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Anti-CTLA-4 mAb is efficacious in enhancing tumor immunity in
humans. CTLA-4 is expressed by conventional T cells upon activation
and by naturally occurring FOXP3*CD4* Treg cells constitutively,
raising a question of how anti-CTLA-4 mAb can differentially con-
trol these functionally opposing T cell populations in tumor immu-
nity. Here we show that FOXP3"9" potently suppressive effector
Treg cells were abundant in melanoma tissues, expressing CTLA-4
at higher levels than tumor-infiltrating CD8" T cells. Upon in vitro
tumor-antigen stimulation of peripheral blood mononuclear cells from
healthy individuals or melanoma patients, Fc-region-modified anti-
CTLA-4 mAb with high antibody-dependent cell-mediated cytotoxicity
(ADCC) and cellular phagocytosis (ADCP) activity selectively depleted
CTLA-4*FOXP3* Treg cells and consequently expanded tumor-
antigen-specific CD8*T cells. Importantly, the expansion occurred only
when antigen stimulation was delayed several days from the anti-
body treatment to spare CTLA-4" activated effector CD8*T cells from
mAb-mediated killing. Similarly, in tumor-bearing mice, high-ADCC/
ADCP anti-CTLA-4 mAb treatment with delayed tumor-antigen vacci-
nation significantly prolonged their survival and markedly elevated
cytokine production by tumor-infiltrating CD8* T cells, whereas anti-
body treatment concurrent with vaccination did not. Anti-CTLA-
4 mAb modified to exhibit a lesser or no Fc-binding activity failed
to show such timing-dependent in vitro and in vivo immune enhance-
ment. Thus, high ADCC anti-CTLA-4 mAb is able to selectively deplete
effector Treg cells and evoke tumor immunity depending on the
CTLA-4-expressing status of effector CD8* T cells. These findings
are instrumental in designing cancer immunotherapy with mAbs tar-
geting the molecules commonly expressed by FOXP3* Treg cells and
tumor-reactive effector T cells.
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aturally occurring CD25*CD4" Treg cells, which express the

transcription factor FOXP3, play indispensable roles in the
maintenance of immunological self-tolerance and homeostasis (1).
However, they also hinder effective immune responses against
tumor cells arising from self, as illustrated by the findings that
mouse tumors can be eradicated simply by depletion of Treg cells
(2-5). In humans, there is accumulating evidence for abundant
infiltration of Treg cells into various tumor tissues (6-8), and a
significant correlation between Treg infiltration and poor prog-
nosis in various types of cancers (9). Control of Treg cells in tumor
tissues is therefore likely to be one promising way for evoking
effective tumor immunity in cancer patients.

Human FOXP3-expressing CD4™ T cells are heterogeneous in
function, including Treg cells and nonsuppressive conventional
T cells. They can be fractionated into three subpopulations by their
different expression levels of FOXP3 and CD45RA (10) (Fig. 14):
(i) CD45RATFOXP3" naive/resting Treg cells [Fraction (Fr). I];
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(if) CD45SRA"FOXP3" effector Treg (eTreg) cells (Fr. IT), which
are terminally differentiated and highly suppressive; and (i)
CD45RA"FOXP3' non-Treg cells (Fr. III), which lack suppres-
sive activity and are capable of secreting proinflammatory cytokines.
Upon antigenic stimulation, Fr. I naive Treg cells differentiate into
Fr. II eTreg cells, which highly express CTLA-4 (10). Although most
cells in Fr. III are non-Treg cells and do not differentiate into Fr. II
eTreg cells, a circulating subset of T-follicular regulatory cells, which
are CXCR5*CD45RA7, is included in Fr. III (11), indicating het-
erogeneity of the Fr. III population. In contrast, with the presence
of these three FOXP3™" populations in the blood, the majority
of tumors show predominant infiltration of eTreg cells, which
appear to be suppressing effective antitumor immune responses
in cancer patients (12). These findings suggest that depletion/
reduction of eTreg cells in tumors and regional lymph nodes
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Fig. 1. Preferential CTLA-4 expression by FOXP3" eTreg cells in melanoma tissue. (A and B) Representative plots of CD4™ T cell staining (A) and frequencies of
each fraction (B). PBMCs of healthy donors (HD, n = 5), and PBMCs and TILs of melanoma patients (n = 11 and 14, respectively) were subjected to direct
staining for CD4, CD45RA, and FOXP3. (C and D) Representative plots of CCR7 and CD45RA expression by CD8" T cells (C) and summary of each CD8* T cell
subsets (D). (E) CTLA-4-expressing clusters (dotted line) in PBMCs and TILs from melanoma patients by CyTOF analysis. viSNE plots of CD4* and CD8" T cells
with heat maps for indicated marker expression levels are shown (n = 2). (F) Surface only or surface and intracellular staining of CTLA-4 in HD PBMC. (G)
Surface CTLA-4 expressions by each cellular fraction from TILs and PBMCs of melanoma patients. Means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and
****p < 0.0001 by one-way ANOVA with post hoc Tukey’s HSD test.
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is instrumental in evoking and augmenting antitumor immune
responses, as demonstrated recently with some monoclonal anti-
bodies (mAbs) specific for the molecules specifically expressed by
eTreg cells (13).

CTLA-4 is expressed by conventional T cells upon activation and
by FOXP3"CD25"CD4* Treg cells constitutively. It plays a key
role in Treg-mediated suppression, at least in part, via controlling
CD80/CD86 expression by antigen-presenting cells (APCs) (14—
16). Anti-human CTLA-4 mAb, which has been shown to be
clinically effective in treating melanoma (17, 18), was initially
considered to block CTLA-4-mediated negative signal into acti-
vated effector T cells, sustaining their activated state in attacking
tumor cells. However, recent preclinical studies have shown that
anti-CTLA-4 mAD is able to deplete FOXP3* Treg cells especially
in tumor tissues, thereby augmenting tumor immunity (19-21). In
humans, however, it is controversial whether CTLA-4 mAb affects
the number or the function of Treg cells or effector T cells, or both,
in enhancing antitumor immune responses in clinical contexts.

In this study, we have investigated in vivo and in vitro, in humans
and mice, the effects of Fc-engineered anti-CTLA-4 mAbs on
FOXP3" Treg cells and self/tumor antigen-specific CD8* T cells.
We show that cell-depleting anti-CTLA-4 mAb with high antibody-
dependent cell-mediated cytotoxicity (ADCC) activity is able to
evoke antitumor immune responses depending on the levels and the
kinetics of CTLA-4 expression by the two populations. The results
can be extended to cell-depleting mAbs targeting other cell surface
molecules that both Treg and effector T (Teff) cells commonly
express at different levels and with different kinetics.

Results

Accumulation of CTLA-4-Expressing, Terminally Differentiated FOXP3"
eTreg Cells in Melanoma Tissues. We first assessed the frequency of
various T cell subpopulations among tumor-infiltrating lympho-
cytes (TILs) in melanoma patients. CD4SRAFOXP3" eTreg
cells (Fr. II) were predominantly (~10-fold) increased in ratio
among CD4* TILs, compared with peripheral blood CD4* T cells
in healthy donors or melanoma patients (Fig. 1 A and B). The
frequency of CD45RA"FOXP3" Fr. III non-Treg cells also in-
creased slightly (l~tw0fold) among CD4* TILs. In contrast,
CD45RA*FOXP3" naive Treg cells (Fr. 1) were significantly re-
duced in TILs to a quarter, on average, of the corresponding
fraction in peripheral blood mononuclear cells (PBMCs). Among
FOXP3~ conventional CD4* T cells in TILs, CD45RA"FOXP3~
effector/memory CD4* T cells, which could be further dissected
into the CD25* (Fr. IV) and the CD25~ (Fr. V) populations (10),
slightly (~1.3-fold) increased, while CD45RA*FOXP3~ naive
CD4* T cells (Fr. VI) significantly reduced to one-tenth of those
in PBMCs. In the CD8* T-cell fraction of TILs, compared with
PBMC:s of the patients or healthy donors, there was a significant
increase (~1.6-fold) of CD45RA™CCR7™ effector memory T
(Tem) cells, with significant decrease in CD45RA*CCR7" naive
and CD45RA*CCR7" terminally differentiated effector memory
(Temra) cells to a half and one-fifth, respectively, of those in
PBMCs, and no significant change in CD45RA-CCR7* central
memory T (Tcwm) cells (Fig. 1 C and D). It was also noted in
melanoma patients that naive CD8* T cells in PBMCs markedly
(~14-fold) decreased compared with healthy donors.

We then assessed which T-cell population expressed CTLA-4 in
TILs or PBMCs of melanoma patients by cytometry by time-of-
flight (CyT'OF) mass spectrometry cytometer (Fig. 1E and SI
Appendix, Fig. S14). The CD4* CD45RA™ Foxp3™ cluster of cells,
representing Fr. II eTreg cells, predominantly expressed CTLA-
4 in PBMC and TIL, while CD8" T cells scarcely expressed
CTLA-4 in either PBMC or TILs. In mice, predominant CTLA-
4 expression by FOXP3* Treg cells was similarly observed in the
spleen and CMS5a tumor tissue (SI Appendix, Fig. S1B). CTLA-
4 expressed by human Fr. II eTreg cells was mostly in the in-
tracellular compartment and cell-surface CTLA-4 was limited
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(Fig. 1F). Nevertheless, in TILs, eTreg cells, and to a lesser extent
Fr. III non-Treg cells, were found to express surface CTLA-4 at
significantly high levels (Fig. 1G and SI Appendix, Fig. S2). TIL
CD8" Tcm and Ty cells also expressed higher level of surface
CTLA-4 compared with any of the circulating T cell fractions,
although eTreg cells showed much higher expression in melanoma
patients (Fig. 1G and SI Appendix, Fig. S2).

Taken together, cardinal features of human melanoma tissues
are a marked increase and decrease of eTreg cells and naive Treg
cells, respectively, and a marked increase of effector/memory
CD8" T cells with reduction of naive CD8" T cells. These eTreg
cells and CD8* T cells in TILs express CTLA-4 on the cell
surface, with higher expression by the former than the latter. In
contrast to TIL eTreg cells, circulating eTreg cells in melanoma
patients are significantly lower in the level of surface CTLA-
4 expression, suggesting that they may be less affected by anti—
CTLA-4 mAD treatment.

Reduction of both eTreg Cells and Antigen-Specific CD8* T Cells by in
Vitro Treatment with Cell-Depleting Anti-CTLA-4 mAb and Concurrent
Antigen Stimulation. To address whether the antitumor effects of
anti-CTLA-4 mADb would rely on its ability to deplete Treg cells
by ADCC, we modified the Fc portion of anti-CTLA-4 IgGl
mAD (clone MDX-010, ipilimumab), which possessed a moderate
ADCC activity, to change its affinity for FcyRIIla (CD16a), an
activatory FcyR expressed by NK cells, monocytes/macrophages,
and other cells (22) (Fig. 24). An anti-CTLA-4 mAb thus gen-
erated with a high ADCC activity, which we called asymmetric
reengineering technology-Fc domain (ART-Fc), possessed differ-
ent amino acid substitution on each heavy chain (23); that is,
1.234Y/1.235Q/G236W/S239M/H268D/D270E/S298A  substitu-
tions into one heavy-chain Fc region and D270E/K326D/A330M/
K334E substitutions into the other. The reconstructed mAb showed
1,000-fold higher binding affinity for human FcyRIIla than un-
modified mAb without increasing the affinity for inhibitory FcyRIIb.
We also generated an anti-CTLA-4 mAD scarcely binding to FcyRs,
which we called silent-Fc anti-CTLA-4, by amino acid substitutions;
that is, L235R, G236R, and S239K into the Fc region of both heavy
chains. Compared with unmodified or silent-Fc anti-CTLA-4 mAb,
ART-Fc showed much higher in vitro cytotoxicity to CTLA-4—
expressing Chinese hamster ovary (CHO) cells in the presence of
PBMC:s from healthy donors, with increased cytotoxicity by longer
incubation (Fig. 2B). Similarly, ART-Fc anti-CTLA-4 mAb effec-
tively killed freshly prepared Fr. IT eTreg cells and, to a lesser extent,
Fr. III non-Treg or Fr. I naive Treg cells, while IgG1 (ipilimumab)
or silent-Fc mAb scarcely showed killing activity (Fig. 2C).

Next, we assessed the effects of these Fc-engineered mAbs on in
vitro antigen-specific expansion of CD8" T cells by stimulating
PBMCs from HLA-A*0201-expressing healthy donors or mela-
noma patients for 9 d with various peptides, for example: derived
from Melan-A/MART-1, a self/tumor-antigen expressed by nor-
mal melanocytes and some melanoma cells (24); and NY-ESO-1,
a cancer/testis antigen expressed by various types of cancer cells
and human germline cells (25), cytomegalovirus (CMV), or in-
fluenza (Flu) virus. This in vitro peptide stimulation, for example
by Melan-A peptide, maintained the high expression of CTLA-
4 by eTreg cells (Fig. 2D and SI Appendix, Fig. S3). The peptide
stimulation alone also expanded peptide-specific tetramer (Tet)*
CD8" T cells, which expressed higher levels of CTLA-4 especially
on the cell surface, compared with Tet™ cells (Fig. 2 E, F, and I).
When ART-Fc anti-CTLA-4 mAb was present from the begin-
ning of the peptide stimulation of PBMCs from healthy donors or
melanoma patients, the ratio of CTLA-4—expressing eTreg cells
among CD4™ T cells was significantly reduced in a dose dependent
manner, while silent-Fc mAb failed to show this effect (Fig. 2 D
and G and SI Appendix, Figs. S4 and S5).

The Treg cell reduction, however, did not accompany the ex-
pansion of antigen-specific CD8" T cells; rather, the treatment
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caused a profound reduction of the ratio of Tet* CD8* T cells
among CD8* T cells (Fig. 2H). In these in vitro stimulations,
unmodified IgG1 or silent-Fc anti-CTLA-4 mAb did not exhibit
significant eTreg-depleting activity (Fig. 27). The degree of eTreg
cell reduction by these mAbs was indeed correlated with the re-
duction of antigen-specific CD8" T cells, regardless of the stim-
ulating antigen, for example, Melan-A or CMV peptide (Fig. 21).

Thus, while eTreg cells constitutively express CTLA-4, espe-
cially intracellular CTLA-4, antigen-stimulation expands CD8*
T cells that express high levels of CTLA-4, particularly on the cell
surface. ART-Fc anti-CTLA-4 mAb with high ADCC activity is
therefore able to deplete not only CTLA-4* eTreg cells but also
antigen-activated CTLA-4" CD8" T cells. This effector CD8"
T-cell depletion may offset an immune-enhancing effect of eTreg
cell depletion in immune responses in vitro.

Robust Expansion of Antigen-Specific CD8* T Cells by eTreg Cell
Depletion Before Antigen Stimulation. We next attempted to de-
plete CTLA-4" Treg cells before antigen stimulation to spare
antigen-activated CTLA-4—expressing CD8" T cells from killing
by anti-CTLA-4 mAbs. We cultured whole PBMCs from healthy
donors or melanoma patients in the presence of ART-Fc anti—
CTLA-4 mAb for 5 d without antigen stimulation, removed the
mADb, then stimulated the cells with various peptides for 8 d, and
analyzed them for the ratio of eTreg cells and Tett CD8" T cells
among CD4" T cells or CD8" T cells, respectively (Fig. 34). The
ratio of FOXP3" ¢Treg cells was significantly reduced within 5 d
by the ART-Fc pretreatment (Fig. 34 and SI Appendix, Fig. S6),
and maintained at a low level during subsequent peptide stimu-
lation (Fig. 3B), indicating that eTreg cells had not fully recovered
during the antigen-stimulation period. This ART-Fc pretreatment
combined with antigen stimulation induced robust expansion of
Melan-A-specific CD8" T cells from healthy donor PBMCs, and
NY-ESO-1-specific CD8* T cells from PBMCs of patients whose
melanoma tissues expressed NY-ESO-1 (Fig. 3C). CMV-specific
CD8" T cells were not much affected by ART-Fc-mediated Treg
depletion. In contrast with ART-Fc, silent-Fc anti-CTLA-4 mAb
did not alter the frequency of eTreg cells, and failed to expand
Tet™ CD8" T cells regardless of antigen species (Fig. 3D).

One of various suppression mechanisms used by Treg cells is
CTLA-4—dependent down-regulation of CD80 and CD86 expression
by dendritic cells (DCs) (14, 15). To investigate possible contribu-
tions of this mechanism to the expansion of self/tumor antigen-
specific CD8" T cells after in vitro ART-Fc anti-CTLA-4 mAb
treatment, we assessed CD80 and CD86 expression by DCs, which
were phenotypically defined as Lin-1"CD11c*HLA-DR", in
healthy donor PBMCs. Both CD80 and CD86 expression showed
distinct up-regulation in the ART-Fc pretreated group, in contrast
to unaltered CD80/CD86 expression in an unmodified IgG1-
pretreated, silent-Fc—pretreated, or untreated group (Fig. 3E).
In addition, the degree of FcyR-binding affinities of mAbs had a
good correlation with their Treg depletion activity and also with
Tet™ CD8" T cell-inducing activity (Fig. 3F). Because mere
blockade of CTLA-4 by silent-Fc did not up-regulate CD80/86, the
results indicated that eTreg depletion by ART-Fc activated DCs,
although a possibility exists that ART-Fc itself might additionally
contribute to the activation of DCs via high affinity binding to
their activatory Fc receptors.

Taken together, these results indicate that Treg depletion by
ART-Fc anti-CTLA-4 mAb several days before antigen expo-
sure is able to spare the killing of CTLA-4" antigen-activated
CD8* T cells by the antibody, expanding them, at least in part,
via enhancing CD80/CD86 expression by APCs.

CTLA-4-Mediated Treg-Depletion Before Tumor Antigen Vaccination
Enhances Antitumor Responses in Mice. To validate in mice the in
vitro findings with human PBMCs and anti-human CTLA-4 mAbs,
we generated mAbs with a high or low ADCC and antibody-
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dependent cellular phagocytosis (ADCP) activity from anti-mouse
CTLA-4 mAb (clone UC10) of IgG2a isotype (called mIgG2a
hereafter) by amino acid substitution in the Fc domain (Fig. 44).
The mutation S239D in both heavy chains raised the affinity for
mouse FcyRIV ~sevenfold (mFa55 mIgG2a variant), while L235R,
G236R, and S239K mutations in both heavy chains rendered them
nonbinding to mouse FcyRs (mFa31 mlgG2a variant); the former
was called mouse ADCC/ADCP-enhanced-Fc (mEnhanced), the
latter mouse silent-Fc (mSilent) mAb. To compare antitumor ac-
tivity of these Fc-modified anti-mouse—-CTLA-4 mAbs in combina-
tion with tumor antigen vaccination, we subcutaneously inoculated
into BALB/c mice CMS5a fibrosarcoma cells expressing human
NY-ESO-1 antigen, and on day 9, when the tumor became estab-
lished, treated the mice with 100 pg of each mAb and vaccinated
with NY-ESO-1 peptide on the same day (day 9; we hereafter call
the protocol “concurrent treatment™) or 3 d later (day 12; hereafter
“Ab pre-treatment”) (Fig. 4B). Ab pretreatment with mEnhanced
mAD was more effective than concurrent treatment or pretreatment
with either mIgG2a or mSilent mAb in retardation of tumor growth;
the effects of the latter two mAbs on tumor growth were low and
not significantly different between Ab pretreatment and concurrent
treatment (Fig. 4C). The survival was significantly better in mice
pretreated with mEnhanced mAb, and also in mice with concurrent
treatment or pretreatment with mIgG2a, although either way of
mlgG2a treatment failed to induce tumor regression in most of the
mice (Fig. 4 C and D).

The mEnhanced mAb pretreatment also resulted in a signifi-
cant increase in the number of tumor-infiltrating CD8* T cells and
the CD8/Treg ratio in TILs, albeit the percentage of FOXP3™" cells
among CD4" T cells slightly increased (Fig. 5 A-C). In addition,
whereas the frequency of NY-ESO-1 peptide-specific CD8" TILs
was not statistically different among the mice treated with each
mAb or between pretreatment and concurrent treatment, the
antigen-specific CD8* TILs from mEnhanced mAb pretreated
mice, compared with other groups, showed significantly more
active IL-2 and IFN-y production upon in vitro restimulation with
NY-ESO-1 peptide (Fig. 5 D and E). Moreover, effector memory
CD8* T cells defined as the CD44"€"CD62L'°™ population sig-
nificantly increased among NY-ESO-1-specific CD8* TILs in
mEnhanced mAb pretreated mice (Fig. 5 F and G).

Taken together, mEnhanced mAb pretreatment was most ef-
fective in evoking tumor immunity, followed by pretreatment
with mIgG2a, which had some ADCC activity, while mSilent
mAb was much less effective. The results indicate that pre-
treatment of tumor-bearing mice with ADCC/ADCP-enhanced
anti-CTLA-4 mAb followed by tumor antigen vaccination is able
to effectively evoke antitumor immune responses in vivo.

Discussion

The major findings in this report are: (i) terminally differentiated,
highly suppressive eTreg cells are abundant in tumor tissues and
expressing surface CTLA-4 at higher levels than tumor-infiltrating
CD8* T cells; (i) anti-CTLA-4 mAb with high ADCC activity is
capable of depleting/reducing CTLA-4"¢" ¢Treg cells and CTLA-4*
effector CD8" T cells; and (i) cell-depleting anti-CTLA-4 mAb is
able to evoke and enhance effective tumor immunity when the
antibody treatment regimen is devised not to affect CTLA-4" ef-
fector CD8" T cells, for example, by altering the timing of Treg cell
depletion and cancer antigen vaccination.

The ADCC activity of anti-CTLA-4 mAD is a key determinant
of the effectiveness of eTreg reduction and resulting expansion of
tumor-reactive CD8" T cells. Supporting the notion, we demon-
strated that anti-CTLA-4 mAb (ART-Fc) with an enhanced
ADCC activity (and/or ADCP activity in mice) was able to aug-
ment antitumor immune responses in vitro in humans and in vivo
in mice by depleting CTLA-4—expressing Treg cells. Anti-CTLA-
4 mAbs (silent-Fc) modified to exhibit a much less or no ADCC
activity failed to show such antitumor activity, even if they possessed
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group (C) (n = 8-13 per group). Summary of average tumor growth of each treatment groups (D, Left). Asterisks indicate P values between mEnhanced mAb
pretreatment group by two-way ANOVA with Tukey’s multiple comparison test. Summary of survival rate (D, Right) of each treatment groups. P values
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the same specificity for an epitope of the CTLA-4 molecule. It re-
mains unclear in humans whether the antitumor effect of ipilimu-
mab with IgG1 Fc portion is attributed to blockade of the CTLA-
4 molecule or depletion of CTLA-4—expressing cells by ADCC. It
was shown in mice that an enhancement of antitumor immunity by
an anti-CTLA-4 mAb required depletion of tumor-infiltrating Treg
cells by FeyR-mediated ADCC (19-21, 26, 27). Similarly, antibodies
against GITR, OX40, and CD25 molecules, which tumor-infiltrating
Treg cells express the highest amounts, were shown to be dependent
on ADCC-mediated depletion of Treg cells in tumor rejection (19,
26, 28). It was also reported that ipilimumab treatment of mela-
noma patients significantly reduced FOXP3" Treg cells in the tumor
tissues particularly in clinical responders (29). In addition, a recent
report has shown that, among melanoma patients with high tumor
mutation burden, those genetically having a high-affinity variant of
FcyRIIIa with enhanced ADCC (V158 variant, as opposed to the
F158 low-affinity variant) showed significantly better clinical re-
sponses to ipilimumab treatment and better overall survival (27).
This finding supports the notion that anti-CTLA-4 mAb with better
Treg depletion activity may be more effective than ipilimumab in
cancer immunotherapy. It is thus likely that ART-Fc anti-CTLA-
4 mADb, which possesses a high affinity for V158 variant (Kp = 3.7 X
1071 M, compared with 3.1 x 10~ M for ipilimumab or IgG1), may
have a better clinical efficacy in cancer immunotherapy via depleting
Treg cells. Taken together, these findings in humans and mice in-
dicate that high-ADCC/ADCP anti-CTLA-4 mAb can be effective
in evoking and enhancing tumor immunity via depleting Treg cells.

A key feature of CTLA-4 expression is that it is mostly located
in intracellular vesicles (~90%) and T cell receptor stimulation
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promotes trafficking of CTLA-4 to the cell surface (30-32). Our
CyTOF analysis showed that eTreg cells in the PBMCs and
melanoma tissues are the predominant cluster of cells expressing
high amounts of CTLA-4 in total: that is, intracellular and sur-
face CTLA-4. The quantity of CTLA-4 expression on the cell
surface was also highest by TIL eTreg cells; and TIL CD8* Ty
and Tgy expressed higher levels compared with any of the cir-
culating T cell populations—including eTreg cells—in the PBMC.
Given their highly activated state of tumor-infiltrating eTreg and
CD8* T cells (e.g., CD69"E" by CyTOF analysis) (SI Appendix,
Fig. S14), these cells apparently increased the amount and ratio
of CTLA-4 retained at the cell surface upon stimulation. Al-
though the precise mechanism regulating cell surface expression
of CTLA-4 by its cytoplasmic tail is not fully understood, the
quantity of cell surface CTLA-4 and the kinetics of its expression
are key determinants of the efficacy in killing CTLA-4—expressing
cells by high-ADCC anti-CTLA-4 mAb.

Treg cells and CD8* CTLs are different at the levels and in the
kinetics of CTLA-4 expression. High-ADCC anti-CTLA-4 mAb
can therefore achieve predominant depletion of Treg cells
without much affecting CD8" T cells when the level of cell
surface CTLA-4 expressed on Treg cells is higher than that of
CD8" T cells. Indeed, in human melanoma tissues, surface
CTLA-4 expression was highest on Fr. II eTreg cells, followed by
Fr. III non-Treg cells, Tgyy CD8*, and Ty CD8' T cells.
However, antigen stimulation expands antigen-specific CD8"
T cells expressing CTLA-4, rendering them a target of anti-
CTLA-4 mAb. This was evident in our simultaneous treatment
of ART-Fc anti-CTLA-4 mADb and peptide stimulation, which
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Fig. 5. Ag-specific CD8"'T cell responses induced in tumor-bearing mice by pretreatment with ADCC/ADCP-enhanced anti—-CTLA-4 mAb. (A-G) TILs from Fig. 4
were analyzed 19 d after tumor implantation (n = 4-6 per group). The number of infiltrated T cells per gram of tumor (A). CD8/Treg cell ratio (B). Frequency of
Foxp3*Treg cells among CD4* T cells (C). Representative plots of IL-2* IFN-y* CD8"* T cells (D). Cytokine production was measured by restimulating TILs with
ESO-1g1_gg peptides in vitro for 5 h. Summary of Tet* CD8" T cells in the tumor, and IL-2" IFN-y* CD8" T cells in D after the restimulation (E). Representative
plots (F) and summary (G) of CD44 and CD62L expressions by NY-ESO-1-Tet* CD8* T cells in the tumor of each treatment groups. Data were obtained from
three independent experiments. P values between Naive or EM CD8" T cell subsets of each conditions. Means + SEM. *P < 0.05, P <0.05 **P<0.01, "'P <
0.01, and ***P < 0.001 by two-way ANOVA with Tukey’s multiple comparison test.

reduced both eTreg and antigen-specific CD8" T cells. One way
to circumvent this inconvenience is to combine high-ADCC anti—
CTLA-4 mAb treatment with delayed antigenic stimulation be-
cause Treg cells, especially human eTreg cells, are constitutively
expressing CTLA-4 but CD8* T cells express the molecule only
after antigenic stimulation. Indeed, 3-d delay in peptide vaccination
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in mice, or 5-d delay in peptide stimulation in human PBMC cul-
ture, following ART-Fc anti-CTLA-4 mAb treatment was effec-
tive in sparing antigen-specific CD8"* T cells from ADCC killing,
and augmented antitumor immunity. Similar findings were also
made with anti-CD25 IgG2a mAb (clone PC61) in mice: tumor
regression by pretreatment with the mAb 4 d before tumor cell
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inoculation while no tumor regression by the mAb treatment on
the same day or after the tumor inoculation (33). In agreement
with these results, simultaneous treatment of ipilimumab and gp100
peptide vaccine in patients with metastatic melanoma showed slight
reductions in overall survival compared with ipilimumab alone,
suggesting that melanoma-antigen specific CD8* T cells with ele-
vated CTLA-4 expression might have been concurrently targeted
and reduced by ipilimumab in these patients (17, 34). Furthermore,
because the presence of ART-Fc was required for only a few days
before vaccination to enhance tumor immunity, the duration and
the amount of ipilimumab could be reduced in cancer immuno-
therapy to lessen its immune-related adverse events. Collectively,
these results demonstrate critical importance of designing an im-
munologically rational sequence of treatments: that is, Treg de-
pletion before tumor-antigen stimulation.

In conclusion, because CTLA-4—expressing terminally differ-
entiated eTreg cells abundantly infiltrate into a variety of tumors,
it is necessary to first reduce them from the tumor environment
to make the current cancer immunotherapy (such as activation of
effector T cells by immune checkpoint blockade or cancer anti-
gen vaccination) more effective. Our results not only highlight
the therapeutic potential of cell-depleting anti-CTLA-4 mAb for
Treg cell depletion but also help designing cancer immuno-
therapy with other cell-depleting mAbs targeting other mole-
cules, such as CD25, GITR, and OX40, which can be commonly
expressed, but at different expression levels or with different
kinetics, by both Treg and effector T cells.

Materials and Methods

Donor Samples. Peripheral blood samples were obtained from healthy in-
dividuals or patients with stage Il to IV melanoma. PBMCs were isolated by
density gradient with Ficoll-Paque (GE Healthcare). TILs were obtained
from resected melanoma tissues. Tumor was minced, and single-cell sus-
pensions generated after gentleMACS dissociation (Miltenyi) were prepared
by filtering through a 40-um cell strainer. All donors provided written in-
formed consent before sampling according to the Declaration of Helsinki.
The present study was approved by the Institutional Review Board of
Osaka University.

CyTOF Analysis. TILs and splenocytes from tumor-bearing mice were enriched
for CD3™" cells and stained with 198-cisplatin for dead cell discrimination and
a panel of antibodies including the following metal-conjugated antibodies:
172Yb-CD4 (RM4-5), 168Er-CD8 (53-6.7), 164Dy-CTLA-4 (UC-10), 158Gd-
FOXP3 (FJK-16s). For human PBMCs and TILs, cell suspensions were bar-
coded by anti-CD45 antibodies with various metal-conjugates, as described
previously (35), before staining with 198-cisplatin for dead cell discrimina-
tion and then antibody staining with the following panel. Metal-conjugated
antibodies were obtained from Fluidigm or Maxpar Antibody Labeling kit
(Fluidigm) was used according to the manufacturer’s instructions to conju-
gate purified antibodies: 89Y-CD45 (clone: HI30; Fluidigm), 115In-CD45
(HI30; Biolegend), 175Yb-CD45 (HI30; Biolegend) antibodies were used for
barcoding different samples; CLA-FITC (HECA-452; BD), CCR8-PE (L263GS;
Biolegend), CXCR5-Biotin (RF8B2; BD), eVolve 605 (114 Cd)-CD8a (RPA-TS;
eBioscience), 139La-CD123 (6H6; Biolegend), 141Pr-CCR6 (11A9; Fluidigm),
142Nd-CD14 (M5E2; Biolegend), 144Nd-FITC (CLA) (FIT22; Fluidigm), 145Nd-
CD4 (RPA-T4; Fluidigm), 1485m-CD20 (2H7; Biolegend), 149Sm-CCR4 (205410;
Fluidigm), 150Nd-SAV (CXCRS5) (1D4-C5; Fluidigm), 151Eu-ICOS (C398.4A; Flu-
idigm), 152Sm-CD69 (FN50; Biolegend), 153Eu-CD45RA (HI100; Fluidigm),
154Sm-CD3 (UCHT1; Fluidigm), 155Gd-CD197 (CCR7) (150503; R&D Systems),
156Gd-anti-PE (CCR8) (PE001; Fluidigm), 158Gd-CD27 (L128; Fluidigm), 159Tb-
CD19 (HIB19; Biolegend), 160Gd-CD39 (A1; Fluidigm), 163Dy-CXCR3 (G025H7;
Fluidigm), 164Dy-CD95 (DX2; Fluidigm), 165H0-CD45RO (UCHL1; Fluidigm),
166Er-CD279 (PD-1) (EH12.2H7; Biolegend), 167Er-PDL1 (29E.2A3; Biolegend),
169Tm-CD25 (IL-2R) (2A3; Fluidigm), 171Yb-CD11c (3.9; Biolegend), 172Yb-
CD38 (HIT2; Fluidigm), 173Yb-TIGIT (MBSA43; eBioscience), 174Yb-HLA-DR
(L243; Fluidigm), 176Yb-CD127 (IL-7R) (A019D5; Fluidigm), 209Bi-CD11b
(ICRF44; Fluidigm), 146Nd-Helios (22F6; Biolegend), 161Dy-CTLA-4 (14D3; Flu-
idigm), 162Dy-FOXP3 (236A/E7; eBioscience), and 168Er-K;-67 (K;-67; Fluidigm).
Human and mouse cells were fixed with eBioscience Foxp3/transcription factor
staining buffers (ThermoFisher) before intracellular staining. Stained cells were
then resuspended in 2% PFA with 191/193-iridium DNA intercalator (Fluidigm)
overnight then washed and resuspended in Maxpar water (Fluidigm) and EQ
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four-element beads (Fluidigm) immediately before the analysis with Helios
CyTOF system (Fluidigm). Normalized data were analyzed with Cytobank
Premium (https://Cytobank.org).

Stimulation of Antigen-Specific CD8* T Cells. Whole PBMCs from healthy indi-
viduals and melanoma patients were stimulated with 10 pM of short peptides
specific for HLA-A*0201 (Operon Biotechnology) for 8-9 d: Melan-Axs 35
(EAAGIGILTV), CMVy95-503 (NLVPMVATV), Flusgee (GILGFVFTL), or NY-ESO-
1157-165 (SLLMWITQC) (12, 22). To determine the effect of anti-CTLA-4 mAb
with various ADCC, one of the following mAbs was added to the culture at
1 pg/mL (unless otherwise indicated) on the same day or 5 d before antigen
stimulation: ADCC-enhanced anti-human-CTLA-4 1gG1 (MDX-010-ART-Fc),
conventional unmodified anti-CTLA-4 1gG1 (MDX-010-IgG1), or silent-Fc
anti-CTLA-4 1gG1 antibodies (MDX-010-silent-Fc): All mAbs were kindly pro-
vided by Chugai Pharmaceutical. One-half of the medium was replaced with
fresh medium containing 10 U/mL IL-2 and 40 ng/mL IL-7 every 3 d.

Lactate Dehydrogenase-Release Assay with Human CTLA-4-Expressing CHO
Cells. Lactate dehydrogenase (LDH)-release assay was performed to de-
termine the ADCC activity in PBMCs. The CHO DG44-hCTLA4 cells (from
Chugai Pharmaceutical) were seeded onto 96-well round-bottom plates (1 x
10* cells per well), and incubated with various concentrations of mAbs for
15 min. PBMCs obtained from healthy donors were then added to the cul-
ture at an effector-to-target (E'T) ratio of 50:1. Cells were incubated at 37 °C,
5% CO, for 6 or 24 h, 100pL of the supernatant from each well was collected
and absorbance of 492 nm and 630 nm was measured using Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek Instruments). LDH release was consid-
ered to be at maximum after incubation of the cells in 1% Nonidet P-40
solution. The cytotoxicity (%) was determined from the formula; (A — CUB — C) x
100, where A, B, and C represent LDH release of each experiment, maximum
LDH release, and background LDH release, respectively. All experiments were
performed in duplicate.

ADCC Assay with Freshly Isolated Human PBMC. PBMCs from healthy donors
were FACS sorted for each fractions of T and Treg cells were prelabeled with
CellTrace Violet (CTV; ThermoFisher), and cultured with non-T cells, as ef-
fector cells, at 1:50 target-to-effector ratio. Next, 1 pg/mL of indicated anti-—
CTLA-4 mAb was added to 10% human AB serum containing RPMI-
1640 medium with 5 IU/mL IL-2. After 24-h culture at 37 °C, frequency of
dead cells, indicated by LIVE/DEAD fixable staining (ThermoFisher), among
CTV* cells were assessed by FACS.

Murine Tumor Experiments. Six- to 7-wk-old BALB/c mice were purchased from
CLEA Japan, and maintained under specific pathogen-free conditions. Mice
were subcutaneously challenged with 2 x 10° CMS5a-NY-ESO-1. Nine days
after the tumor implantation, mice received 100 pg of anti-mouse-CTLA-
4 mAb (UC-10 clone; mlgG2a, mEnhanced, or mSilent, from Chugai Phar-
maceutical) intravenously. mEnhanced variant (mFa55 mlgG2a variant) was
generated by $239D mutation in the CH2 domain, and shows improved
binding affinity to mouse FcyRIV by approximately sevenfold compared with
wild-type mlgG2a. Mice were treated with vaccination of 100 pg of ESO-1g1_gg
peptides (Operon Biotechnology) mixed with 200 pL of CFA/PBS (1:1 ratio)
either on the same day (day 9, concurrent treatment) or 3 d later (day 12, Ab
pretreatment) subcutaneously. Tumor size was measured every 3-4 d. Exper-
iments were approved by the Institutional Review Board and conducted in
compliance with Osaka University regulations.

Flow Cytometry. As described previously (12, 23), in vitro generated antigen-
specific CD8" T cells were stained with PE-labeled Melan-A, CMV, or Flu
tetramer (TC Matrix) or PE-labeled NY-ESO-1 tetramer (MBL) for 10 min at
37 °C, and then stained with various surface mAbs. For the staining of surface
CTLA-4 in this study, biotinylated-anti-human CD152 antibody (clone BNI3; BD
Biosciences) was used at 4 °C for 15 min with other antibodies against surface
molecules. After washing, we added APC-streptavidin (Biolegend) also at 4 °C
for 15 min to avoid staining of CTLA-4 molecules externalized to the sur-
face after extended staining condition at 37 °C. These staining procedures
were performed before fixation and permeabilization, as described in our
previous study (24). Intracellular staining of FOXP3 was performed using
FOXP3 Transcription Factor Staining Buffer set (eBioscience). Following
antibodies with indicated fluorescent labels were used for staining human
cells: PerCP/Cy5.5-CCR7 (150503; BD Biosciences), FITC-CD45RA (HI100; BD
Biosciences), biotin—-CTLA-4 (BNI3; BD Biosciences), APC-Streptavidin (BioLegend),
V500-CD8 (RPA-T8; BD Biosciences), BrilliantViolet711-CD3 (OKT3; Biolegned),
AlexaFluor700-CD4 (RPA-T4; eBioscience), FITC-Lineage mixture (BD Biosciences),
PerCP/Cy5.5-CD11c (3.9; BioLegend), APC-HLA-DR (LN3; eBioscience), PE-CD86
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(IT2.2; eBioscience), AlexaFluor700-CD80 (L307.4; BD Biosciences), PE-FOXP3
(236A/E7; eBioscience), and fixable viability dye eFluor780 (eBioscience).
Following antibodies were used to stain mouse cells: V500-CD8 (53-6.7; BD
Biosciences), PE-Cy7-CD3e (145-2C11; eBioscience), eFluor450-CD4 (RM4-5;
eBioscience), APC-CD25 (PC61.5; eBioscience), PE-FOXP3 (FJK-16s; eBioscience),
FITC-IFN-y (XMG1.2; BD Biosciences), AlexaFluor647-IL-2 (JES6-5H4; eBiosciences)
and fixable viability dye eFluor780 (eBioscience). Antigen-specific TIL CD8* T cells
from mice were stained with PE-labeled, H-2D%restricted ESO-1g;_gs tetramer
(TC Matrix), as described above. To measure cytokine production from CD8*
T cells, mouse TILs were restimulated for 5 h at 37 °C in the presence of
10 pM of the same ESO-1g1_gg peptides used for vaccination with GolgiPlug
(BD Bioscience). Fixation and permeabilization were performed with the
Cytofix/Cytoperm buffer set (BD Bioscience). Cells were acquired with LSR
Fortessa (BD Bioscience), and analyzed using FlowJo v9.9.5 software.

Statistical Analysis. Two-tailed paired t test was used to evaluate significance
between two groups. One-way or two-way ANOVA with post hoc Tukey’s
honest significant difference (HSD) test was used for comparing multiple
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