells (CD45RA_FOXP3'°WCD4+) with no
immunosuppressive function (Figure 3C).*317313536 we focused
on Fr Il eTreg cells as they are the predominant FOXP3*CD4* T
cells among TILs in various cancers (Figure 3D).** Fresh tumor
samples were obtained from three patients with RCC for this anal-
ysis. As was observed in the mouse model, this analysis showed
that eTreg cells in RCC TILs had significantly higher expression
of CTLA-4 and CD28 than did CD4" or CD8* T cells, and these
factors were highly coexpressed in eTreg cells (Figure 3E-H).
Collectively, Treg cells, particularly the CTLA-4N population,
highly express CD28, which is consistent with activated CTLA-4-
independent Treg-cell-mediated immunosuppression by CTLA-4
blockade without ADCC activity.

3.4 | Anti-CTLA-4 mAb without ADCC activity
augments the proliferation and CTLA-4-independent
immunosuppressive functions of Treg cells via
enhanced CD28 costimulation

We next examined the activation status of Treg cells from human
PBMCs in the context of CTLA-4 blockade. We used Treg cells iso-
lated from PBMCs for the following analysis to avoid Treg-cell deple-
tion due to the anti-CTLA-4 mAb with ADCC activity. We also used
an anti-CD3 mAb and soluble CD80 protein for Treg-cell stimulation.
We used a lower concentration of soluble CD80 protein (5.0 pg/mL)
than that with saturated effects (Figure S4A), at which Treg cells
were activated (Figure S5). Upon treatment with anti-CTLA-4 mAb,
the proliferation of eTreg cells increased, as evaluated by CFSE dilu-
tion (Figure 4A). In addition, eTreg cells treated with CTLA-4 block-
ade produced higher levels of immunosuppressive cytokines (LAP
and IL-10) and showed higher expression of GITR, ICOS, OX40,
and CTLA-4 (Figure 4B-F; Figure S6A). Accordingly, GITR, ICOS,
and OX40 expression increased in CTLA-4" Treg cells, but not in
CTLA-4" Treg cells, after CTLA-4 blockade (Figure S6B-G). The sup-
pressive function was retained even with CTLA-4 blockade despite
decreased function (Figure S7). These results collectively indicated
that CTLA-4 blockade without ADCC activity augments the prolif-
eration and CTLA-4-independent immunosuppressive functions of
Treg cells in humans.

To investigate the effect of CTLA-4 blockade on the CD28 and
TCR signaling pathways in Treg cells, we examined whether CTLA-4
blockade affects the phosphorylation of AKT and ZAP70, which
are downstream of the CD28 and TCR signaling pathways, respec-
tively. Upon CD28 and TCR stimulation with soluble CD80 protein
and anti-CD3 mAb, respectively, CTLA-4 blockade increased the
phosphorylation of AKT in Treg cells (Figure 4G). In contrast, in the
absence of soluble CD80 protein, CTLA-4 blockade showed no such
activity (Figure 4H). In addition, CTLA-4 blockade showed no signif-
icant effect on the phosphorylation of ZAP70 (Figure 4l). When we
used higher concentrations of soluble CD80 protein (10 or 20 ug/mL)
with saturated effects, CTLA-4 blockade did not affect Treg cells
(Figure S4B). Taken together, CTLA-4 blockade without ADCC activ-
ity could augment CD28-mediated costimulation of CD28*CTLA-4"
Treg cells by disrupting CTLA-4-competitive inhibition.

3.5 | CTLA-4 blockade without ADCC
activity increases immunosuppressive cytokine
production and activation markers by Treg cells
among human RCC TILs

Finally, to confirm whether activated CTLA-4-independent Treg-
cell-mediated suppression by CTLA-4 blockade can be observed
in tumor-infiltrating eTreg cells from human clinical samples, we

conducted ex vivo assays using fresh TILs from RCC patients. We
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FIGURE 3 CTLA-4 and CD28 coexpression in tumor-infiltrating Treg cells. (A) CD28 expression in tumor-infiltrating CD8* T, Tconv,
and Treg cells. BALB/c mice were subcutaneously injected with RENCA cells (2 x 10°). TILs were collected on Day 7 and subjected to flow
cytometry. Representative flow cytometry staining (left) and summary data of the mean fluorescence intensity (MFI) for CD28 (right)

are shown. (B) CD28 expression in tumor-infiltrating Treg cells according to CTLA-4 expression. In vivo experiments were performed

as described in (A). The gating strategy for CTLA-4" and CTLA-4'° Treg cells (left), representative flow cytometry staining (middle), and
summary data of the MFI for CD28 (right) are shown. (C, D) Fractionation of CD4™" T cells from human PBMCs and TlLs. RCC tumors from
three patients were minced to collect TILs. PBMCs from healthy donors or RCC TILs were subjected to flow cytometry, and CD4*FOXP3*
T cells were fractionated into three subsets using FOXP3 and CD45RA. Representative flow cytometry staining of PBMCs (C) and TILs (D)
are shown. (E-H) CD28 and CTLA-4 expression in CD8% T, CD4" T, and eTreg cells from human RCC TILs. Flow cytometry was performed
as described in (C) and (D). Representative flow cytometry staining (E) and the frequencies of CTLA-4" (F), CD28" (G), and CD28"CTLA-4*
cells (H) in TILs are shown. All in vivo experiments were performed in duplicate with similar results. One-way ANOVA with the Bonferroni
correction was used in (A) and (F-H). A paired t-test was used in (B). Bars, mean; error bars, SEM; ns, not significant; *p <0.05; **p <0.01;
***p<0.001.

used isolated Treg cells from TILs for the following analysis similar than eTreg cells (Figure S8A-C). Thus, anti-CTLA-4 mAb had little
to the use of PBMCs. Consistently, anti-CTLA-4 mAb increased the effect on Fr |l (Figure S8D-F). Altogether, CTLA-4 blockade without
production of immunosuppressive cytokines and activation markers ADCC activity augments CTLA-4-independent Treg-cell-mediated
by Treg cells (Figure 5A-E). We also analyzed FOXP3'°CD4* T cells immunosuppressive functions, which could disturb antitumor activi-
(Fr 1) in TILs, resulting in lower coexpression of CTLA-4 and CD28 ties, leading to insufficient tumor regression (Figure 6).
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FIGURE 4 Influence of CTLA-4 blockade on Treg cells in human PBMCs. (A) Proliferation of Treg cells in human PBMCs. CD4*CD25"
Treg cells were sorted from healthy donor PBMCs and subsequently labeled with CFSE. In total, 2 x 10° CFSE-labeled Treg cells were
cultured in the presence of IL-2, anti-CD3 mAb, and soluble CD80 protein with or without anti-CTLA-4 mAb. Three days later, cell
proliferation based on CFSE dilution was assessed by flow cytometry. The fold change in the frequency of proliferating Treg cells was
calculated. Representative flow cytometry staining (left) and summary data (right) are shown. (B-F) Immunosuppressive cytokines and
activation markers in Treg cells from human PBMCs. In vitro experiments were performed as described in (A). The cytokines and activation
markers were analyzed with flow cytometry, and the fold change in mean fluorescence intensity (MFI) was calculated. Representative flow
cytometry staining (left) and summary data (right) for LAP (B), IL-10 (C), GITR (D), ICOS (E), and OX40 (F) are shown. (G-1) Phosphorylation
of AKT and ZAP70 in Treg cells. Sorted Treg cells from healthy donor PBMCs were incubated with or without anti-CTLA-4 mAb in the
presence of an anti-CD3 mAb for 30min on ice, followed by 30 min of incubation with or without soluble CD80 protein. T cells were then
transferred to 37°C for stimulation for 30 min and subjected to flow cytometry, and the fold change in MFI was calculated. Representative
flow cytometry staining (left) and summary data (right) for pAKT with (G) or without (H) soluble CD80 protein and of pZAP70 (I) are shown.
Paired t-tests were used. Bars, mean; error bars, SEM; ns, not significant; *p <0.05; **p<0.01.
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FIGURE 5 Influence of CTLA-4 blockade on Treg cells in human RCC TILs. RCC tumors from three patients were minced to collect TILs.
Sorted CD4*CD25" Treg cells were cultured in the presence of IL-2, anti-CD3 mAb, and soluble CD80 protein with or without anti-CTLA-4
mADb for 24 h and were subsequently analyzed with flow cytometry. The fold change in mean fluorescence intensity (MFI) was calculated.
Representative flow cytometry staining (left) and summary data (right) for LAP (A), IL-10 (B), GITR (C), ICOS (D), and OX40 (E) are shown.
Paired t-tests were used. Bars, mean; error bars, SEM; ns, not significant; *p <0.05.

4 | DISCUSSION

This study examined how CTLA-4 blockade without ADCC activity
affects Treg cells, the TME, and tumor regression.?* CTLA-4 block-
ade with ADCC activity showed dramatic efficacy against mouse
tumors with a reduction in Treg cells in the TME, as was previously
reported. Treg cells, particularly the CTLA-4M population, highly
expressed CD28, and anti-CTLA-4 mAb treatment augmented
the CD28-mediated costimulation of CD28"CTLA-4% Treg cells.
Through this mechanism, CTLA-4 blockade without ADCC activity
increased Treg-cell proliferation and CTLA-4-independent Treg-cell-
mediated immunosuppressive functions, which could disturb antitu-
mor immunity. These findings highlight the importance of Treg-cell
depletion for tumor regression by anti-CTLA-4 mAbs.

Previous mouse studies have demonstrated that anti-CTLA-4
IgG2a mAb depletes Treg cells by ADCC activity with strong anti-
tumor effects.2®?! Another study showed that patients with mela-
noma who responded to anti-CTLA-4 mAb had reduced Treg cells in
the TME after the treatment.®’ Moreover, anti-CTLA-4 mAbs were
more effective in patients with melanoma who have FcyR variants
that enhance ADCC activity than in those who did not.*® These

findings, in accordance with our observations in mouse models, sug-
gest that reducing Treg cells through ADCC activity is potentially a
crucial mechanism by which anti-CTLA-4 mAbs achieve tumor re-
gression. Conversely, CTLA-4 is known to be a fundamental immu-
nosuppressive molecule of Treg cells, leading to the suppression of
APCs, and CTLA-4 blockade could also exert antitumor activity by
suppressing Treg cells and inducing the maturation of APCs 111718
The reason why it is important to reduce Treg cells through ADCC
activity, not just by blocking CTLA-4, to achieve tumor regression
is not fully understood. Our data from mouse models showed that
anti-CTLA-4 mAbs with or without ADCC activity increased APC
maturation. However, CTLA-4 blockade without ADCC activity has
shown insufficient antitumor effects with tumor-infiltrating Treg-
cell proliferation, rather than a reduction.®’ Moreover, in addition
to Treg-cell proliferation, CTLA-4 blockade without ADCC activity
augmented the CTLA-4-independent immunosuppressive functions
of Treg cells both in vivo and in vitro. These results are explained by
CTLA-4 functioning as an antagonist of CD28. In our data, CD28 and
CTLA-4 were more highly expressed in Treg cells than in Tconv cells
or CD8" T cells, and these factors were highly coexpressed in Treg
cells. Moreover, CTLA-4 blockade increased the phosphorylation of
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FIGURE 6 CTLA-4 blockade without ADCC activity augments the proliferation and CTLA-4-independent immunosuppressive functions
of Treg cells by enhancing CD28 costimulatory signaling pathways in Treg cells, leading to insufficient tumor regression. This figure was

created using BioRender.com.

AKT in Treg cells downstream of CD28 signaling pathways. Taken to-
gether, CTLA-4 blockade without ADCC activity augmented CD28-
mediated costimulatory signaling pathways in Treg cells, leading to
Treg-cell proliferation and activated CTLA-4-independent Treg-cell-
mediated immunosuppressive functions. These negative effects
could disrupt antitumor immunity, leading to insufficient tumor re-
gression (Figure 6).

Paterson et al.?® showed that conditional CTLA-4 knockout in
Treg cellsincreased their production of IL-10 in the TME. Additionally,
Marangoni et al. showed that CTLA-4 blockade or depletion en-
hanced the CD28-mediated costimulation of Treg cells, resulting in
the hyperproliferation of Treg cells.?’> However, the detailed mech-
anisms remain unclear, and whether CTLA-4-independent immuno-
suppressive functions are activated by CTLA-4 blockade without
ADCC activity in the human TME has not been conclusively demon-
strated. In our present study, Treg-cell proliferation and CTLA-4-
independent Treg-cell-mediated suppressive functions were clearly
augmented in the TME under CTLA-4 blockade without ADCC ac-
tivity via CD28-mediated costimulation, leading to insufficient anti-
tumor effects. In particular, direct suppressive functions of Treg cells
even with CTLA-4 blockade, were demonstrated, despite decreased

functions, in suppression assays. This could be reasonable because
CTLA-4 plays an important role in Treg-cell-mediated immunosup-
pressive functions, but CTLA-4-independent immunosuppression,
such as cytokine production by Treg cells remains. In addition, we
validated these findings using ex vivo experiments with human RCC
TILs. These novel findings have not been previously reported, which
we demonstrated for the first time in this study.

Our present study highlights the importance of Treg-cell deple-
tion for CTLA-4 blockade-mediated antitumor immunity. Ipilimumab,
an anti-CTLA-4 mAb with an 1gG1 Fc portion and known ADCC
activity,”’ is reportedly effective against various cancer types, in-
cluding metastatic RCC, in combination with PD-1 blockade.*"®
Tremelimumab, another anti-CTLA-4 mAb with an IgG2 Fc portion,

38:40 and recent clinical trials

is also reported to have ADCC activity,
have demonstrated its efficacy combined with PD-1 blockade against
lung cancer and hepatocellular carcinoma.**? In addition, various
anti-CTLA-4 mAbs with enhanced ADCC activity are now under de-
velopment to improve efficacy with greater Treg-cell depletion.*3%4

In summary, we have demonstrated that CTLA-4 blockade
without ADCC activity augments Treg-cell proliferation and CTLA-

4-independent Treg-cell-mediated immunosuppressive functions
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via CD28-mediated costimulatory signaling pathways in both the
human and murine TME. This activation could disturb antitumor
immunity, leading to insufficient tumor regression in response to
an anti-CTLA-4 mAb without ADCC activity. Our study has sev-
eral limitations. In particular, we could not examine the relationship
between the reduction in Treg cells and the prognosis of patients
treated with anti-CTLA-4 mAbs. Instead, we performed ex vivo ex-
periments using human RCC TILs. These results highlight the impor-
tance of Treg-cell depletion to achieve tumor regression in response
to CTLA-4 blockade therapy and support the development of more
effective anti-CTLA-4 mAbs with enhanced ADCC activity.
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