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CCR8-targeted specific depletion of clonally
expanded Treg cells in tumor tissues evokes potent
tumor immunity with long-lasting memory
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Foxp3-expressing CD25*CD4* regulatory T cells (Tregs) are abun-
dant in tumor tissues. Here, hypothesizing that tumor Tregs would
clonally expand after they are activated by tumor-associated anti-
gens to suppress antitumor immune responses, we performed
single-cell analysis on tumor Tregs to characterize them by T cell
receptor clonotype and gene-expression profiles. We found that
multiclonal Tregs present in tumor tissues predominantly
expressed the chemokine receptor CCR8. In mice and humans,
CCR8* Tregs constituted 30 to 80% of tumor Tregs in various can-
cers and less than 10% of Tregs in other tissues, whereas most
tumor-infiltrating conventional T cells (Tconvs) were CCR8™. CCR8"
tumor Tregs were highly differentiated and functionally stable.
Administration of cell-depleting anti-CCR8 monoclonal antibodies
(mAbs) indeed selectively eliminated multiclonal tumor Tregs,
leading to cure of established tumors in mice. The treatment
resulted in the expansion of CD8" effector Tconvs, including tumor
antigen-specific ones, that were more activated and less
exhausted than those induced by PD-1 immune checkpoint block-
ade. Anti-CCR8 mAb treatment also evoked strong secondary
immune responses against the same tumor cell line inoculated sev-
eral months after tumor eradication, indicating that elimination of
tumor-reactive multiclonal Tregs was sufficient to induce memory-
type tumor-specific effector Tconvs. Despite induction of such
potent tumor immunity, anti-CCR8 mAb treatment elicited minimal
autoimmunity in mice, contrasting with systemic Treg depletion,
which eradicated tumors but induced severe autoimmune disease.
Thus, specific removal of clonally expanding Tregs in tumor tissues
for a limited period by cell-depleting anti-CCR8 mAb treatment can
generate potent tumor immunity with long-lasting memory and
without deleterious autoimmunity.
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Foxp3-expressing regulatory T cells (Tregs), which engage in
the maintenance of immune self-tolerance and homeostasis,
are abundant in tumor tissues where they hinder antitumor
immune responses in cancer patients (1). Depletion of Tregs
indeed evokes and enhances effective tumor immunity with
potent tumor-specific recall responses in experimental animals
(2-4), while systemic Treg removal elicits autoimmunity and
immunopathology in otherwise normal animals (5, 6). Efforts
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have been made, therefore, to devise novel ways for specifically
reducing the number or the function of only Tregs that suppress
antitumor immune responses but not Tregs responsible for
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Immunosuppressive Foxp3-expressing regulatory T cells (Tregs)
in tumor tissues are assumed to be clonally expanding via rec-
ognizing tumor-associated antigens. By single-cell RNA sequenc-
ing, we have searched for the molecules that are specifically
expressed by such multiclonal tumor Tregs, but not by tumor-
infiltrating effector T cells or natural Tregs in other tissues. The
search revealed the chemokine receptor CCR8 as a candidate.
Treatment of tumor-bearing mice with cell-depleting anti-CCR8
antibody indeed selectively removed multiclonal tumor Tregs
without affecting effector T cells or tissue Tregs, eradicating
established tumors with induction of potent tumor-specific
effector/memory T cells and without activating autoimmune T
cells. Thus, specific depletion of clonally expanding tumor Tregs
is clinically instrumental for evoking effective tumor immunity
without autoimmune adverse effects.
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sustaining immune self-tolerance and homeostasis in other tis-
sues, and at the same time, for preserving conventional T cells
(Tconvs) attacking tumor cells (7). An inherent difficulty, how-
ever, for achieving this differential control of tumor-reactive
Tregs vs. Tconvs is that a majority of Treg-expressed cell-surface
molecules are commonly expressed by activated Tconvs as well.
For example, systemic administration of cell-depleting mono-
clonal antibodies (mAbs) specific for Treg-expressed cell sur-
face molecules (e.g., CD25 and CTLA-4) is effective in evoking
tumor immunity; however, such treatments require adjustments
of the dosage, timing of administration, and treatment period
to selectively reduce Tregs but not Tconvs (2, 3, 7-9). Further-
more, such Treg-targeting cancer immunotherapies occasionally
cause autoimmunity and immunopathology as adverse effects
(5, 10-12). In order to establish more potent and safer cancer
immunotherapy targeting Tregs, it is therefore imperative to
discover the molecules that are expressed by tumor-infiltrating
Tregs more discriminatively from tumor-reactive effector
Teonvs and also from naturally occurring Tregs in other tissues.

Naturally occurring Foxp3™ Tregs, the majority of which are
produced by the thymus as a functionally distinct T cell subpopu-
lation, are adaptive in their T cell receptor (TCR) repertoire,
migration, and functional differentiation, depending on the mode
and intensity of antigenic stimulation and the type of inflamma-
tion (13-17). In tumor tissues, a predominant subpopulation of
Foxp3* Tregs, whether thymus-derived or peripherally induced,
are effector Tregs, which are phenotypically differentiated and
activated (e.g., CD25"e" CTLA-4"#" and CD45RA1"W), possess-
ing enhanced Treg-specific epigenetic alterations (e.g., Treg-
specific DNA hypomethylation), and exerting potent suppressive
activity (1, 14, 18-20). Effector Tregs in the peripheral blood of
healthy individuals contain an actively proliferating population,
presumably recognizing antigens derived from self-constituents
and commensal microbes (14, 21-23). A population of effector
Tregs is also in a proliferative state in the tumor microenviron-
ment; and the presence of a high proportion of proliferating Tregs
in tumor tissues is indicative of poor prognosis in cancer patients
(18, 24, 25). Moreover, Tregs in the peripheral blood of healthy
individuals appear to be able to recognize tumor-associated anti-
gens, including mutated quasi-self-antigens and antigenically nor-
mal self-antigens abnormally or excessively expressed by tumor
cells (23, 26, 27). These findings, when taken together, suggest
that effector Tregs reactive to tumor-associated antigens would be
clonally expanding in tumor tissues and predominantly suppress-
ing antitumor immune responses, and that selective depletion of
such multiclonal tumor Tregs would be able to provoke effective
tumor immunity.

In this report, we have attempted in mice and humans to
characterize clonally expanding tumor-infiltrating Tregs by
assessing TCR clonotype at the single-cell level, and to search
for the molecules that are specifically expressed by such multi-
clonal tumor Tregs, but not by tumor-reactive CD4" and CD8*
effector Tconvs in tumor tissues or by natural Tregs in other tis-
sues. Our study has revealed the chemokine receptor CCRS8 as
a candidate molecule common in mice and humans. Depletion
of CCR8" T cells in mice by cell-depleting anti-CCR8 mAb
indeed diminished multiclonal Tregs specifically in tumor tis-
sues and was able to evoke and enhance antitumor immune
responses with potent tumor-specific recall responses, without
eliciting deleterious autoimmunity or immunopathology.

Results

Identification of Specific Markers for Clonally Expanding Tumor-
Infiltrating Tregs. To search for the molecules that were specifi-
cally expressed by clonally expanding Tregs in tumor tissues,
but not by tumor-infiltrating Tconvs or natural Tregs in other
tissues, we first examined at the single-cell level the TCR
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repertoire and the gene-expression profile of CD3* T cells infil-
trating into CT26 colon carcinoma transplanted in syngeneic
BALB/c mice. Tregs defined by the expression of the Treg-
associated genes, such as Foxp3, detected by single-cell RNA
sequencing (RNA-seq) with UMAP dimensional reduction and
Leiden grouping (Fig. 14), were divided into two populations,
expanded or nonexpanded, according to TCR clonotype size
(i.e., one group in which more than two Tregs commonly
expressed a particular TCR clonotype, and the other in which
every Treg expressed a nonreplicated unique TCR). Compari-
son of the gene-expression profiles of the two Treg populations
identified 27 genes—such as Tigit, Lag3, Klrgl, and
Ccr8—which were predominantly up-regulated in clonally
expanding Tregs (Fig. 14 and SI Appendix, Fig. S1). Among the
27 genes, further comparisons between tumor-infiltrating Tregs
versus splenic Tregs in mice, and between tumor-infiltrating
Tregs versus effector Tregs of the peripheral blood in humans
(SI Appendix, Fig. S1), revealed only one gene, CCRS, which
was commonly expressed by mouse multiclonal tumor Tregs
and human tumor Tregs but not by mouse or human tumor
Teonvs. Compared with CCR8™ tumor Tregs, CCR8" tumor
Tregs indeed showed highly biased and expanded V-J usages in
both TCRa and TCRp chains, confirming their clonal expan-
sion in tumor tissues (Fig. 1B). For example, predominant Treg
clones constituting >1% of each fraction were higher in per-
centage among the CCR8' tumor Treg fraction compared to
the CCR8™ Treg fraction (28.2% vs. 3.7% for TCRa; 33.4% vs.
1.5% for TCRp). At the protein level assessed by flow cytome-
try, ~60% of Foxp3™ cells, especially Foxp3"e" cells, expressed
CCRS in CT26 tumors, contrasting with ~15% and ~10% in
tumor-draining and distal lymph nodes (LNs), respectively,
while only a small number of Foxp3 CD4* Tconvs expressed
the molecule in tumor tissues and LNs (Fig. 1C). Like CCR8*
tumor Tregs, CCR8" Tregs in LNs, especially in the draining
LNs (DLNs), showed a clonal expansion (SI Appendix, Fig. S2).
The ratios of CCR8" cells among tumor-infiltrating Foxp3*
cells were variable depending on tumors: for example, ~60% in
CT26 colon cancer and EMT6 breast cancer, ~30% in Renca
renal cancer (Fig. 1C).

Compared with CCR8™ Tregs, CCR8" Tregs in tumor tissues
and the DLNs were higher in the expression of various Treg-
associated molecules (e.g., GITR, CD25, CD39, and Granzyme
B), various chemokine receptors (e.g., CX3CR1 and CCRS),
the transcription factor T-bet, and the decoy cytokine receptor
interleukin (IL)-1R2 (SI Appendix, Fig. S3 A and B), as also
shown at the mRNA level (SI Appendix, Fig. S3C). A majority
of CCR8* tumor Tregs were intermediate in Ki67 expression,
while CCR8™ tumor Tregs contained both Ki67"" and Ki67""
populations, showing little correlation between Ki67 and CCRS8
expression.

Taken together, clonally expanding effector Tregs in tumor
tissues specifically and highly express CCRS, contrasting with a
limited expression by tumor-infiltrating Tconvs or natural Tregs
in other tissues. With higher expression of various Treg-
function-associated molecules than CCR8™ tumor Tregs,
CCRS8* Tregs appear to be more activated and terminally
differentiated.

CCR8 Expression by Tumor-Infiltrating Tregs in Humans. We next
examined CCRS8 expression in tumor-infiltrating T cells in
humans by single-cell and bulk RNA-seq. A comparison
between CD3" T cells infiltrating into a kidney cancer (clear
cell carcinoma) tissue and those in the peripheral blood of a
healthy donor revealed that tumor Tiegs predominantly
expressed CCRS while both tumor Tconvs and natural Tregs in
healthy donor peripheral blood scarcely expressed the molecule
(Fig. 24 and SI Appendix, Fig. S44). These CCR8" tumor Tregs
highly expressed Treg-associated molecules, such as CD25 and
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CTLA-4, at the mRNA and protein levels (Fig. 24 and S/
Appendix, Fig. S4 B, C, and E). Other cancers, including squa-
mous nonsmall cell lung cancer, colorectal cancer, ovarian can-
cer (clear cell carcinoma), and bladder cancer similarly
expressed CCRS only in Tregs, but not in Tconvs in tumor tis-
sues (SI Appendix, Fig. S4D). The frequency of CCR8" cells
among Tregs were variable, but consistently much higher than
among Tconvs in these cancer tissues (Fig. 2B). Gene-
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multiple comparisons test). Vertical bars:
means + SD.

Renca-bearing mice

expression profiling of fractionated CD4* T cells in the periph-
eral blood and tumors confirmed the differential expression of
CCRS in tumor versus circulating Tregs, and higher expression
of Treg-associated molecules by the former, in individual
patients (Fig. 2C and SI Appendix, Fig. S5). In addition, the
assessment of CpG methylation status of the FOXP3 CNS2
(FOXP3 mammalian conserved noncoding sequence 2) region,
which is linked to functional differentiation and stability of
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Tregs (i.e., demethylated in Tregs and methylated in Tconvs),
revealed that CD25"CCR8" Tregs were predominantly deme-
thylated among CD25" tumor Tregs, indicating their functional
stability and terminally differentiated state (14, 28) (Fig. 2D).
Similar to the gene-expression profiles of CCR8* tumor
Tregs, flow cytometric analysis revealed that the CCRS protein
was expressed by ~80% of tumor FOXP3*CD4" T cells in kid-
ney cancer (Fig. 2F), ~40% of gastric cancer, and ~80% of
bladder cancer, melanoma, and colorectal cancer (SI Appendix,
Fig. S64). Tumor-infiltrating FOXP3"CD4* and CD8"* Tconvs
scarcely expressed the molecule in these cancers except colorec-
tal cancer, in which ~30% of CD4* and CD8" tumor Tconvs
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expressed CCR8 and these CCR8* Tconvs abundantly pos-
sessed activation-related molecules (SI Appendix, Fig. S6B).

To address whether CCR8" Tregs were clonally expanding
in human tumors as well, we reanalyzed publicly available
data of TCR sequencing and single-cell RNA-seq of T cells
infiltrating into breast, lung, endometrial, colorectal, and
kidney cancers (29, 30), as we analyzed mouse CCR8" Tregs
in Fig. 14. The frequency of CCR8" cells was indeed higher
among Tregs compared with CD8* or CD4* Tconvs (SI
Appendix, Fig. S7 A, C, and D), with significant up-regulation
of CCRS8 expression in clonally expanded tumor Tregs (S/
Appendix, Fig. S7 B, E, and F).
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Thus, differentiated, functionally stable, and clonally expand-
ing Tregs are highly enriched in the CCR8" cell population in
human tumor tissues. In addition, CCR8 expression is limited
to Tregs among various human lymphoid and nonlymphoid tis-
sues (SI Appendix, Fig. S84), with a high Gini index (SI
Appendix, Fig. S8B). CCRS itself does not appear to affect vital
cellular functions as assessed by loss of function intolerance
score (31) (SI Appendix, Fig. S8C). These results collectively
indicate that CCRS8 can be a suitable candidate molecule for
specifically targeting tumor-infiltrating Tregs to enhance tumor
immunity.

Tumor Eradication by Depleting CCR8" Tregs in Mice. The above
results prompted us to examine the effects of the depletion of
CCRS8™" cells or the blockade of CCR8 molecules on antitumor
immune responses by treating tumor-bearing mice with anti-
CCRS8 mADbD (clone SA214G2) of rat IgG2b isotype, which pos-
sessed both antibody-dependent cellular cytotoxicity (ADCC)
and blocking activity. Intravenous anti-CCR8 mAb treatment 5
d after subcutaneous inoculation of CT26 colon carcinoma or
EMT6 breast carcinoma cells, or twice (days 5 and 12) treat-
ments of mice inoculated with Renca renal carcinoma cells,
resulted in profound inhibition of tumor growth with complete
tumor eradication in more than half of the treated mice
(Fig. 34).

To determine then whether antitumor effects were mainly
due to functional inhibition of the CCR8 molecules or deple-
tion of CCR8" Tregs, we modified the SA214G2 anti-CCR8
mAb to lack ADCC activity by incorporating L234A, L235A,
and P329G substitutions in the Fc portion (32). This anti-
CCR8 AADCC mAb did not exhibit ADCC activity on CCR8-
overexpressing RAMOS cells when cocultured with natural
killer cells, while it showed an in vitro blocking activity mea-
sured as impaired p-arrestin recruitment in CCRS-
overexpressing HEK293T cells (Fig. 3B). CCR8™ cell depletion
by the ADCC-intact anti-CCR8 mAb reduced intratumor
Foxp3* cells to less than one-third of those in nontreated con-
trol tumors for at least 1 wk (beyond the first week the shrink-
ing tumors contained too small a number of T cells to analyze).
In contrast, AADCC mAb treatment of CT26-bearing mice at
the same dose failed to reduce Foxp3* cells in the tumor tissues
(Fig. 3C), and showed only a weak antitumor activity; for exam-
ple, eradication rates of the AADCC and the original mAbs
were 13% and 75%, respectively (Fig. 3D).

We also comparatively assessed antitumor effects of cell-
depleting anti-CCRS8 and blocking anti—-PD-1 mAbs because the
latter could simultaneously expand Tregs and augment their sup-
pressive activity while activating effector Tconvs (24, 25), and
because low expression of CCRS in tumor tissues is significantly
correlated with better prognosis in anti-PD-1 mAb (Nivolumab)-
treated cancer patients (SI Appendix, Fig. S9). We inoculated
CT26 tumor cells into (BALB/c x C57BL/6) F1 mice, which were
less able than BALB/c mice to eradicate CT26 and therefore suit-
able for long-term comparison of antitumor effects of the mAbs.
The majority (~90%) of tumor-infiltrating Foxp3™ cells were PD-
1* and ~60% of them expressed CCRS, while ~60% of tumor
CD4" or CD8" Teonvs were PD-1" (Fig. 3E). Compared with
anti-PD-1 or anti-CCR8 mAb alone, the combination of anti-
CCRS8 and anti-PD-1 mAbs exhibited a significant synergistic
effect in inhibiting tumor growth (Fig. 3F). The combinatory
treatment as well as anti-CCR8 monotherapy decreased the fre-
quency of total Tregs in tumor tissues to less than one-third of the
frequency in control or anti-PD-1-treated mice, despite an
increase in the ratio of Ki67* cells among the residual Tregs in
LNs and DLNs of the mice with the combinatory treatment (SI
Appendix, Fig. S10).

Collectively, Treg depletion by anti-CCR8 mAb with a high
ADCC activity, rather than functional blockade of CCRS, was
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able to induce antitumor immune responses potent enough to
eradicate various tumors despite their variable degrees of
CCR8* Treg infiltration (Fig. 1C). In addition, anti-
CCR8-mediated Treg depletion could minimize the plausible
Treg-stimulatory effect of PD-1 blockade (24, 25), thereby aug-
ment the anti-PD-1-dependent antitumor immune responses.

CCR8* Treg Depletion Does not Accompany Deleterious Autoimmunity.
In order to determine then whether depletion of CCR8" Tregs
would evoke autoimmune inflammation in addition to effective
tumor immunity as described above, we immunologically and
pathologically examined the mice subjected to anti-CCR8-
dependent selective Treg depletion or systemic depletion of
whole Tregs. In Foxp3”™ (FDG) mice, in which human diphthe-
ria toxin (DT) receptor was expressed under the control of Foxp3
promoter (6), DT treatment for a limited period (twice on
days 5 and 7 after tumor cell inoculation) completely depleted
Foxp3™ Tregs in the peripheral blood, LNs, spleen, and
tumors (Fig. 44), resulting in eradication of tumors (Fig. 4B).
However, the mice developed splenomegaly and lymphade-
nopathy (Fig. 4C), significantly high titers of autoantibody
against gastric parietal cells (as a marker of organ-specific
autoimmunity) and anti-dsDNA autoantibody (as a marker of
systemic autoimmunity) (5) (Fig. 4D). The mice also suc-
cumbed to massive infiltration of mononuclear cells and
destruction of cells/tissues in various organs, including the
stomach (Fig. 4E and SI Appendix, Fig. S11 B and C). In con-
trast with such systemic Treg depletion, mice treated once
with anti-CCR8 mAb on day 5 showed no significant reduc-
tion of Tregs in DLNs, the spleen, or the blood, except in
tumor tissues where whole Tregs and CCR8" Tregs were sig-
nificantly reduced to one-third of control mice. They did not
develop histologically evident tissue inflammations, spleno-
megaly, lymphadenopathy, or circulating autoantibodies (Fig.
4 and SI Appendix, Fig. S11).

We also assessed CCRS expression by autoimmune effector
T cells in mouse models of autoimmune disease. In SKG mice
that spontaneously develop autoimmune arthritis (33), ~40%
and ~10% of Tregs and Tconvs, respectively, expressed CCRS8
in the afflicted joints but not in LNs (SI Appendix, Fig. S124).
In mouse experimental allergic encephalitis, ~15% of brain/spi-
nal cord-infiltrating Tregs but few Tconvs expressed CCRS8 (S
Appendix, Fig. S12B).

Thus, anti-CCR8 mAb treatment, which selectively reduced
Tregs in the tumor but not in other lymphoid tissues, did not
evoke histologically and serologically evident autoimmunity or
immunopathology in normal mice. It needs to be determined,
however, whether the treatment might exacerbate ongoing
autoimmune responses in certain autoimmune diseases by
depleting CCR8" Tregs in autoimmune tissue lesions.

Anti-CCR8 Antibody Treatment Alters the Composition of Tumor-
Infiltrating Treg and Tconv Subpopulations. Next, we assessed, by
single-cell RNA-seq analysis, gene-expression profiles of Tregs
and Tconvs infiltrating into tumors on days 12 and 16 after
treatment with anti-CCRS, anti-PD-1, or control mAb on day 9
(Fig. 54). Anti-CCRS and anti-PD-1 mAbs were administered
at 50 and 200 pg, respectively, so as to have all groups bearing
similar tumor sizes on day 12 after tumor inoculation (Fig. 5B).
In the merged UMAP plot of the three groups on day 12 (Fig.
5C), the Treg population was composed of Leiden-group (L-
group) 2, 8 (both at G1 cell cycle), and 16 (at G2M/S cell cycle)
as judged by the expression of Foxp3, II2ra, Ikzf2, Cd4, and cell
cycle-related genes (Fig. 5C and SI Appendix, Fig. S13B). At
this time point, the anti-CCR8-treated group showed a reduc-
tion of L-group 2 Tregs, but retained L-group 8 and 16 Tregs
(Fig. 5C and SI Appendix, Fig. S13 A and C). L-group 2 showed
higher expression of Treg-activation—-associated genes, such as
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12ra, Gzmb, Maf, and Tnfrsf4 (SI Appendix, Fig. S13B). Gene
set enrichment analysis (GSEA) of L-group 2 vs. 8 revealed a
significantly high enrichment of Treg vs. Tconv UP set in
L-group 2 (34) (Fig. 5C). Consistently, Treg-function—associated
genes (e.g., Icos, 112ra, Gzmb, Tnfisf4, and Ikzf2) were down-
regulated in the Treg population (L-group 2, 8, and 16) of the
anti-CCR8-treated group (SI Appendix, Fig. S13D). These
results indicated that a highly suppressive Treg population
(L-group 2) was selectively depleted in the anti-CCR8-treated
group. In Tconvs, exhaustion marker-negative (Lag3"",
PdcdI"™, Haver2Y) CD4% (L-group 6 and 7) and CD8*
(L-group 3) Tconvs were dominant in the anti-CCR8-treated
group compared to the anti-PD-1- and the control-treated
groups at this early time point (Fig. 5C and SI Appendix, Fig.
S13 A and B).
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On day 16 when the three groups had different tumor vol-
umes (Fig. 5B), the Treg population (L-group 3) did not differ
among the groups (Fig. 5D and SI Appendix, Fig. S13E). In
contrast, among the CD8" Tconv subpopulations, the propor-
tion of L-group 5 with high expression of 7ox, an exhaustion
marker, was decreased while Tox'°™ L-group 0 and 4 increased
in the anti-CCR8-treated group compared with other two
groups (Fig. 5D and SI Appendix, Fig. S13 E and F). GSEA of
L-group 0 vs. 5 showed a significantly high enrichment of the
secondary (effector) vs. quaternary (exhausted) CD8 T cell UP
set (35) in L-group 0 (Fig. 5D and SI Appendix, Fig. S13 E and
F). In addition, CD4" Tconvs in the anti-CCR8-treated group
showed a dominance of L-group 7, which highly expressed
Rora and Trfsf8 genes, and thus appeared to be effector type T
cells (Fig. 5D and SI Appendix, Fig. S13 E and F).
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Collectively, anti-CCR8 mAb treatment selectively depletes
a highly suppressive tumor Treg population for a limited
period, which is sufficient to promote differentiation of CD8*
Teonvs into effector/memory T cells and sustain them to attack
tumor cells without succumbing to exhaustion.

Functional Activation of Effector Tconvs and Dendritic Cells in
Tumor Tissues by Anti-CCR8 Antibody Treatment. With the appar-
ent expansion of effector/memory-type CD8" T cells in anti-
CCR8-treated CT26-bearing mice, we depleted CD8" T cells
before and during anti-CCR8 mAb treatment, and found that
the depletion significantly attenuated antitumor immunity, indi-
cating a key effector role of CD8" Tconvs (SI Appendix, Fig.
S14). Detection of effector CD8* T cells specific for the CT26-
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specific tumor antigen gp70 by MHC/gp70 tetramer staining
indeed revealed that anti-CCR8 mAb treatment significantly
increased gp70 tetramer*CD8" Tconvs with decreased TOX
expression when compared with control or anti-PD-1 treatment
(SI Appendix, Fig. S15 A and B). Among the gp70-specific
CD8" tumor Teonvs, the frequency of interferon-y/tumor
necrosis factor-a double producing cells was increased, with a
decrease of noncytokine producing cells, specifically by anti-
CCR8 mAb treatment (SI Appendix, Fig. S15C). CD4*Foxp3~
tumor Tconvs similarly produced these cytokines more abun-
dantly and were more proliferative (i.e., Ki67") after anti-
CCRS8 mAb treatment (SI Appendix, Fig. S15 D and E). In
addition, tumor-infiltrating CD11c™$"MHC class II"&" den-
dritic cells were significantly higher in CD80/CD86 expression

PNAS | 70f12
https://doi.org/10.1073/pnas.2114282119

IMMUNOLOGY AND
INFLAMMATION


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114282119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114282119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114282119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114282119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114282119/-/DCSupplemental

A Cont. Ab B 2000,
QZB-F:B -e- Cont. Ab
Tumor ¢ T 1500 - oPD-1
;,. £ -e- oCCR8
R J ] Data merged Y ns
- >
v o) ° £ 10001
> .] Data merged S
> Q@ <]
£ 500 *
Day 0 Day 9 Day 12 Day 16 =
0 T T T T !
0 5 10 15 20 25
Days
aCCR8 grou PD-1 grou Cont. Ab grou
C Day 12 g p_ " a group group .
Ce" t‘ 06 06 - 06
density 04 04 . ' 04
. 02 02 102
C 0 0 0.0
- d4 a0 . Fig. 5. Changes in cell composition and
25 2 function of tumor-infiltrating T cells after
Cell & 20 : =8 anti-CCR8 mADb treatment. (A) Experimental
markers E s 2 i design for single-cell RNA-seq of tumor-
‘“ ’ L infiltrating T cells isolated on day 12 or 16
B o from CT26-bearing mice treated with anti-
0 °

UMAP1

GSEA of
L-group 2 vs. 8

NES: 2.146
P<1.0x10*

oCCR8 group

Cell
density

Cell
markers

AP2

=
SRS

Treg vs. Tconv UP (GSE7852)

S
o
@
€
5]
£
<
o
c
w

aPD-1 group

e

00

CCR8, anti-PD-1, or control mAb on day 9.
Data from each sample at each time point
were merged for analysis. (B) A representa-
tive tumor growth in CT26-bearing mice
treated with the mAbs shown in A in two
independent experiments (n 6 each).
Data are presented as means with SD. ns, P
> 0.05; *P < 0.05 (Kruskal-Wallis test fol-
lowed by Dunn's multiple comparisons
test). (C) Single-cell analysis of tumor-
infiltrating T cells on day 12. Three treat-
ment groups were combined for analysis,
plotted by UMAP, and grouped by Leiden
(Upper Left). Cell density of each group
(Upper Right Top), marker gene expression
(Upper Right Bottom and Lower Left
Right), and cell phase (Lower Left Left) are
shown. Shown Lower Right is GSEA of
up-regulated genes in L-group 2 (reduced
in the anti-CCR8 mAb-treated group) com-
pared with L-group 8 (retained in other
groups) regarding the Treg vs. Tconv UP
gene set (34). Blue square in Upper Left fig-

:;||,|||LU|JI RN AL

2 < L-group —> 8

Cont. Ab group

GSEA of
:2;M L-group O vs. 5
-~ ®S .
NES: 2.80
P<1.0x10*

on day 16 in the anti-CCR8-treated group compared with other
groups, indicating more activated states of dendritic cells in the
former (SI Appendix, Fig. S15F).

CCR8* Cell Depletion Diminishes Dominant TCR Clonotypes of Tregs
in Tumors. We next addressed whether anti-CCR8-mediated
Treg depletion specifically reduced tumor antigen-reactive clon-
ally expanded Tregs. We inoculated CT26 tumor cells at two
sites of the back, and then analyzed TCR clonotypes of tumor-
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infiltrating TCRB™ T cells in the tumors excised on day 9 or 14
before or after, respectively, anti-CCRS, anti-PD-1, or control
mAD treatment on day 9 (Fig. 64). Within the Treg population
defined by Foxp3 and Cd4 expression, Ccr8 expression was well
correlated with the clonotype size (Fig. 6B); and anti-CCRS8
mAb treatment specifically depleted tumor Tregs having
clonotype size > 2 (Fig. 6C). Moreover, the expanded TCR clo-
notypes detected in Tregs before treatment were selectively
diminished after anti-CCR8 mAb treatment, in contrast with
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little alteration after anti-PD-1 or control mAb treatment, which
retained the clonotypes that expanded before treatment (Fig.
6D). Unlike tumor Tregs, there was no marked reduction of mul-
ticlonal tumor-infiltrating CD4* or CD8* Tconvs after anti-
CCRS or anti-PD-1 mAb treatment (SI Appendix, Fig. S16).

In line with the above results, the TCR repertoire of tumor
Tregs after anti-CCR8 mAb treatment was prominently less
similar to the pretreatment repertoire when compared with the
repertoires before and after anti-PD-1 or control mAb treat-
ment (Fig. 6F). The TCR repertoire of CD4* tumor Teonvs
was much less altered after anti-CCR8 or anti-PD-1 mAb
treatment, while the repertoire of CD8"* tumor Teonvs changed
more markedly after these treatments (Fig. 6E).

CCR8™ Treg Depletion Generates Tumor-Specific Long-Lasting T Cell
Memory. We also attempted to determine whether tumor Treg
depletion by anti-CCR8 mAD treatment should be able to con-
fer a long-lasting memory on effector Tconvs specific for tumor-
associated antigens. With the anti-CCR8-treated mice having
eradicated CT26 tumors by around day 20 after tumor inocula-
tion, we challenged the mice with 10 times the number of CT26
or EMT6 carcinoma cells on day 85. Another group of CT26-
inoculated mice were subjected to surgical removal of the grow-
ing tumors on day 20, and similarly challenged with CT26 or
EMT6 carcinoma cells (Fig. 74). At the time of tumor rechal-
lenge on day 85 (ie., 80 d after anti-CCR8 mAb treatment),
the serum concentration of anti-CCR8 mAb was negligible
(Fig. 7B). In the anti-CCR8-treated group, all the reinoculated
CT26 tumors were promptly destroyed, whereas EMT6 tumors
were not (Fig. 7C). By contrast, in the surgically tumor-excised
group, antitumor immunity was scarcely detected for both
CT26 and EMT6 tumors. In addition, CT26-specific gp70 tet-
ramer"CD8" T cells significantly expanded in the peripheral
blood after the CT26 tumor rechallenge in the anti-
CCR8-treated group, but not in other groups (Fig. 7D). There
was a strikingly clear inverse correlation between tumor volume
and the ratio of gp70 tetramer"CD8* Teonvs in the blood, under-
lining the crucial role that gp70 tetramert*CD8" Teonvs played in
rejecting secondary tumor challenge in the anti-CCR8-treated
and CT26-rechallenged group (Fig. 7E). A similar result was
obtained even after an extended period of ~187 d after the pri-
mary CT26 tumor inoculation (SI Appendix, Fig. S17).
Collectively, long-lasting T cell memory specific for tumor-
associated antigens can be established by anti-CCR8-mediated
tumor Treg depletion for a limited period. Furthermore, with
the requirement of tumor-associated antigens for sensitization
of tumor-specific effector Tconvs, Treg depletion before reducing
tumor volumes by surgical or other nonimmunological treatments
would be more effective for establishing strong tumor immunity.

Discussion

We have searched for cell surface molecules specifically
expressed in tumor-infiltrating Tregs predominantly suppressing
antitumor immune responses, in humans and mice, by single-
cell RNA-seq, and with the following criteria: 1) high expres-
sion by tumor-reactive, hence clonally proliferating Tregs; 2)
low expression by tumor-reactive CD4* and CD8" Tconvs; and
3) low expression by natural Tregs in other tissues. This
approach has identified CCRS8 fulfilling these criteria and
shown that depletion of CCR8" tumor Tregs selectively
reduced multiclonal tumor Tregs and evoked effective tumor
immunity. The results are consistent with recent reports by
others showing CCRS8 expression on tumor-infiltrating Tregs
based on gene-expression analysis of a bulk population of
tumor Tregs, and demonstrating that CCR8" Tregs can be tar-
geted for evoking and enhancing tumor immunity in animal
models (19, 20, 36-39). Compared with CCR8™ tumor Tregs,

Kidani et al.
CCR8-targeted specific depletion of clonally expanded Treg cells in tumor tissues
evokes potent tumor immunity with long-lasting memory

CCRS8* tumor Tregs are phenotypically more activated or
differentiated (e.g., CD25Meh CTLA-4"¢" " and GITRh‘gh), more
suppressive as measured by high expression of suppression-
mediating molecules (e.g., CTLA-4"€" CD39"" and IL-10"&"),
and more stable as indicated by the acquisition of Treg-
specific DNA hypomethylation. They constitute 30 to 80% of
Foxp3* Tregs in mouse and human tumor tissues, contrasting
with other Treg-specific molecules, such as CD25, CTLA-4, and
GITR, which are more ubiquitously expressed among tumor-
infiltrating Tregs in mice and humans. It is therefore notable that
depletion of only a fraction of tumor Tregs by anti-CCR8 mAb
treatment was sufficient to evoke effective tumor immunity. These
findings thus indicate that CCR8 can be a surface molecule spe-
cific for those tumor Tregs that strongly suppress anti-tumor
immune responses.

Tumor-infiltrating Tregs express CCRS, whereas most Tconvs
do not in a majority of cancers in humans and mice. It has been
shown that CCRS8 is predominantly expressed by Tregs, espe-
cially highly activated Tregs, including tumor-infiltrating ones
(19, 20), and that the interaction of CCRS8 with its ligands
CCL1 and CCLI18 secreted from tumor cells or macrophages
activates Treg cell functions (19, 40-43). These findings on
selective CCRS8 expression by tumor Tregs contrast with the
general finding that both Tregs and Tconvs expressing common
chemokine receptors are recruited to the same inflammation
site; for example, CXCR3-expressing T-bet™ Tregs and Thl
cells to type 1 inflammation sites and CCR6-expressinng Tregs
and Th17 cells to the type 3 inflammation environments (13,
15). CCR8" tumor Tregs, which are T-bet*, express other che-
mokine receptors as well: they are mostly CCR4* (in humans
but CCR4'" in mice) (44), largely CCR5™, partially CXCR6™
and CX3CR1*. CCRS deficiency reportedly does not affect
Treg recruitment to tumor tissues (36, 37, 39, 45). It is thus
likely that tumor-infiltrating Tregs are recruited to tumor tis-
sues via certain chemokine receptors other than CCRS, some-
how acquire CCRS8 expression possibly via recognition of
tumor-associated antigens, and expand in the tumor microenvi-
ronment. Some CCR8" Tregs with a tissue residential property
might also be selectively recruited to tumor tissues (46). In
addition, with tumor infiltration of not only CCR8" Tregs but
also CCR8" Teonvs in certain cancers (e.g., colorectal cancers),
it is necessary to select the cancer types appropriate for cell-
depleting anti-CCR8 mAb immunotherapy.

Depletion of CCR8" Tregs induced potent and less
exhausted CD4* and CD8" effector T cells, with up-regulated
CD80/CD86 expression on antigen-presenting cells (APCs),
leading to the development of tumor antigen-specific effector/
memory CD8* T cells. Tregs are efficient in suppressing
antigen-dependent activation of naive T cells via downregulat-
ing CD80/CD86 expression by APCs and in inhibiting PD-1*
effector T cells via up-regulating PD-L1 on APCs (47, 48).
Once potent tumor-specific effector Tconvs are induced, they
are more resistant than naive Tconvs to Treg suppression. Fur-
thermore, it may take time for tumor-reactive Tregs to clonally
recover from the depletion, allowing meanwhile the effector
Teonvs to become activated and expand to attack tumor cells.
These findings also indicate that the combination of CCRS-
targeted selective Treg depletion and immune checkpoint
blockade, which aims to block negative signals to effector
Tconvs, would enable a synergy in tumor immunity, as shown in
this and other reports (36, 37, 39, 49). Moreover, Treg deple-
tion would prevent hyperprogressive disease (HPD), which is a
rapid cancer progression occasionally observed in the course of
anti-PD-1 mAb treatment (50, 51). The occurrence of HPD is
correlated well with the degree of the proliferation of PD-1*
Tregs in tumor tissues during anti-PD-1 mAb treatment; fur-
thermore, PD-1 blockade drives Tregs to proliferate in vivo and
in vitro, potentiating Treg-suppressive activity (24, 25). It is
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day 9) or after (Post, day 14) each treat-
ment. All data were merged for analysis. (B)
UMAP plots of single-cell RNA-seq data
with TCR clonotypes of tumor-infiltrating
TCRB* T cells before and after anti-CCRS,
anti-PD-1, or control mAb treatment. Cells
were annotated to Tregs (green), CD4"
Tconvs (orange), CD8" Tconvs (blue), and
ambiguous cells (red) by Foxp3, Cd4, and
Cd8a expression. Expression of Ccr8 and clo-
notype size are shown for tumor Treg pop-
ulation. (C) Percentages of Tregs among
TCRB* T cells and their clonotype frequen-
cies before and after antibody treatments.
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therefore envisaged that anti-CCR8 mAb treatment prior to or
together with anti-PD-1 mAb administration would prevent
HPD and make immune checkpoint blockade cancer immuno-
therapy more efficacious.

Anti-CCR8-mediated Treg depletion specifically in tumor
tissues for a limited period could avoid deleterious autoimmu-
nity and immunopathology in mice, despite CCR8 expression
by some tissue-resident Tregs (46). This lack of immunological
adverse effects can be attributed not only to selective deple-
tion of tumor-reactive Tregs by anti-CCR8 mAb but also to
the differences in the antigenicity of normal self-antigens ver-
sus quasi-self-tumor antigens, and to the differences between
the tumor microenvironment and the normal tissue. For
example, partial (less than half) depletion of tumor Tregs by
cell-depleting anti-CCR8 mAb treatment was sufficient to
evoke tumor immunity while nearly complete and prolonged
systemic depletion of whole natural CD257CD4* Tregs is
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(Post) antibody treatment in each group.

generally required to evoke immunologically evident autoim-
munity in otherwise normal animals (2, 5). In addition, since
the tumor microenvironment is already highly inflammatory
and contains an abundance of tumor-associated antigens (52),
it may be much easier for tumor-associated antigens to stimu-
late tumor-reactive T cells upon Treg depletion in comparison
with activation of autoimmune Tconvs in noninflammatory
normal tissues.

In conclusion, we have identified CCR8 as a marker for
clonally expanding Tregs in tumor tissues. Tregs recognizing
tumor-associated antigens become activated and predominantly
differentiate into CCRS8" effector Tregs, which show clonal
expansion and are capable of exerting potent suppression
on tumor-reactive CD4* and CD8" Tconvs. Selective depletion
of such multiclonal Tregs by anti-CCR8 mAb treatment for a
limited period suffices to evoke and sustain long-lasting strong
antitumor immune responses.
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Materials and Methods
Detailed methods are available in S/ Appendix, Materials and Methods.

Human Samples. Surgically removed tumor tissues from patients with kidney,
lung, colorectal, ovarian, bladder, gastric cancer, or melanoma were collected.
Peripheral blood was obtained from kidney cancer patients or a healthy
donor. The study using human samples was reviewed and approved by
Research Ethics Committee of Osaka University and carried out in accordance
with the guidelines and regulations of the committee. Written informed con-
sents were obtained from all donors.

Mice. BALB/c and SKG mice (33) were purchased from CLEA Japan. CB6F1 and
SJU/J mice were purchased from Japan SLC, Inc. and Oriental Yeast Corp.,
respectively. FDG mice, which express DT receptor and EGFP genes from the 3’
untranslated region of the Foxp3 gene without disrupting endogenous Foxp3
expression, were purchased from The Jackson Laboratory (JAX stock #016958)
(6). The FDG mice of C57BL/6 background were back-crossed at least six times
to the BALB/c background. All mice were maintained and the experiments
were performed in accordance with guidelines and regulations for animal
welfare approved by the Animal Care and Use Committee of Osaka University
and Shionogi & Co., Ltd.
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% gp70 tetramer* in CD8* T

revealed by gp70 tetramer staining in the PB
collected from mice before (Pre) and 6 d
after (Post) the secondary challenge with
CT26 (n = 11 each). (E) Correlation between
the frequencies of gp70 tetramer*CD8* T
cells in the peripheral blood 6 d after the
secondary CT26 challenge and tumor volume
° 14 or 15 d after the challenge (n = 11 each).
Data are presented as means with SD. ns, P

I 4 > 0.05; *P < 0.05 (Mann-Whitney U test for

C, multiple unpaired t tests with Welch cor-
rection followed by Holm-Sidak method for
D). Data in B are from one experiment.
Other data are representative (C) or sum-
mary (D and E) of two independent
experiments.

2 4 6 8

Data Availability. The mice sequence data have been deposited in the DNA
Data Bank of Japan (DDBJ) (accession nos. DRA012320 and DRA013080). The
human sequence data have been deposited in the DDBJ (accession no.
JGAS000312). Previously published data were used for this work: GSE116347
from the Gene Expression Omnibus (GEO) database (53), GSE7852 from the GEO
database (34) and the Molecular Signatures Database (54), GSE21360 from the
GEO database (35) and the Molecular Signatures Database (54), GSE114724
from the GEO database (29), GSE139555 from the GEO database (30),
JGAS00000000145 from the DDBJ (https:/humandbs.biosciencedbc.jp) [due to
restricted availability please contact the corresponding authors] (28), RNA-seq
clinical data from Braun et al. (55), CAGE-seq data provided by the FANTOM5
consortium (56) from https:/fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_
latest/extra/CAGE_peaks_expression/hg38_fair+new_CAGE_peaks_phaseland2_
tpm_ann.osc.txt.gz and https:/fantom.gsc.riken.jp/5/datafiles/reprocessed/
mm10_latest/extra/CAGE_peaks_expression/mm10_fair+new_CAGE_peaks_
phaseland2_tpm_ann.osc.txt.gz, the LOEUF metrics in the Genome Aggrega-
tion Database from https://storage.googleapis.com/gcp-public-data-gnomad/
release/2.1.1/constraint/gnomad.v2.1.1.lof_metrics.by_gene.txt.bgz, gene lists
for LOEUF analysis from GitHub, https:/github.com/macarthur-lab/gene_lists/
blob/master/lists/olfactory_receptors.tsv (57), https:/github.com/macarthur-
lab/gene_lists/blob/master/lists/berg_ar.tsv (58), and https://github.com/
macarthur-lab/gene_lists/blob/master/lists/clingen_level3_genes_2018_09_
13.tsv (59), and gene set provided by a python package Scanpy (version 1.6.0)
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(60) from GitHub https:/github.com/theislab/scanpy_usage/blob/master/
180209_cell_cycle/data/regev_lab_cell_cycle_genes.txt.
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