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ABSTRACT Microbes and their byproducts have been reported to regulate host health and
immune functions. Here we demonstrated that microbial exopolysaccharide pro-
duced by Lactobacillus delbrueckii subsp. bulgaricus OLL1073R-1 (EPS-R1) induced CCR6* CD8*
T cells of mice and humans. In mice, ingestion of EPS-R1 augmented antitumor effects of anti-CTLA-4
or anti-PD-1 monoclonal antibody against CCL20-expressing tumors, in which infiltrating CCR6* CD8*
T cells were increased and produced IFNy accompanied by a substantial immune response gene
expression signature maintaining T-cell functions. Of note, the antitumor adjuvant effect of EPS-R1
was also observed in germ-free mice. Furthermore, the induction of CCR6 expression was mediated
through the phosphorylated structure in EPS-R1 and a lysophosphatidic acid receptor on CD8* T cells.
Overall, we find that dietary EPS-R1 consumption induces CCR6* CD8* T cells in Peyer's patches,
favoring a tumor microenvironment that augments the therapeutic effect of immune-checkpoint
blockade depending on CCL20 production by tumors.

/

SIGNIFICANCE: Gut microbiota- and probiotic-derived metabolites are attractive agents to augment
the efficacy of immunotherapies. Here we demonstrated that dietary consumption of Lactobacillus-
derived exopolysaccharide induced CCR6* CD8* T cells in Peyer’s patches and improved the tumor
microenvironment to augment the therapeutic effects of immune-checkpoint blockade against
CCL20-producing tumors.
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See related commentary by Di Luccia and Colonna, p. 1189.
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INTRODUCTION

The immune-suppressive microenvironment in tumor
tissue often renders CD8" T cells, which play a pivotal role to
eradicate tumors, dysfunctional (often termed exhaustion),
resulting in tumor progression (1). The blockade of immune
checkpoints, critical immunosuppressive mechanisms for
tumors, such as CTLA-4 and PD-L1/PD-1 induces robust anti-
tumor immune responses (2, 3). Nevertheless, the response
rates to immune-checkpoint blockade (ICB) therapies still
remain low (4), and some human cancers, such as most colo-
rectal cancer (5), are resistant.

Additionally, it has been reported that tumor cells dictate
immune responses in their microenvironment by producing
chemokines (6), thereby controlling patient survival (7). In
ICB therapy, it was reported that IFNy-inducible chemokines
(CXCL9, CXCL10, and CXCL11) and their chemokine recep-
tor (CXCR3) were required for the enhancement of the
intratumor CD8* T-cell responses and therapeutic efficacy
(8, 9). Thus, conditioning of tumor tissues to become an
inflamed IFNy-rich microenvironment (hot tumor) would

be an attractive strategy to augment the antitumor effect of
ICB therapies.

Host gut microbiota is now established as one of critical
parameters to improve or impair the efficacy of ICB therapies
(10-13). These effects were postulated to be mediated by
bacterial-derived metabolites or cell wall components [such
as short chain fatty acids (14), inosine (15), and peptidogly-
can (16)]. It was reported that commensal bacteria modulated
the tumor microenvironment (17) and further that intes-
tinal commensal bacteria-induced IFNy-producing CD8*
T cells augmented antitumor responses in ICB therapies
(18). Moreover, it was recently reported that Bifidobacterium
pseudolongum-produced inosine activated Th1 cells and anti-
tumor effects in the presence of IFNy or other costimulation
(15). However, the immunologic role of gut-related CD8*
T cells in the tumor microenvironment and the precise mech-
anisms by which the antitumor effect of ICB was augmented
were not clarified.

Probiotics, live microorganisms that confer a health benefit
when administered at the appropriate levels (19), have been
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thought to affect host biological functions and reactions.
Several functional molecules/mechanisms of probiotics have
been previously reported (20, 21), and probiotic-derived
metabolites are attractive reagents to augment the efficacy
of immune therapies, particularly against cancer (22, 23).
Exopolysaccharides (EPS) are high-molecular-weight poly-
mers composed of sugar residues secreted by a microor-
ganism into the surrounding environment. We have been
examining the biological functions of EPS produced by Lac-
tobacillus and found that these EPS induced IFNy produc-
tion by splenocytes (24). In particular, Lactobacillus delbrueckii
subsp. bulgaricus OLL1073R-1 (L. bulgaricus R1) produced a
substantial amount of EPS (EPS-R1)-inducing IFNy in the
fermented skim milk (24). Here, we examined the effect
of oral consumption of EPS-R1 on T cells and found that
CCR6" CD8" T cells were induced in Peyer’s patches, which
infiltrated into CCL20-producing tumor tissues to augment
antitumor effects of ICB therapies in experimental mouse
tumor models.

RESULTS

Oral Ingestion of EPS-R1 Induces
CCR6* CD8*T Cells

The recruitment of effector cytotoxic T lymphocytes (CTL)
into the tumor is one of critical steps in the cancer-immunity
cycle (25). Lymphocyte migration from the intestine into
the tumor is an interesting possible mechanism by which
gut microbiota, probiotics, or their metabolites might aug-
ment antitumor immune responses (26). When we exam-
ined the chemokine receptor gene expression profile of T
cells in mouse Peyer’s patches following oral ingestion of
EPS-R1 for 6 days, we observed that Ccr6 mRNA expres-
sion was significantly augmented in CD8" T cells, but not
in CD4* T cells (Fig. 1A). This upregulation of Ccr6 mRNA
expression in CD8*, but not CD4", T cells in Peyer’s patches
was confirmed by flow-cytometric analysis (increased CCR6*
population; Fig. 1B; Supplementary Fig. S1IA and S1B).
However, the CCR6" population was not increased in CD8*
T cells in other intestinal compartments such as small
intestinal epithelium or mesenteric lymph nodes (Fig. 1C).
Flow-cytometric analysis was also consistent with the lack

of change in Cxcr3 mRNA expression in CD8* and CD4* T
cells following EPS-R1 ingestion (Fig. 1A and B). Although
reduced Ccr9 mRNA expression in CD4" T cells was dem-
onstrated (Fig. 1A), EPS-R1 ingestion did not decrease the
CCRY" population in Peyer’s patch CD4* T cells (Fig. 1B). No
inflammatory symptoms were histologically and clinically
observed in the small intestine following EPS-R1 ingestion
(Supplementary Fig. S1C).

When splenocytes were stimulated in vitro with EPS-R1,
CCR6', but not CXCR3", populations were significantly and
selectively increased among CD8" T cells (Fig. 1D). The
CCR6* population was also selectively increased among CD8*
T cells, when CD8" or CD4* T cells isolated from splenocytes
were stimulated with EPS-R1 in vitro (Fig. 1E; Supplementary
Fig. S1D). However, the frequency of proliferating cells was
not increased among both CCR6" and CCR6™ CD8* T cells
(Fig. 1F; Supplementary Fig. S1E). In contrast, EPS prepared
from the small intestinal contents of BALB/c wild-type (WT)
mice did not increase the CCR6" population among splenic
CD8* T cells in vitro (Supplementary Fig. S1F), suggesting
that EPS derived from commensal microbiota was not suf-
ficient to induce CCR6" CD8" T cells, even if commensal
Lactobacilli were resident in the small intestine. Importantly,
the CCR6" population was increased in CD8* T cells when
human peripheral blood mononuclear cells (PBMC) were
stimulated with EPS-R1 in vitro (Fig. 1G; Supplementary
Fig. S1G).

Gut-preactivated CD8" T cells were reported to migrate to
the periphery (27), and that may possibly occur through the
thoracic duct (28). We confirmed that rat thoracic duct CD8*
T cells expressed the five chemokine receptor genes that were
dominantly expressed in mouse Peyer’s patch CD8* T cells
(Supplementary Fig. S1H). The duodenal administration of
EPS-R1 by catheter significantly augmented the expression
of Cer6 mRNA, but not other chemokine receptor mRNAs,
in the thoracic duct CD8" T cells compared with the control
(Fig. 1H and I).

Taken together, these results suggested that EPS-R1
increased the CCR6" population among CD8" T cells,
but not CD4" T cells, and that these cells in Peyer’s
patches possibly distributed to the periphery through the
thoracic duct.

>

Figure 1. Oral ingestion of EPS-R1 induces CCR6* CD8* T cells. A and B, After BALB/c WT mice had ingested EPS-R1 for 6 days, mononuclear cells
were prepared from their Peyer’s patches. Following CD8* or CD4* T-cell isolation, mMRNA gene expression of 10 chemokine receptors in CD8* or CD4*
T cells was examined by quantitative reverse transcription PCR (RT-gPCR) methods (n = 4; A). CCR6* or CXCR3* populations among Peyer's patch CD8*
Tcells (n=16in control and n=15 in EPS-R1; all results obtained from three experiments are presented) and the CCR6*, CXCR3*, or CCR9* popula-
tions among Peyer's patch CD4* T cells (n =4 for CCR6 and n=6 for CXCR3 and CCR9) were examined by flow cytometry (B). C, After BALB/c WT mice
had ingested EPS-R1 for 6 days, small intestinal intraepithelial lymphocytes (sIEL) or mesenteric lymph node cells (MLN) were prepared, and CCR6*
populations among CD8* T cells were examined by flow cytometry (n=6). D, Splenocytes freshly prepared from BALB/c WT mice were stimulated with
EPS-R1 for 24 hours in vitro, and then CCR6* or CXCR3* populations among CD8* and CD4* T cells were examined by flow cytometry (n=6). E and

F, CD8* or CD4+ T cells were isolated from splenocytes of BALB/c WT mice and stimulated with EPS-R1 for 24 hours in vitro. CCR6* populations among
CD8* or CD4* T cells were examined by flow cytometry (n = 8; E). Proliferation was examined by a CellTrace kit using flow cytometry, and the percentage
of proliferating cells among CCR6" or CCR6~ populations in CD8* T cells was presented (n = 8; F). G, Human PBMCs were obtained from three individu-
als and stimulated with EPS-R1 for 24 hours in vitro, and then the CCR6* populations among CD8* T cells were examined by flow cytometry (n=8).
Hand |, EPS-R1 or water was intraduodenally administered into Wistar/ST rats, and CD8* T cells were isolated from lymphocytes in the thoracic duct
(TD) lymph 22 to 24 hours after the administration. Then, RNAs were prepared, and the gene expression of five chemokine receptors was examined by
RT-gPCR methods (n= 3 in control and n =4 in EPS-R1). Results are presented as the mean = SEM and are depicted as scatter plots of the results of
individual samples (A-G and I), and processed as the relative change of postadministration (post) mRNA expression levels compared with the preadminis-
tration (pre) controls in the same rats (I). Statistical analyses were performed by two-way ANOVA with Bonferroni correction (A and I) or Student t test
(B-G). NS, not significant.*, P < 0.05; **, P < 0.01; *** P < 0.001; *** P < 0.0001. Similar results were obtained from two (A, B in CCR9, C and F), three
(B in CXCR3 and CCR6), and five (D and E) independent experiments. CD8(4)T, CD8(4)* T cell(s); cont, control; iso, isolated; pop., population(s); PP,
Peyer’s patch; Sp, spleen. Bold font in A and | is used to highlight the three most important chemokine receptors.
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CCR6 Gene Expression Correlates with Favorable
Prognosis in Some Human CCL20-Producing Cancers

It was reported that tumors intrinsically shape antitumor
immune responses by their chemokine production profile
(6). When we examined the CCL20 gene, encoding the sole
ligand for CCR6, in human cancers, a number of cancer types
substantially expressed the CCL20 gene as compared with
paired normal tissues (Supplementary Fig. S2A and Sup-
plementary Table S1). Colorectal adenocarcinoma (CRAD)
was demonstrated to express CCL20 at relatively higher levels
compared with the other cancer types, whereas skin cutaneous
melanoma expressed a low level of CCL20 transcripts (Fig. 2A).

The expression levels of CCR6 and CCL20 appeared to
variably correlate among 19 different human cancer types
(Supplementary Fig. S2B). Interestingly, when we examined
the correlation between prognosis and CCR6 or CCL20 gene
expression in the 19 human cancer types, CCR6, but not
CCL20, expression correlated with favorable prognoses in
CRAD, head and neck squamous cell carcinoma (HNSC), and
breast invasive carcinoma (BRCA; Fig. 2B). Moreover, patients
with CRAD, HNSC, or BRCA expressing CCR6 at higher
than median levels demonstrated a significantly longer over-
all survival (OS) when compared with patients expressing
lower levels of CCR6, whereas CCL20 gene expression level
did not correlate with prolongation of OS (Fig. 2C). We next
performed a random-effects model meta-analysis under the
assumption that the impact of CCR6 expression on progno-
sis may vary across cancer types. We found that the overall
hazard ratio (HR) was 0.893 [95% confidence interval (CI),
0.798-0.9999; P = 0.0499], suggesting that higher expression
of CCR6 was associated with better OS (Fig. 2B). Of note, we
observed low to moderate between-cancer-type heterogeneity
variance at an I? value of 34.9% (95% CI, 0.0%-62.5%; P =0.07),
and the prediction interval of HR ranged from 0.67 to
1.19. This indicated that the positive impact of higher CCR6
expression on survival seen in some cancers might be due to
a random effect (Fig. 2B).

Overall, these results suggested that infiltration of CCR6*
cells into tumor tissues correlated with the favorable progno-
sis of some human CCL20-producing cancers, although the
impact of CCR6 expression on prognosis was not consistent
across cancer types.

EPS-R1 Ingestion Exerts an Antitumor Adjuvant
Effect for ICB Therapies in CCL20-Producing Tumors

Next, we examined experimental mouse tumors and found
that CD45™ cells isolated from Colon26 colon adenocarcinoma

and 4T1 mammary carcinoma expressed a significantly
increased CCL20 mRNA level compared with B16F10 mela-
noma (Fig. 3A). CCL20 protein expression in Colon26 and
4T1 tumor tissues was confirmed by IHC (Supplementary
Fig. S3A). In addition, tumor-infiltrating CD45* cells iso-
lated from Colon26 and 4T1 tumors expressed Ccr6 mRNA
at a significantly higher level compared with those isolated
from B16F10 tumors (Fig. 3A). Furthermore, in the tumor-
bearing mice, single administration of EPS-R1 by oral gavage
began to increase the CCR6" population among CD8" tumor-
infiltrating lymphocytes (TIL) in Colon26 tumors within
6 hours and significantly increased this population after
24 hours (Fig. 3B). These results possibly suggested that
EPS-R1-induced CCR6* CD8" T cells distributed from Peyer’s
patches selectively infiltrated CCL20-expressing tumor tissues
in mice.

We then examined the effect of ingestion of EPS-R1 upon
tumor growth with or without ICB monoclonal antibodies
(mAD). Although ingestion of EPS-R1 alone did not inhibit
the growth of Colon26 or 4T1 tumors, the antitumor effect
of ICB using anti-CTLA-4 mADb or anti-PD-1 mAb was sig-
nificantly augmented by the ingestion of EPS-R1 (Fig. 3C-E;
Supplementary Fig. S3B and S3C). Natural killer (NK) cell
depletion did not diminish augmentation of the antitumor
effect of ICB mAbs by EPS-R1 ingestion against Colon26
tumors (Fig. 3F). Of note, ingestion of EPS-R1 similarly aug-
mented the antitumor effect of ICB mAbs in the orthotopic
transplant model of Colon26 tumors (Fig. 3G). By contrast,
ingestion of EPS-R1 did not augment the antitumor effect of
the anti-CTLA-4 mAb against B16F10 tumors that did not
produce CCL20 (Fig. 3H). Alternatively, ingestion of EPS-
R1 augmented the antitumor effect of ICB mAbs against
genetically engineered B16F10 tumors that produce CCL20
(B16F10-CCL20; Fig. 3I). Moreover, neutralizing anti-CCL20
mAb treatment abolished the increased antitumor effect
of the anti-CTLA-4 mAb and EPS-R1 combination against
Colon26 tumors (Fig. 3]).

Ingestion of EPS-R1 increased the CCR6-expressing popu-
lation among CD8" T cells infiltrating anti-CTLA-4 mAb-
treated Colon26 and 4T1 tumors, but not B16F10 tumors
(Fig. 3K; Supplementary Fig. S3D and S3E). Neutralizing
anti-CCL20 mAb treatment abolished the increase of the
CCR6" population among CD8* T cells in anti-CTLA-4
mAb-treated Colon26 tumors following EPS-R1 ingestion
(Fig. 3K).

These results demonstrated that ingestion of EPS-R1
augmented the antitumor effects of ICB therapies against
CCL20-producing tumors in a CCL20-dependent manner,

>

Figure 2. CCR6 gene expression correlates with favorable prognoses of some human CCL20-producing cancers. A, Fragments per kilobase of exon per
million reads mapped (FPKM) of CCL20 gene expression were calculated from the RNA-sequencing results in 20 types of indicated human cancers using
The Cancer Genome Atlas (TCGA) database obtained from the Human Protein Atlas. Results are presented as box plots with 10 to 90 percentiles, and outli-
ers are shown. Lung cancer includes LUAD and LUSC, and renal cancer includes KICH, KIRC, and KIRP. B, HRs of death for high CCR6 and CCL20 gene expres-
sion in 19 types of human cancers in the TCGA database are presented as forest plots. Results are presented with 95% Cls on a logarithmic scale. Size of
the marks indicates the number of samples (patients). The red bars indicate the correlation with prolonged survival, and the blue bars indicate the correla-
tion with brief survival. A random-effects model meta-analysis was applied to pool the effect size, and the pooled effect size with the associated 95% Cls
is described in a diamond. The 95% prediction interval of the pooled effect is described in the horizontal bar. Between-cancer-type heterogeneity variance
(1? value) is shown in the panel. C, OS curves for patients with a higher level of CCR6 or CCL20 gene expression in tumor than the median level (green) and
patients with lower level of either gene in their tumor than the median level (purple) in CRAD, HNSC, and BRCA are presented. Survival curves are presented
within day 3,000, and points censored are shown as a black bar. Results were analyzed with Kaplan-Meier survival analysis by log-rank methods, and P
values are shown in the panel. NS, not significant. *, P < 0.05; **, P < 0.01. Number (n) of tumors (A) or patients (B and C) in every type of cancer is indicated.
Cancer-type abbreviations are defined in Supplementary Table S1. Can., cancer. Bold font in A and B is used to highlight the most significant findings.
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suggesting that EPS-R1-induced CCR6" CD8* T cells might
play some adjuvant roles in this antitumor effect.

IFNy-Producing Cytotoxic CXCR3* CCR6+ CD8*
T Cells Are Increased in the CCL20-Producing Tumors
Treated with an Anti-CTLA-4 mAb and EPS-R1

When Colon26 or 4T1 tumor cells were cocultured with
EPS-R1, EPS-R1 neither induced apoptosis or immunogenic
cell death nor inhibited cell proliferation (Supplementary
Fig. S4A-S4C), suggesting that EPS-R1 was not augment-
ing antitumor immune responses by direct effects on tumor
cells (29). Although the CCR6" population was increased
when IFNy-deficient (Ifng”") CD8* T cells were stimulated
with EPS-R1 in vitro (Fig. 4A), ingestion of EPS-R1 did not
augment the antitumor effect of anti-CTLA-4 mAb against
Colon26 tumors in Ifng”/~ mice (Fig. 4B). Then, we performed
RNA sequencing (RNA-seq) analysis upon Colon26 tumors
(Supplementary Fig. SSA). Expression of Ccr6 transcripts was
increased in the tumors of the mice that had ingested EPS-R1
(Fig. 4C). Anti-CTLA-4 mAb treatment, compared with the
control on day 10, augmented the expression of Cxcr3 and
the genes encoding cytotoxic molecules (Prfl, Gzma, Gzmb,
Fasl, Tnf, and Tnfsf10; Fig. 4C). On day 10, the combination
of anti-CTLA-4 mADb with EPS-R1 further augmented the
expression of these genes and Ifng as well as the gene encod-
ing IFNy-inducible chemokines (Cxcl9, Cxcl10, and Cxcl11;
Fig. 4C). Importantly, most of this elevated gene expression
was maintained until day 15 (Fig. 4C). These results sug-
gested that IFNy produced in the tumor microenvironment

might play important roles in the increased antitumor effect
of anti-CTLA-4 mAbs with EPS-R1 ingestion.

The higher expression levels of Cd3e, Cd8a, Cd69, and Klrgl
also suggested that EPS-R1 ingestion increased the infiltra-
tion of activated CD8" T cells (Fig. 4C). Moreover, increased
expression of Cd4 and Icos following EPS-R1 ingestion might
suggest the increased infilcration of effector Thi-like cells
that were previously reported to enhance the efficacy of anti-
CTLA-4 mAD therapies (ref. 30; Fig. 4C). TILs obtained from
Colon26 tumors treated with anti-CTLA-4 mAb/EPS-R1 pro-
duced a significantly increased amount of IFNy, TNF, and
IL2 following ex vivo anti-CD3 mAb stimulation (Fig. 4D). By
contrast, TILs obtained from Colon26 tumors treated with
anti-CTLA-4 mAb alone displayed only a trend toward an
increased production of IFNy (Fig. 4D). Consistently, EPS-R1
ingestion significantly increased the number of both CD8*
and CD4* T cells and CD44his® CD62L" effector memory
(EM) phenotype populations among CD8" T cells in anti-
CTLA-4 mAb-treated Colon26 tumors (Fig. 4E). Moreover,
CD69- or ICOS-expressing CD8" and CD4" T cells were
increased in these tumors (Fig. 4F), supporting the results of
RNA-seq analysis.

CXCR3, a chemokine receptor for IFNy-inducible
chemokines, was reported to play an important role in the
efficacy of ICB therapy (9). When we examined TILs isolated
from Colon26 tumors treated with an anti-CTLA-4 mAb by
flow cytometry, IFNy-producing cells were enriched in CCR6*
CD8" TILs and that was significantly increased by EPS-R1
ingestion (Fig. 4G; Supplementary Fig. S5B). Interestingly,
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Figure 3. EPS-R1 augments antitumor effects of ICB therapies. A, BALB/c WT or C57BL/6 (B6) WT mice were subcutaneously inoculated with synge-
neic Colon26, 4T1 (BALB/c), or B16F10 (B6) tumor cells, respectively. CD45- or CD45* cells were isolated from single-cell suspensions prepared from
growing tumors on day 15, and RNAs were obtained from these cells. Ccl20 gene expression in CD45- cells and Ccr6 gene expression in CD45 cells were
examined by RT-qPCR methods (n = 6). All results obtained from two experiments are presented. B, BALB/c WT mice were subcutaneously inoculated with
syngeneic Colon26 tumor cells, and EPS-R1 was administered by oral gavage on day 7. Then, the CCR6* population among CD8* TILs was examined by
flow cytometry 6, 24, 48, and 72 hours later [n =5 in control (6, 24, and 48 hours) and n =7 in control (72 hours) and in EPS-R1]. C, BALB/c WT mice were
subcutaneously inoculated with syngeneic Colon26 tumor cells, and dietary ingestion of EPS-R1 was started on day 0. Some mice were intraperitoneally
treated with anti-CTLA-4 mAb or anti-PD-1 mAb. Tumor volumes were periodically measured and statistically compared on day 15. Tumor growth among
anti-CTLA-4 mAb- or anti-PD-1 mAb-treated mice was not significantly different with that among control mice. All results obtained from three (control
Ig- and anti-CTLA-4 mAb-treated groups) or two (anti-PD-1 mAb-treated group) experiments are presented. D, BALB/c WT mice were subcutaneously
inoculated with syngeneic 4T1 tumor cells, and dietary ingestion of EPS-R1 was started on day 0. Some mice were intraperitoneally treated with anti-
CTLA-4 mAb. Tumor volumes were periodically measured and statistically compared on day 15. Tumor growth among anti-CTLA-4 mAb-treated mice was
not significantly different with that among control mice. All results obtained from two experiments are presented. E, BALB/c WT mice were subcuta-
neously inoculated with syngeneic 4T1 tumor cells, and dietary ingestion of EPS-R1 was started on day 0. Some mice were intraperitoneally treated

with anti-PD-1 mAb. Tumor volumes were periodically measured and statistically compared on day 15. Tumor growth among anti-PD-1 mAb-treated
mice was not significantly different from that among control mice. F, BALB/c WT mice were subcutaneously inoculated with syngeneic Colon26 tumor
cells, and dietary ingestion of EPS-R1 commenced on day 0. Some mice were intraperitoneally treated with anti-CTLA-4 mAb or anti-PD-1 mAb. Some
EPS-R1-ingested mice were additionally treated with anti-ASGM1 Ab to deplete NK cells. Tumor volumes were periodically measured and those of EPS-
R1-ingested mice treated with or without anti-ASGM1 Ab were statistically compared on day 14. Tumor growth among anti-CTLA-4 mAb- or anti-PD-1
mAb-treated mice was not significantly different from that among control mice. G, Syngeneic Colon26 tumor cells were inoculated into the cecal wall

of BALB/c WT mice (orthotopic transplant model), and dietary ingestion of EPS-R1 commenced on day 0. Some mice were intraperitoneally treated with
an anti-CTLA-4 mAb or anti-PD-1 mAb. Tumor volume was measured and statistically compared on day 14. Tumor growth among anti-CTLA-4 mAb- or
anti-PD-1 mAb-treated mice was not significantly different from that among control mice. All results obtained from three experiments are presented.
Hand I, B6 WT mice were subcutaneously inoculated with syngeneic BI6F10 tumor cells (H) or B16F10-CCL20 tumor cells (1), and dietary ingestion

of EPS-R1 was started on day 0. All mice were intraperitoneally treated with an anti-CTLA-4 mAb (H), and some mice were intraperitoneally treated

with an anti-CTLA-4 mAb or anti-PD-1 mAb (I). Tumor volumes were periodically measured and statistically compared on day 15. Tumor growth among
anti-CTLA-4 mAb- or anti-PD-1 mAb-treated mice was not significantly different from that among control mice (l). J, BALB/c WT mice were subcutane-
ously inoculated with syngeneic Colon26 tumor cells, and some mice were dietary ingested with EPS-R1 starting on day 0. All mice were intraperitoneally
treated with an anti-CTLA-4 mAb and additionally with a neutralizing anti-CCL20 mAb. Tumor volumes were periodically measured and statistically
compared on day 15. K, Single-cell suspensions were prepared from some anti-CTLA-4 mAb-treated tumors on day 15 presented in C, D, H, and J. Then,
CCR6-expressing populations among CD3* CD8* TILs were examined by flow cytometry. Results are presented as box plots with individual samples

(A), mean = SEM (C-F and H-J), and scatter plots of the results of individual samples (B, G, and K). Results are processed as the relative values of indi-
vidual EPS-R1-ingested samples compared with the mean values of control samples in each time point. Number (n) of mice in every group is indicated in
the panels (C-K). Statistical analyses were performed by Kruskal-Wallis test with Dunn correction (A), two-way ANOVA with Bonferroni correction (B), or
Student t test (C-K). NS, not significant. *, P < 0.05; **, P < 0.01; ***, P < 0.0001. Similar results were obtained from two (A, C in anti-PD-1 mAb group, H,
J,andK) or three (C in control Ig and anti-CTLA-4 mAb groups, D, E, G, and ) independent experiments. aASGM1, anti-ASGM1Ab; aCTLA-4 (PD-1, CCL20),
anti-CTLA-4 (PD-1, CCL20) (mAb); CD8 TIL(s), CD8* TIL(s); cont, control; pop., population; ortho., orthotopic.
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the CXCR3" population was increased in CCR6~ but not
in CCR6" CD8" T cells (Fig. 4H; Supplementary Fig. S5C),
suggesting the possibility that CXCR3* CCR6™ CD8" T cells
were recruited into Colon26 tumors by IFNy-inducible
chemokines. When we examined the expression of IFNy and
granzyme B along with CXCR3 and CCR6 on CD8* T cells,
ingestion of EPS-R1 significantly increased granzyme B* cells
and IFNy* granzyme B* cells in CXCR3* CCR6" but not other
CD8* T-cell populations (Fig. 4I; Supplementary Fig. SSD
and SSE).

In summary, these results suggested that CCR6" CD8" T
cells induced by EPS-R1 ingestion infiltrated into CCL20-
producing tumors and produced IFNy, making the tumor
microenvironment inflamed and maintaining T-cell functions,
and that would result in enhancing the antitumor effects of
anti-CTLA-4 mAb treatment.

Combination with EPS-R1 Ingestion Increases
Tumor-Specific CTLs in Anti-CTLA-4
mAb-Treated Tumors

Next, we examined the T-cell receptor (TCR) repertoire
of TILs in Colon26 tumors treated with anti-CTLA-4 mAb
and/or EPS-R1 ingestion on days 7, 10, and 15 (Supple-
mentary Fig. S6A and S6B). Significantly increased TCR
[TCR a chain (TRA) and TCR B chain (TRB)] clonality of
TILs on day 15 was demonstrated when compared with those
on day 10 in anti-CTLA-4 mAb/EPS-R1-treated tumors by
the Shannon-Wiener diversity index (Fig. 5A). Moreover,
TRA clonality of TILs on day 15 in anti-CTLA-4 mAb/
EPS-R1-treated tumors was significantly increased when
compared with that in anti-CTLA-4 mAb-treated tumors
(Fig. 5A). Furthermore, clonality of TRB in EPS-R1-treated
tumors was also significantly increased on day 15 compared
with that on day 10 (Fig. SA). These results suggested that
dietary EPS-R1 increased the clonality of intratumor T
cells after day 10, and thus tumor-specific CTLs might be
increased in anti-CTLA-4 mAb/EPS-R1-treated tumors by
day 15 after EPS-R1 ingestion.

To examine tumor-specific CTL infiltration, we used 4T1
cells transduced with the influenza hemagglutinin (HA) anti-
gen (4T1-HA; ref. 31). In this tumor model, either anti-
CTLA-4 mAb or anti-PD-1 mAD treatment or ingestion of

<

EPS-R1 alone exerted a significant antitumor effect and the
combination of ICB mAb with EPS-R1 exerted an even greater
antitumor effect resulting in the significantly increased
tumor rejection rate (Fig. 5B and C; Supplementary Fig. S6C).
Upon examination of TILs in anti-CTLA-4 mAb-treated 4T1-
HA tumors, ingestion of EPS-R1 significantly increased HA-
specific TCR-expressing CD8" T cells but not HA-nonspecific
or total CD8" T cells (Fig. 5D; Supplementary Fig. S6D).
Both CCR6* and CCR6™ populations of HA-specific, but not
HA-nonspecific, CD8" T cells were significantly increased
among TILs (Fig. S5E), meaning that the frequency of the
CCR6" population was not increased in total, HA-specific,
or HA-nonspecific CD8" T cells (Fig. SF). These results sug-
gested that EPS-R1 ingestion increased not only CCR6* but
also CCR6™ HA-specific CD8" T cells among TILs in the
highly antigenic 4T1-HA tumors. Moreover, the CD39"
nonexhausted (32) HA-specific population was significantly
increased in CD8" T cells within anti-CTLA-4 mAb/EPS-R1-
treated tumors compared with those in the anti-CTLA-4 mAb
alone-treated tumors (Fig. 5G; Supplementary Fig. S6E).
These results implied that the tumor-specific CTLs increased
in 4T1-HA tumors treated with anti-CTLA-4 mAb/EPS-R1
might not be exhausted. This assertion was consistent with
the finding that TILs in anti-CTLA-4 mAb/EPS-R1-treated
Colon26 tumors produced cytokines when stimulated with
anti-CD3 mAD ex vivo (Fig. 4D).

Phosphate-Containing Moiety in EPS-R1 Is the
Functional Component that Induces CCR6* CD8+ T
Cells through Lysophosphatidic Acid Receptor 2

We further examined gut microbiota by 16S ribosomal
RNA-seq (rRNA-seq) analysis of stools. Ingestion of EPS-R1
did not alter the gut microbiota of Colon26 tumor-bear-
ing mice treated with an anti-CTLA-4 mAb (Fig. 6A and
B). Furthermore, the ingestion of EPS-R1 by germ-free (GF)
mice still augmented the antitumor effect of anti-CTLA-4
mAb (Fig. 6C) and increased the CCR6" population among
CD8" T cells infiltrating Colon26 tumors treated with an
anti-CTLA-4 mAb (Fig. 6D). These results indicated that
dietary intake of EPS-R1 augmented the antitumor effect of
anti-CTLA-4 mAbs via the induction of CCR6* CD8* T cells
independently of host gut microbiota.

Figure 4. Preferentially infiltrating CCR6+* CD8* T cells increase effector CD8* T cells in anti-CTLA-4 mAb/EPS-R1-treated Colon26 tumors. A, CD8*
or CD4* T cells were isolated from splenocytes of BALB/c Ifng~~ mice and stimulated with EPS-R1 for 24 hours in vitro. CCR6* populations among CD8*
or CD4+ T cells were examined by flow cytometry (n=6). B, BALB/c Ifng~- mice were subcutaneously inoculated with Colon26 tumor cells, and dietary
ingestion of EPS-R1 was started on day 0. Some mice were i.p. treated with anti-CTLA-4 mAb. Tumor volumes were periodically measured and statisti-
cally compared on day 15. Tumor growth among anti-CTLA-4 mAb-treated mice was not significantly different from that in control mice. C, RNA samples
were obtained from Colon26 tumors in BALB/c WT mice treated with anti-CTLA-4 mAb and/or EPS-R1 ingestion on day 4, 10, and 15. Then, RNA-seq
analysis was performed on individual samples (n=3-4 in every group). Fragments per kilobase of exon per million reads mapped (FPKM) of 19 selected
antitumor immune response-related genes are presented. D-1, CD45* single-cell suspensions were prepared from Colon26 tumors in BALB/c WT mice
treated with anti-CTLA-4 mAb with or without EPS-R1 ingestion on day 15. These cells were stimulated with anti-CD3 mAb ex vivo and cell-free culture
supernatants were harvested 48 hours later, and then the amounts of IFNy, TNF, and IL2 were examined by ELISA (n=12 in control and n=8in EPS-R1;
D). The number of CD8* or CD4* T cells per 1 mm?® tumor and the population of EM phenotype (CD44" CD62L") cells among CD8* or CD4* T cells (n1=9in
control and n=8in EPS-R1; E), the number of CD69- or ICOS-expressing CD8* or CD4+ T cells per 1 mm? tumor (n=9 in control and n=8 in EPS-R1; F),
IFNy* population among CCR6-expressing CD8* T cells (n=12; G), CXCR3* population among CCR6~ or CCR6* CD8* T cells (n=12; H), and granzyme B* or
IFNy* granzyme B* (double-positive) population among CXCR3- and/or CCR6-expressing CD8* T cells (n=12; 1) were examined by flow cytometry. Results
are presented as the mean = SEM and are depicted as scatter plots of the results of individual samples (A, E in % EM, and F-1), mean = SEM (B), box plots
(C), dot plots with mean and line connected between the results using the same samples (D), or box plots with individual samples (E in # TILs). Number

(n) of mice in every group is indicated in the panels (B). Statistical analyses were performed by Student t test (A, B, E in % EM, F, and H), two-way ANOVA
with Bonferroni correction (D, G, and I) or Mann-Whitney U test (E in # TILs). NS, not significant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Similar results were obtained from two independent experiments (A, B, and G-1). All the results obtained from two independent experiments are
presented (D). aCD3, anti-CD3¢; aCTLA-4, anti-CTLA-4; CD8(4)T, CD8(4)* T cell(s); cont, control; GrB, granzyme B; iso, isolated; pop., population(s); Sp,

spleen. Bold font in G-1is used to highlight positive expressing markers.

AA‘ —R American Association for Cancer Research®

MAY 2022 CANCER DISCOVERY | 1345

RESEARCH ARTICLE



RESEARCH ARTICLE

Kawanabe-Matsuda et al.

A pay TRA pay TRB
Contlis o212 1ia 2
Cont mAb Eps.R1.10 0 10 Py
: 15 OB =z 15 R %
10 & 10 10 & 1»n
Cont 1 2.y
aCTLA-4 mAb el et
EPS-R1{ss B e 1® 1S
0O 4 6 8 0 4 6 8
Diversity index of TCR repertoire in Colon26 TIL
B ~ Cont mAb aCTLA-4 mAb aPD-1 mAb C E ﬁlT:-HA complete rejection
£ o
£ 3001 ggr; | ¥*g 30070 (Cn>gr;t1 ) 3001e ggqts ) Cont mAb[ . COnt——1 0% 020
£ 2 200{, EPS-RI 2001s EPS-R1 200{. EPS-R1 EPS-RIL_____]58%(1126)
TS (n=26) (n=21) (n=15) **** aCTLA-4 mAb[ Contfl—] 9.5% (2/21)
= ?>> EPS-R1 ] 33.3% (7/21)****
5
S Cont{—1 0% (015)
g od aPD-1 mAb[ ppg”py ) o2 (on)
=] 0 5 10 15 5 10 15 0 10 20 30 40
# mice
CCRe* CCR6™
D Total HA-spec. Non-spec. E HA-spec. Non-spec. HA-spec. Non-spec.
1207 P=0.089 NS 97 &, NS 60 1007 Ns
b 3 b 4 4 80
[ae QF 6 3 60
O N O 2N
582 5= 3 2 40
* £ * £ 1 20
0 O 0
Q& A S A NS & A NS
oQ%fZ* OOQ%,Q‘ OOQ%,Q‘ OOQ%, OOQ%,Q‘
<& < < <& <
F 9 Total HA-spec. Non-spec. G CD39"° HA-spec.
B «
52 407 s 407 N 4 60 (D-G)
Jcroo 301 oo 30 Q'_S 40 @ (n=10)
g 20 201 | 80 B (n=10)
8% 10 10 0 R*g 20 aCTLA-4 mAb-treated
®7T 2 4T1-HA
= 0 0 £ 0
£ & A & A
OOQQQ OOQ%,Q‘
<& <

Figure 5. Anti-CTLA-4 mAb/EPS-R1 treatment increases tumor-specific CTL infiltration into 4T1-HA tumors. A, RNA samples were prepared from
Colon26 tumors in BALB/c WT mice treated with an anti-CTLA-4 mAb and/or EPS-R1 ingestion on day 10 (top bar) and day 15 (bottom bar), and TCR genes
were analyzed by deep sequencing on individual samples. Diversity of TRA and TRB repertoire was examined by the Shannon-Wiener diversity index (n=2-3).
Band C, BALB/c WT mice were subcutaneously inoculated with 4T1-HA tumor cells, and dietary EPS-R1 was started on day 0. Some mice were intraperi-
toneally treated with an anti-CTLA-4 mAb or anti-PD-1 mAb. Tumor volumes were periodically measured and statistically compared on day 14 (B). Tumor
growth in anti-CTLA-4 mAb- or anti-PD-1 mAb-treated mice was significantly suppressed (P < 0.0001, respectively) when compared with those in the
control mice. Number (n) of mice in every group is indicated. Tumor rejection rate on day 14 is indicated and statistically compared (C). All results obtained
from three (control Ig-treated group) or two (anti-CTLA-4 mAb- and anti-PD-1 mAb-treated groups) independent experiments are presented. D-F, Single-

cell suspensions were prepared from 4T1-HA tumors in BALB/c WT mice treated with an anti-CTLA-4 mAb with or without EPS-R1 ingestion on day 15. Then,
the number of total, HA-specific TCR*, or HA-nonspecific CD8* T cells among 103 of TILs (D), the number of CCR6* or CCR6~ HA-specific TCR*- CD8* T cells
among 103 of TILs (E), and the population of CCR6-expressing cells among total, HA-specific TCR*, or HA-nonspecific CD8* T cells (F) were examined by flow
cytometry (n=10). G, CD39" (nonexhausted) HA-specific TCR* populations among CD8* T cells in the single-cell suspensions prepared as described in D-F
were examined by flow cytometry (n=10). Results are presented as a floating bar graph with mean and individual samples (A), mean = SEM (B), bar chart (C),
box plots with individual samples (D and E), or dot plots with mean £ SEM (F and G). Statistical analyses were performed by two-way ANOVA with Bonferroni
(between days) or Tukey (between treatments) correction (A), Student t test (B, F, and G), Chi-square residual analysis (C), or Mann-Whitney U test (D and E).

NS, not significant. *, P < 0.05; **, P< 0.01;** P < 0.001; *** P < 0.0001. Similar results were obtained from two independent experiments (D-G). aCTLA-4
(PD-1), anti-CTLA-4 (PD-1); CD8T, CD8* T cell(s); cont, control; spec., specific; pop., population. Bold font in C is used to highlight statistical significance.

It was shown that EPS-R1 could be divided into neutral and
acidic EPS subtypes, and acidic EPS-R1 induced IFNy produc-
tion from splenocytes (33). It was also reported that acidic
EPS-R1 showed mitogenic activity on splenocytes, which was
abolished by dephosphorylation of EPS-R1 (34). Thus, the
phosphate group in EPS-R1 appeared to be important for its

immunomodulatory activities. We examined the presence of
glycerol-3-phosphate (Gro3P) moiety in EPS-R1, because the
previous structural analyses indicated the presence of Gro3P
moiety in EPS derived from some Lactobacillus strains (35).
We now showed the release of Gro3P, as detected by liquid
chromatography tandem mass spectrometry (LC-MS/MS),
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Figure 6. The Gro3P moiety of EPS-R1 and lysophosphatidic acid (LPA) receptor 2 (LPA,) is involved in EPS-R1-induced CCR6 expression on CD8* T
cells. A, BALB/c WT mice were subcutaneously inoculated with Colon26 tumor cells and intraperitoneally treated with anti-CTLA-4 mAb with or without
ingestion of EPS-R1. Stools were collected from the rectum on day 15, and microbiota of each mouse were examined by 165 rRNA-seq analysis (n=6). Rela-
tive abundance of phyla and families was clustered for all mice in a heat map. B, Relative abundance of phyla and families demonstrated in A was assessed
with principal component analysis (PCA) with prediction ellipses (95%) and contribution rate of PC1 and PC2. C, GF BALB/c WT mice were subcutaneously
inoculated with Colon26 tumor cells and intraperitoneally treated with an anti~-CTLA-4 mAb (n=12). Dietary EPS-R1 was started on day 0. Tumor volumes
were statistically compared on day 15.D, Single-cell suspensions were prepared from Colon26 tumors in GF BALB/c WT mice treated with an anti-CTLA-4
mAb with or without EPS-R1 ingestion on day 15 (n=6). Then, the CCR6* population among CD8* T cells in TILs was analyzed by flow cytometry. E, Gro3P
(standard), untreated EPS-R1, and hydrolyzed EPS-R1 were analyzed by LC-MS/MS to detect Gro3P. F, EPS-R1 was treated with HF for 10 minutes to
prepare non-dephosphorylated EPS-R1 as the control (Cont-EPS-R1) or for 3 days to obtain dephosphorylated EPS-R1 (DP-EPS-R1). Then Gro3P content

in these different EPS-R1 was examined by LC-MS/MS. Contents of Gro3P are presented as pg/mg in EPS. G, BALB/c WT mice were orally administered
Cont-EPS-R1 or DP-EPS-R1 for 6 days, and then CCR6* populations among Peyer's patch CD8* T cells were examined by flow cytometry (n=6). H, BALB/c
WT mice were subcutaneously inoculated with syngeneic Colon26 tumor cells, and dietary ingestion of DP-EPS-R1 commenced on day 0. All mice were intra-
peritoneally treated with an anti-CTLA-4 mAb. Tumor volumes were periodically measured and statistically compared on day 15.1, CD8* T cells were freshly
isolated from splenic mononuclear cells (MNC) of BALB/c WT mice and stimulated with 18:1 LPA or RP-1 in vitro. After 24-hour incubation, the CCR6*
populations were examined by flow cytometry (n=8).J, CD8" T cells were freshly isolated from splenic MNCs of Lpar2-/- or Lpar2*/- ICR mice and stimulated
with EPS-R1 or 18:1 LPA in vitro. After 24-hour incubation, the CCR6* populations were examined by flow cytometry (n=8). Results are presented as dot
plots with mean £ SEM (C, D, G, I, and J), chromatograms (E), or mean = SEM (H). Statistical analyses were performed by Student t test (C, D, H, and I) or one-
way ANOVA with Tukey correction (G) or Dunnett correction (J). NS, not significant. *, P < 0.05; **, P < 0.01; ** P < 0.001. All the results obtained from two
independent experiments are demonstrated (C), and similar results were obtained from two (A, B, D-H, and J) or three (1) independent experiments. aCTLA-4,
anti-CTLA-4; CD8 TILs, CD8* TILs; CD8T, CD8* T cell(s); cont, control; iso., isolated; m/z, mass-to-charge ratio; pop., population; PP, Peyer's patch; Sp, spleen.
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when EPS-R1 was subjected to acid hydrolysis (Fig. 6E). When
mice were orally administered EPS-R1 dephosphorylated by
hydrofluoric acid (HF) treatment (DP-EPS-R1; Fig. 6F), the
CCR6" population was not increased among Peyer’s patch
CD8* T cells (Fig. 6G), and consistently that did not augment
the antitumor effect when combined with anti-CTLA-4 mAb
treatment (Fig. 6H). Furthermore, EPS from skim milk fer-
mented with other L. bulgaricus strains contained Gro3P moi-
ety (Supplementary Fig. S7A), and these EPS, such as EPS-R1,
also increased the CCR6" population among in vitro-cultured
splenic CD8* T cells (Supplementary Fig. S7B). These results
suggested that Gro3P moiety is the functional component
of L. bulgaricus-produced EPS that increased CCR6* CD8*
T cells.

Signaling through G protein-coupled receptors (GPCR) has
been reported as an underlying mechanism for some metabo-
lites of commensal microbiota to modulate biological func-
tions of the host (36). The structure of Gro3P is present in all
glycerophospholipids, including lysophosphatidic acid (LPA,
1- or 2-acyl-sn-glycerol 3-phosphate), like EPS-R1 (Supplemen-
tary Fig. S7C). LPA is a typical lysophospholipid mediator and
induces various immunologic responses through its specific
GPCRs (37). Interestingly, the Gro3P moiety is a unique struc-
ture of LPA but not other lysophospholipid mediators such as
lysophosphatidylcholine (LPC) or sphingosine 1-phosphate
(S1P; ref. 38). Moreover, it was reported that dephosphoryla-
tion diminished biological activities of LPA (39), similarly to
its impact upon the ability of dietary Gro3P-containing EPS-
R1 to induce CCRG6 expression on Peyer’s patch CD8* T cells
and to augment the efficacy of anti-CTLA-4 mAb treatment.
Thus, it is a reasonable hypothesis that LPA receptors contrib-
ute to the immunologic effects of EPS-R1.

Interestingly, the CCR6" population was not statistically
changed when splenic CD8" T cells were stimulated with
18:1 LPA in vitro, but by contrast these cells were increased
when stimulated with radioprotectin-1 (RP-1), a nonlipid LPA
receptor 2 (LPA,)-specific agonist (Fig. 6I). Moreover, when
splenic CD8" T cells of Lpar2-deficient (Lpar27/~) mice were
stimulated with EPS-R1 or 18:1 LPA in vitro, the CCR6"
population was not increased by EPS-R1 stimulation but was
decreased by 18:1 LPA stimulation (Fig. 6]; Supplementary
Fig. S7D). Furthermore, stimulation with EPS-R1, but not
18:1 LPA, increased the CCR6" population in control Lpar2*/~
mouse-derived splenic CD8" T cells (Fig. 6]; Supplementary
Fig. S7D). These results would suggest that LPA, mediates
the EPS-R1-induced CCR6 expression on CD8" T cells.

DISCUSSION

The gut microbiota and microbial metabolites are attrac-
tive substances to augment the efficacy of ICB therapies in
cancer (10-13). In this report, we demonstrated that dietary
consumption of EPS-R1 (one of metabolites of L. bulgaricus
R1) increased CCR6* CD8* T cells in Peyer’s patches. These
EPS-R1-induced T cells were capable of infiltrating CCL20-
producing tumors and producing IFNy, supporting an
immune response gene expression signature that maintains
tumor-specific CTL function in the tumor. Hence, dietary
consumption of EPS-R1 augments the effect of ICB thera-
pies in CCL20-producing tumors in mice (Supplementary

Fig. S8). Moreover, our results suggested that the Gro3P
structure of EPS contributes to EPS-induced CCR6 expres-
sion on CD8" T cells possibly through LPA,. These results
provide one effector mechanism as to how Lactobacillus modu-
lates the host immune system as a probiotic.

CXCR3* CD8" T cells and IFNy-inducible chemokines were
reported as critical for the therapeutic efficacy of ICB (8, 9).
Among CD8" TILs in the anti-CTLA-4 mAb-treated Colon26
tumors, EPS-R1 ingestion increased IFNY" granzyme B* pop-
ulations in CXCR3* CCR6", but not CXCR3" CCR6-, CD8*
T cells. Thus, the majority of effector CXCR3* CD8" T cells
in anti-CTLA-4 mAb/EPS-R1-treated Colon26 tumors likely
originated from CCR6* CD8* T cells that were reinvigor-
ated by tumor antigen recognition in the IFNy-rich tumor
microenvironment following CCL20-dependent infiltration.
Decreased diversity of the TCR repertoire of TILs on day 15
after EPS-R1 ingestion, compared with that on day 10, sup-
ports this possibility, because Ccr6 expression was already
increased in the tumors by day 10. On the other hand, EPS-
R1 ingestion increased both CCR6* and CCR6™ HA-specific
CD8*" T cells in anti-CTLA-4 mAb-treated highly antigenic
4T1-HA tumors on day 15. Thus, it is likely that the increase
of HA-specific CD8" T cells in 4T1-HA tumors was due to an
increase of both the CCR6" population, reinvigorated by HA
antigen recognition in the tumor, and CXCR3-expressing
CCR6™ CD8* T cells recruited in an IFNy-dependent manner.
It was recently reported that an IFNy-dependent recruitment
of CXCR3-expressing CD8" T cells by CXCL9-producing
CD103* dendritic cells in the tumor was a critical event for
anti-PD-1 mADb efficacy (8). In this context, EPS-R1-induced
IFNy-producing CCR6* CD8" T cells might infiltrate into
CCL20-expressing tumors and stimulate CD103" dendritic
cells to recruit CXCR3* CCR6™ CD8* T cells. Therefore, EPS-
R1-induced CCR6" CD8* T cells may not only directly exert
an antitumor effect by themselves, but they may recruit ICB-
induced CXCR3" CCR6™ antigen-specific CD8" T cells in the
tumors. Overall, these events would result in an increase of
total antigen-specific CD8" T cells, particularly in the highly
antigenic tumors. The contribution of CCR6* CD8" T cells
to antitumor immune responses may vary among differ-
ent tumor types, possibly depending on tumor antigenicity,
other infiltrating immune cells, the amount and variety of
chemokines produced by the tumors, and the time after ICB
treatment. Further studies are required to reveal the mecha-
nisms that increase tumor-specific effector CTLs and main-
tain their function in the tumor, although modification of
the tumor microenvironment by both ICB and CCR6* CD8*
T cells appears to play critical roles.

LPA is a typical lysophospholipid mediator and its spe-
cific GPCRs, LPA,, 5, and 4, were reported to be expressed
on lymphocytes (37). The Gro3P moiety is a basic compo-
nent of both LPA and EPS-R1, and thus it is possible that
the LPA receptors are involved in the induction of CCR6
expression on CD8* T cells by EPS-R1. It was reported that
LPA inhibited CD8" T-cell activation through LPA; but not
LPA, (40). Furthermore, LPA enhanced the invasion of T-cell
lymphomas into tissue substrates depending on LPA, (41).
We have now shown that an LPA,-specific agonist, RP-1,
like EPS-R1, increased the CCR6" population among CD8*
T cells, and EPS-R1 did not increase the CCR6" population
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among Lpar2”/~ CD8* T cells in vitro. Interestingly, 18:1 LPA,
an agonist of LPA receptors, decreased the CCR6-expressing
population in CD8* T cells of Lpar27/~ mice in vitro. Thus,
EPS-R1 may stimulate LPA, to induce CCR6 expression or
to block the reduction in CCR6 expression caused by endog-
enous ligands binding inhibitory receptors such as LPAs. It
was reported that affinity to each LPA receptor is variable
among LPAs and LPA-similar compounds (42). Thus, the dif-
ferent affinity of LPA receptors to EPS-R1 might result in the
different immunologic effects of LPAs; however, we did not
exclude the possibility that other receptors may also medi-
ate the signals by EPS-R1. The contribution of other cells to
induce CCR6 expression on CD8*" T cells was not completely
excluded, particularly when EPS-R1 was orally ingested. Nota-
bly, RP-1 was reported to enhance the survival of intestinal
stem cells and protect from gastrointestinal acute radiation
syndrome (43). Thus, oral EPS-R1 ingestion might modulate
the condition of the intestinal epithelium to augment the
effects of EPS-R1 on CD8" T cells in Peyer’s patches. Further
detailed studies, including structural analysis of EPS-R1, are
required to determine the pathways by which EPS-R1 and
other EPS stimulate CD8* T cells. These studies will provide
an understanding of the mechanisms by which dietary inges-
tion of some Gro3P-containing EPS produced by L. bulgaricus
strains exerts their immune-health benefits.

Some tumor-infiltrating CCR6" cells have previously been
suggested as tumor-promoting cells (44-46). It was reported
that diet-induced obesity increased IL6-induced macrophages
that produced CCL20 to recruit CCR6" tumor-promoting
cells (44). The CCL20-CCR6 axis was also reported to recruit
protumor IL22-producing CD4" T cells into colon tumors
and increased cancer stemness (45). Moreover, the IL6/
CCL20/CCR6 axis was also reported to contribute to the
mammary tumor progression through IL17A (46). Recently,
IL17A-producing CCR6" TCF* CD8" T cells (Tcl7) were
reported to contribute to poor ICB response (47). When we
analyzed correlation between CCR6 expression and response
to ICB therapies in publicly available study cohorts, CCR6-
high expression did not correlate with good response to ICB
therapies in some human cancers (Supplementary Fig. S9).
Rather CCR6-low expression appeared to correlate with bet-
ter response to ICB therapies in urothelial cancers (Supple-
mentary Fig. S9). These results suggested that a majority of
CCR6" cells recruited into CCL20-producing tumors might
be tumor-promoting cells and inhibit the efficacy of ICB in
human cancers in the absence of EPS-R1 ingestion. Of note,
EPS-R1 ingestion augmented Ifng, but not Il17a, expression in
anti-CTLA-4 mAb-treated Colon26 tumors (Fig. 4C). Thus,
EPS-R1 ingestion might bias CCR6" T cells toward an IFNy-
producing CD8" T cell-rich population that inflamed tumor
tissue and augmented the antitumor effect of ICB against
CCL20-producing tumors.

It might be interesting to examine the effect of dietary
ingestion of EPS-R1 on ICB therapies against human CCL20-
producing cancers in clinical trials, as EPS-R1 increased the
CCR6" population in CD8* T cells of human PBMCs in vitro.
Herein, the CCR6 gene expression level correlated with pro-
longed OS in patients with CRAD, HNSC, and BRCA, but
the impact of CCR6 expression on prognosis in these cancer
types might be a random effect due to the heterogeneity

across human cancers. Perhaps PD-L1/PD-1 therapy-resistant
colorectal cancer would be an interesting target indication
(5). Exposure to fermented dairy foods has been previously
reported to be associated with a reduced risk of colorectal
cancer (48, 49). It will also be interesting to analyze whether
long-term dietary ingestion of fermented skim milk contain-
ing EPS-R1 might also reduce the risk of colorectal cancer. No
doubt the cross-talk between microbiota and the host is much
more complicated in humans, who are genetically diverse and
more diverse microbe-exposed compared with experimental
rodents. Thus, before clinical trials of dietary ingestion of
EPS-R1 can be tested against human cancer, further detailed
assessments into the nature of any human IFNy-producing
CCRG6* CD8" T cells induced by EPS-R1 are required.

METHODS
Study Design

Animals were randomly assigned to experimental groups, but
experimenters were not blinded. Sample size was not determined
with a power calculation. More than five animals per group were typi-
cally used for antitumor efficacy studies and flow cytometry analyses.
Figure legends contain sample sizes, replicate information, and the
statistical tests used.

EPS Preparation and Dietary Ingestion

EPS was respectively prepared from six L. bulgaricus strains kept in
bacterial libraries of Meiji Co., Ltd., including Lactobacillus delbrueckii
subsp. bulgaricus OLL1073R-1 or small intestinal contents from three
BALB/c WT mice following the previously described methods (24).
Briefly, fermented skim milk or intestinal contents were mixed with
trichloroacetic acid to remove protein, and ethanol precipitation
was performed. Crude EPS was dialyzed (molecular weight cutoff:
6,000-8,000 Da) and incubated with RNase, DNase, and proteinase
K. After ethanol precipitation and dialysis again, EPS was obtained
by freeze-drying (Supplementary Fig. S10A and S10B). In the mouse
experiments, EPS-R1 was dissolved in double-distilled water (DDW;
25 ug/mL) and freely ingested by the mice from the water bottle. Mice
generally ingested EPS-R1 at 75 to 125 pug/body/day. DDW was used
as the control. In some experiments, EPS-R1 was dissolved in the
DDW and administered into the Colon26 tumor-bearing mice 7 days
after tumor inoculation by a single oral gavage (400 pg/400 uL/body).

Antibodies and Reagents

Antagonistic anti-mouse CTLA-4 (CD152) mAb (UC10-4F10;
kindly provided by Dr. Jeffrey A. Bluestone; ref. 50) and antagonistic
anti-mouse PD-1 (CD279) mAb (RMP1-14; ref. 51) were prepared
and purified in our laboratory as previously described (52). Neutral-
izing anti-mouse CCL20 mAb (2F5-5) was kindly provided by KAN
Research Institute, Inc. (Kobe; ref. 53). 18:1 LPA was purchased from
Avanti Polar Lipids (54), RP-1 was synthesized by Abama Chemicals
(43), and autotaxin inhibitor (ATXi), 2-(4-chlorophenyl)-8-hexyl-7-
methylimidazo[1,2-a]pyrimidin-5(8H)-one (Compound 30), was syn-
thesized as previously described (55). RP-1 and ATXi were prediluted
with dimethyl sulfoxide (DMSO). Next, these three reagents were dis-
solved in RPMI culture medium (RPMI 1640 medium supplemented
with 10% FBS and 1% penicillin-streptomycin; Sigma-Aldrich). ATXi
(1 umol/L) was used in RP-1-stimulating experiments to avoid gen-
eration of LPAs from endogenous LPCs.

Mice and Rats

Four- to seven-week-old BALB/c WT and B6 WT mice were pur-
chased from Charles River Japan Inc. BALB/c Ifng”/™ mice were derived
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as described previously (52). To obtain ICR Lpar2”/~ and Lpar2*~
mice, B6 Lpar2”/~ mice were obtained (56) and backcrossed to ICR
mice for four generations. Mice were maintained under specific path-
ogen-free (SPF) conditions at Juntendo University, Meiji Innovation
Center (Hachioji, Japan) and Tohoku University (Sendai, Japan). GF
BALB/c WT mice were purchased from CLEA Japan and maintained
in sterile conditions in the Meiji Innovation Center facility. Frozen
whole small intestines obtained from 6-week-old BALB/c WT mice
were purchased from CLEA Japan. All mice were used in accordance
with the institutional guidelines based on the approval of Juntendo
University, Meiji Innovation Center, Tohoku University, and CLEA
Japan Animal Experimental Ethics Committee. Eight-week-old SPF
Wistar/ST rats were purchased from Japan SLC and were maintained
for 2 weeks at Iwate University and used in accordance with the insti-
tutional guidelines based on the approval of Iwate University.

Tumor Cells

Colon26 colon adenocarcinoma cells were kindly provided by
the Japanese Foundation for Cancer Research (Tokyo, Japan), and
4T1 mammary carcinoma cells and B16F10 melanoma cells were
purchased from ATCC. 4T1 mammary carcinoma cells expressing
the influenza HA (4T1-HA) were generated as previously reported
(31). Mouse Ccl20 (mCcl20)-transduced B16F10 (B16F10-CCL20)
cells were generated according to the manufacturer’s instructions
with some modifications. Briefly, mCc/20 cDNA (NM_016960)
was amplified from Colon26 cells by RT-PCR using the following
primers with the Xhol or NotI cloning site: sense, 5-ATACTCGAG
CACCATGGCCTGCGGTGGCAAGCG-3’; anti-sense, 5-ATAGCG
GCCGCTTACATCTTCTTGACTCTTAGGCTGAG-3". The ¢cDNA
was ligated into the pMX-IRES-GFP (pMX-IG) retroviral vec-
tor (Cell Biolabs) to generate mCCL20/pMX-IG. Platinum-E
(Plat-E, Cell Biolabs) cells were transfected with control pMX-IG
or mCCL20/pMX-IG using Lipofectamin 3000 (Thermo Fisher),
and the supernatant at day 2 was mixed with the B16F10 cell sus-
pension in the presence of 8 mg/mL polybrene (Sigma-Aldrich).
After transduction, cells that expressed GFP were sorted on a
FACSMelody cell sorter (BD Biosciences). We confirmed CCL20
production by B16F10-CCL20, but not B16F10, tumor cells in
culture supernatants by a mouse CCL20/MIP-3a-specific ELISA
(R&D Systems). All cells were authenticated by short tandem
repeat analysis and cultured in RPMI 1640 culture medium. All
cells were used at low passage numbers and were regularly tested
for Mycoplasma.

Coincubation of Tumor Cells with EPS-R1

Colon26 or 4T1 tumor cells were coincubated with EPS-R1 (S or
25 pg/mL) or doxorubicin hydrochloride (1 or 10 pmol/L; Wako) in
RPMI culture medium (37°C, 5% CO,) in a 96-well flat-bottom plate
(Corning). Cell apoptosis was examined by staining with 7-AAD/
annexin V (FITC Annexin V Apoptosis Detection Kit; BioLegend)
and analyzed using FACSVerse flow cytometer (BD Biosciences) 24
hours after coincubation. Immunogenic cell death was examined by
detecting secretory damage-associated molecular patterns (DAMP)
ATP and HMGBI1 (29). ATP was examined by the RealTime-Glo
Extracellular ATP Assay (Promega) and analyzed using Cytation 1
(BioTek) during 24-hour coincubation. HMGB1 was examined by the
HMGB1 Detection Kit (Chondrex) or HMGB1 Measuring Kit FUSO
(Fuso Pharmaceutical Industries, Ltd.) and analyzed using SYNERGY
H1 (BioTek) 24 hours after coincubation. Cell proliferation was
examined by staining with CellTrace Far Red (Thermo Fisher) and
analyzed using FACSVerse flow cytometer 4 days after coincubation;
2 x 10° cells/well (cell apoptosis) or 1 x 10 cells/well (immunogenic
cell death and cell proliferation) were assessed, respectively. All of
these tests were performed according to the manufacturer’s instruc-
tions. Doxorubicin hydrochloride was prediluted with DMSO.

Therapy of Transplanted Tumors

Tumor cells (3-6 x 10°/body) were s.c. inoculated in the left flank
of mice, and the tumor size was measured periodically with a caliper.
Tumor volumes were calculated as long diameter x (short diam-
eter)’ x 1/2 (mm?). In the orthotopic transplant model for colorectal
cancer, a Colon26 tumor cell suspension (5 x 105/20 uL) was injected
into the cecal wall, and the tumor volumes were measured on day 14.
Groups of mice were administered i.p. with 150 ug of anti-CTLA-4
mAD, anti-PD-1 mAb, control hamster IgG, or control rat IgG
(Sigma-Aldrich) in phosphate-buffered saline (PBS) (-) on days 4,
7, and 10. Some mice were orally administered EPS-R1 (25 pg/mL)
dissolved in DDW from day 0. In some experiments, mice were addi-
tionally treated with 500 ug of neutralizing anti-mouse CCL20 mAb
in PBS (-) on days -3, 0, 3, 7, 10, and 14. In some experiments, mice
were additionally treated with 50 pg of polyclonal rabbit anti-asialo
GM1 (ASGM1) Ab (Wako) in PBS () to deplete NK cells on days -3,
0, 4, 8, and 12 (57). We have confirmed that in these treatment mod-
els, tumors rejected by day 14 or 15 never later regrew and tumors
detected on day 14 or 15 were never later rejected.

Mononuclear Cell Preparation and In Vitro Stimulation

Peyer’s patches, mesenteric lymph nodes, and spleens were removed
from mice. Mononuclear cells (MNC) were prepared aseptically fol-
lowing the described procedure (58). Briefly, these were ground
with MAS-coated slide glasses (Matsunami Glass), filtrated through
nylon mesh (70 um; Kyosin Rikoh), and washed 3 times with RPMI
1640 culture medium. Red blood cells (RBC) were lysed with ammo-
nium-chloride-potassium (ACK) buffer. Intraepithelial lymphocytes
were prepared from the whole small intestine of mice as described
previously (59). In some experiments, CD8" and CD4" T cells were
prepared from MNCs using a mouse CD8a* T Cell Isolation Kit or a
CD4* T Cell Isolation Kit (Miltenyi Biotec) on MACS Manual Separa-
tors (Miltenyi Biotec) according to the manufacturer’s instructions.
Splenic MNCs, PBMCs (5.0 x 10° cells/mL), or magnetically isolated
T cells (0.2-1.0 x 10° cells/mL) were stimulated with EPS (150 ug/
mL), 18:1 LPA (100 umol/L), or RP-1 (25 pmol/L) for 24 hours in
RPMI culture medium (37°C, 5% CO,).

Collection of Lymphocytes from the Thoracic Duct

Lymph was collected from the thoracic duct of rats as described
previously (60). Briefly, rats were implanted with a catheter into the
thoracic duct and duodenum, and placed individually in Bollman-
type restraining cages. Then, a single dose of EPS-R1-dissolved
DDW (1.5 mg/body) or DDW was administered intraduodenally
during collection of the lymph. CD8* T cells were collected using rat
CD8a. MicroBeads (Miltenyi Biotec) on MACS Manual Separators
according to the manufacturer’s instructions.

Preparation of Single-Cell Suspensions from Tumor Masses

Single-cell suspensions from solid tumors were prepared by minc-
ing them with a scalpel and agitating them in the RPMI culture
medium containing 2 mg/mL collagenase D (from Clostridium histolyti-
cum; Roche) and 200 ug/mL DNase I (grade II from bovine pancreas;
Roche) for 60 minutes at 37°C. Then, following RBC lysis, the cells were
strained (100 um) and washed 2 times with RPMI culture medium. In
some experiments, CD45* cells and CD45" cells were isolated using
mouse CD45 (TIL) MicroBeads (Miltenyi Biotec) on a MACS Manual
Separator according to the manufacturer’s instructions.

Flow-Cytometric Analysis

Flow-cytometric analyses were performed on FACSVerse follow-
ing immunofluorescence staining. After single-cell preparation, cells
were preincubated with anti-mouse CD16/32 (2.4G2) mAb (Mouse
BD Fc Block, BD Biosciences) to avoid nonspecific binding of
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mAbs to Fcy receptors. Then, cells were stained with the following
as indicated: fluorescein isothiocyanate (FITC)-conjugated anti-
mouse CD3 molecular complex mAb (17A2; BD Biosciences), phy-
coerythrin (PE)-cyanin (Cy) 7-conjugated anti-mouse CD4 mAb
(RM4-5; Invitrogen), allophycocyanin (APC)-Cy7-conjugated anti-
mouse CD8a mAb (53-6.7; BD Biosciences), BD Horizon brilliant
violet (BV) 421-conjugated anti-mouse CCR6 mAb (140706; BD
Biosciences), APC-conjugated anti-mouse CXCR3 mAb (CXCR3-
173; BD Biosciences), PE-conjugated anti-mouse CD199 (CCRY)
mAb (9B1; BioLegend), peridinin chlorophyll protein (PerCP)-
Cy5.5-conjugated anti-mouse CD3 molecular complex mAb (17A2;
BD Biosciences), APC-Cy7 anti-mouse CD3e mAb (145-2C11; BD
Biosciences), PE-conjugated anti-mouse CD8o mAb (53-6.7; BD
Biosciences), APC-conjugated anti-mouse CD69 mAb (H1.2F3;
Invitrogen), BV421-conjugated anti-mouse CD279 (ICOS) mAb
(7E.17G9; BD Biosciences), PerCP-CyS5.5-conjugated anti-mouse
CD44 mAb (IM7; BioLegend), APC-conjugated anti-mouse CD62L
mAb (MEL-14; BioLegend), PE-Cy7-conjugated anti-mouse
CD39 mAb (DuhaS9; BioLegend), T-Select H-2K? Influenza HA
Tetramer-IYSTVASSL-PE (Medical and Biological Laboratories), or
isotype-matched control mAbs (BD Biosciences, Invitrogen, and Bio-
Legend) and control PE-conjugated tetramer (T-Select H-2K¢ EGFP
Tetramer-HYLSTQSAL-PE, Medical and Biological Laboratories). In
some experiments, CellTrace Far Red was used to trace the division
of cells. After incubation for 4 to 6 hours (37°C, 5% CO,), a Fixation/
Permeabilization Solution Kit with BD GolgiPlug (BD Biosciences)
was used to perform intracellular staining for IFNy by PE-Cy7-
conjugated anti-mouse IFNy mAb (XMG1.2; eBioscience) and gran-
zyme B by FITC-conjugated anti-mouse granzyme B mAb (NGZB;
Invitrogen) according to the manufacturer’s instructions. Cultured
PBMCs (normal human PBMC, purified, characterized; Precision
for Medicine) were preincubated with Human BD Fc Block (BD
Biosciences) to avoid nonspecific binding of mAbs to Fcy receptors.
Cells were stained with the following mAbs as indicated: violet (V)
500-conjugated anti-human CD3e mAb (UCHT1; BD Biosciences),
APC-H7-conjugated anti-human CD8a mAb (SK1; BD Biosciences),
BV421-conjugated anti-human CCR6 mADb (11A9; BD Biosciences), or
isotype-matched control mAbs (BD Biosciences). Dead cells were
excluded by 7-AAD (BD Biosciences) or Fixable Viability Dye eFluor
506 (FVDS506; eBioscience). Data were acquired by BD FACSuite (BD
Biosciences) and analyzed in FlowJo (BD Biosciences).

Histologic Examination

The jejunum and ileum were obtained from the BALB/c WT
mice ingested with or without EPS-R1 (25 ug/mL) for 6 days (n = 4)
and analyzed histopathologically blinded by two pathologists using
hematoxylin and eosin staining. Colon26 or 4T1 tumor cells were
inoculated in the left flank of mice. Tumor masses were harvested on
day 15, fixed in 10% formaldehyde neutral buffer solution (Wako),
and then embedded in paraffin. Paraffin sections were incubated
with rabbit anti-CCL20 polyclonal Ab (5.0 pg/mL; ab9829, Abcam)
or rabbit immunoglobulin fraction (Dako) as the control. CCL20
was detected by Histostar (Rb) for Mouse tissue (Medical and Bio-
logical Laboratories) for manual immunostaining by using a Super
Sensitive DAB (BioGenex). Finally, sections were counterstained with
hematoxylin. All samples were scanned in an All-in-One Fluorescence
Microscope (BZ-X810, Keyence). The histologic examination was
supported by Advantec Co., Ltd. and New Histo Science Laboratory.

ELISA

CD45" single-cell suspensions were prepared from Colon26 tumors
in anti-CTLA-4 mAb-treated mice on day 15, and the live-cell number
was measured using NucleoCounter NC-100 (ChemoMetec) accord-
ing to the manufacturer’s instructions. For anti-CD3 mAb stimula-
tion, the cells were incubated (1 x 10° live cells/mL) with or without

functional grade anti-CD3e mADb (145-2C11; eBioscience) for 48 hours,
and then cell-free supernatants were analyzed for ELISA to measure
IFNy, TNF, and IL2 by the appropriate BD OptEIA Mouse ELISA Set
(BD Biosciences) using SYNERGY H1 with Gen5 software (BioTek).

RT-gPCR

Total RNA was isolated from samples prepared from Peyer’s patch
MNCs, thoracic duct lymphocytes, or single-cell suspensions from
tumors using NucleoSpin RNA (MACHEREY-NAGEL GmbH &
Co. KG). First-stranded ¢cDNA was prepared using PrimeScript RT
Master Mix (Perfect Real Time; Takara Bio) following the manu-
facturer’s instructions. Gene expression of mouse 10 chemokine
receptors in Peyer’s patch CD8" and CD4* T cells, and Ccl20 in
CD45™ and Ccr6 in CD45" cells in tumor suspensions, was examined
by RT-qPCR methods performed using TB Green Premix Ex Taq (Tli
RNaseH Plus; Takara Bio) following the manufacturer’s instructions:
Mouse target genes were Cerl (MA102191), Cer2 (MA104375), Cer3
(MA097020), Cer4 (MA112706), Cers (MA173758), Cer6 (MA167481),
Cer9 (MA124740), Cerl0 (MA122912), Cxer3 (MA125723), Cxer6
(MA109145), Ccl20 (MA032304), or endogenous control Gapdh
(MAO050371). Gene expression of five rat chemokine receptors in
thoracic duct CD8" T cells was also examined by RT-qPCR methods.
Rat target genes were Cxcr6 (RA071759), Ccr6 (RA065511), Cxcr3
(RA054984), CcrS (RA035868), Ccr9 (RA051266), or endogenous
control Gapdh (RA015380). qPCR was performed by a 7300 Real-
Time PCR System (Applied Biosystems) or QuantStudio 3 and
Real-Time PCR Systems (Applied Biosystems), and the expression
levels of respective genes were measured as a ratio compared with
Gapdh in the same sample by calculation of cycle threshold (Ct)
value in amplification plots using 7300 SDS System Software v1.4.0
(Applied Biosystems) or QuantStudio Design and Analysis Software
v1.4 (Applied Biosystems), respectively. All primer sets were obtained
from a Perfect Real-Time Support System (Takara Bio) according to
the indicated Primer Set ID.

RNA-seq

RNA-seq analysis was performed in Repertoire Genesis Inc. Total
RNA was prepared from tumors, and the quality of total RNA
was assessed using the Agilent Bioanalyzer 2100 system (Agilent
Technologies). Sequencing libraries were generated using NEBNext
Ultra RNA Library Prep Kit for Illumina (New England Biolabs)
following the manufacturer’s recommendations. The libraries were
sequenced on Illumina NovaSeq 6000 (Illumina) using a 2 x 150
paired-end configuration.

RNA-seq Data Processing

RNA-seq processing was performed in Repertoire Genesis Inc.
Sequenced reads were filtered to exclude adaptor and low-quality
(N'>10% and Q score <5) portions. The resulting reads were aligned
to the UCSC mouse reference genome (mm10; http://genome.ucsc.edu;
ref. 61) with TopHat (62) and assembled with Cufflinks by referring
gene structures described in NCBI Reference Sequence (RefSeq)
genes (63). For quantification, fragments per kilobase of exon per
million reads mapped (FPKM) were calculated using Cuffquant
function in the Cufflinks (63). Immune-related genes were selected
as described previously (64) and using the Molecular Signatures
Database (MSigDB; ref. 65) on the keywords (immune, lymphocyte,
and macrophage).

TCR Sequencing and Data Analyses

TCR sequencing and data analysis were performed by Repertoire
Genesis Inc. as described previously (66). The copy number and per-
centage occurrence frequencies of identical unique sequence reads
in each sample were calculated. TRA and TRB diversity among
anti-CTLA-4 mAb-and/or EPS-R1-treated tumors on days 10 and 15

American Association for Cancer Research®

AAC

MAY 2022 CANCER DISCOVERY | 1351

RESEARCH ARTICLE



RESEARCH ARTICLE

Kawanabe-Matsuda et al.

was statistically examined by two-way analysis of variance (ANOVA)
with Tukey correction, respectively, and TRA and TRB diversity of
tumors in each group on day 15 compared with that on day 10 was
statistically examined by two-way ANOVA with Bonferroni correc-
tion by a Shannon-Wiener diversity index using GraphPad Prism 7
(GraphPad Software). Abundance of each sequence read of TRA and
TRB in anti-CTLA-4 mAb- and/or EPS-R1-treated tumors on days
10 and 15 was transformed as log (X + 1), and unit variance scaling
was applied to each sequence read. The compensated abundances are
shown as heat map clustered using correlation distance and average
linkage method using ClustVis, a Web tool for visualizing clustering
of multivariate data (67).

Structural Analysis of EPS

The Gro3P structure in EPS was analyzed and quantified by an
LC-MS/MS system. At first, EPS-dissolved (1 mg/mL) water (50 uL)
was mixed with 5§ M hydrochloric acid (HCI; 5 uL) and heated at
90°C for 30 minutes to cleave the glycosidic bond. Then, 1 M sodium
hydrogen carbonate (NaHCOj3; 50 uL) was added to the hydrolyzed
EPS sample. Chromatographic separation of Gro3P was achieved on
a Mastro C18 column (Shimadzu GLC). Detection was conducted
on a tandem mass spectrometer with negative electrospray ioniza-
tion, and multiple reaction monitoring was used at m/z 171 to 79
for Gro3P. Quantitation plots of Gro3P peak area obtained from
EPS samples were examined in comparison with standard [#-glycerol
3-phosphate bis (cyclohexylammonium) salt (Sigma-Aldrich)] solu-
tions. The method was supported by Shimadzu Techno-Research, Inc.

Dephosphorylation of EPS-R1 by HF Treatment

EPS-R1 was dephosphorylated by HF treatment following the pre-
viously described methods (34). Briefly, EPS-R1 was agitated in cold
HEF (Wako) for 3 days, and then HF was excluded by chloroform (DP-
EPS-R1). For a control, EPS-R1 was agitated in cold HF for 10 min-
utes (Cont-EPS-R1). By LC-MS/MS analysis, more than 95% Gro3P
was dephosphorylated in DP-EPS-R1 compared with Cont-EPS-R1.
DP-EPS-R1 was also ingested in some BALB/c WT mice following the
same protocol for EPS-R1 ingestion.

16S rRNA-seq Analysis

Stool samples were collected from the rectum of anti-CTLA-4
mAb-treated Colon26-bearing mice on day 15. DNA extraction from
stools was performed by QIAamp DNA Stool Mini Kit (QIAGEN)
according to the manufacturer’s instructions with the following
modifications: 20 mg fecal sample was mixed with 1.4 mL ASL buffer
in a tube containing 0.7 g (diameter, 0.1 mm) and 0.2 g (diameter,
0.3 mm) sterile zirconia/silica beads (Carl Roth), and thoroughly vor-
texed. Samples were then processed by a TissueLyser (Qiagen Retsch)
for 15 minutes at 25 Hz, and lysis was completed (70°C, 15 minutes;
ref. 68). A 16S rRNA-seq library was constructed according to the 16S
Metagenomic Sequencing Library Preparation protocol (Illumina)
targeting the V3 and V4 hypervariable regions of the 16S rRNA gene.
Samples were sequenced on the MiSeq sequencing platform using a
2 x 300 cycle v3 kit (Illumina), and analyzed using the open-source
software package QIIME to obtain abundances of fecal bacteria (69).
After unit variance scaling was applied to each phyla and families, the
data were assessed by heat map (rows are centered, rows and columns
are clustered by correlation distance and average linkage method)
and principal component analysis (singular value decomposition
with imputation was used to calculate principal components, predic-
tion ellipses with 95%), respectively, using ClustVis.

Human Cancer Analysis

For comparison between human cancer tissues and normal tis-
sues, CCL20 gene expression (transcripts per million) in 31 human
cancer tissues and paired normal tissues was obtained from the Gene

Expression Profiling Interactive Analysis (GEPIA; ref. 70) utilizing
data from The Cancer Genome Atlas (TCGA,; cancer tissues; ref. 71)
and the Genotype-Tissue Expression (GTEx; normal tissues; ref. 72)
project, respectively. For the differential analysis of types of paired tis-
sues, higher than preset log, (fold change) value (= 1) and lower than
preset Q-value (= 0.01) were considered statistically different in the
four-way ANOVA method (using sex, age, ethnicity, and disease state).
For survival analyses, CCR6 and CCL20 gene expression data (FPKM)
of TCGA cancer samples were obtained from the Human Protein Atlas
(htep://www.proteinatlas.org; ref. 73), and clinical data were obtained
from the Broad Institute TCGA Genome Data Analysis Center
(GDAC; https://gdac.broadinstitute.org/runs/stddata__2016_01_28/
data/). HRs were obtained by univariate Cox regression analysis and
presented as forest plots using JMP v.15 (SAS Inc.). Testicular germ
cell cumor was omitted in Fig. 2B, because 95% CI did not take a finite
value. OS curves were presented and examined with Kaplan-Meier
survival analysis by log-rank methods using GraphPad Prism 7.

A random-effects model was used to pool effect sizes in meta-
analysis of the impact of CCR6 and CCL20 expression on survival.
The Paule-Mandel estimator was used to calculate the heterogeneity
variance, and Knapp-Hartung adjustments was used to calculate the
95% CI around the pooled effect (74). Between-cancer-type heteroge-
neity variance was quantified by calculating I* statistic (75), and the
range of true effects was estimated by calculating prediction interval
(76). For the analysis of ICB response and CCR6 expression, publicly
available study cohorts providing both gene expression data and ICB
treatment response data were included (77-82). Of note, gene expres-
sion data provided by the HWANG_SCIREP_2020 study cohort
were based on the panel sequencing of 395 immune-related genes
[Oncomine Immune Response Research Assay (Thermo Fisher)].
Other study cohorts were all based on whole-transcriptome sequence
data. Normalized expression data provided by the authors were used
when available. Count data were normalized by variance-stabilizing
transformation using DESeq2 R package (1.26.0). Within each study
cohort, patients were grouped into two by CCR6 expression higher
than median or not. Odds ratios of ICB treatment response were
calculated (CCRG6 high vs. low) for each study cohort. Partial response
and complete response were included in responders, and stable dis-
ease and progressive disease were included in nonresponders. Effect
sizes of each study cohort were calculated using esc R package (0.5.1).
A random-effects model was used to pool effect sizes in meta-analy-
sis. Meta-analyses were performed using meta R package (4.19.0) in R
3.6.1 (https://www.R-project.org/).

Statistical Analysis

Statistical analyses, except TCR sequencing analysis, 16S rRNA-
seq analysis, and human cancer analysis, are explained in this sec-
tion. Statistical analyses except Chi-square residual analysis were
performed using GraphPad Prism 7. Two-tailed unpaired Student ¢
test or two-tailed Mann-Whitney U test (T-cell number comparison
in Colon26 or 4T1-HA tumors) were used to compare two groups. In
multiple comparisons (e.g., multiple chemokine receptors) between
two groups, two-way ANOVA with unpaired Bonferroni correc-
tion was performed. Concerning cytokine production, comparison
between matched CD45* cell suspensions was analyzed by two-way
ANOVA with paired Bonferroni correction, and concerning ATP
secretion, comparison between stimulants was analyzed by two-way
ANOVA with paired Dunnett correction. For analysis of more than
three groups, gene expression comparison of three types of mouse
tumors was examined by a Kruskal-Wallis test with a Dunn test.
CCRG6 expression comparison of three mouse groups of Peyer’s patch
CD8" T cells was examined by one-way ANOVA with Tukey correc-
tion. Comparison of CCR6 expression stimulated with EPS obtained
from six L. bulgaricus strains or small intestinal contents of three mice,
comparison of CCR6 expression in stimulated Lpar2”/~ or Lpar2*/~
CD8" T cells, and comparison of the effect of coculture of tumor
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cells with EPS-R1 was examined by one-way ANOVA with Dunnett
correction. Comparison of complete rejection rate of 4T1-HA tumor
was examined by Chi-square residual analysis using BellCurve for
Excel (Social Survey Research Information Co., Ltd.). P values less
than 0.05 were considered significant.

Data and Materials Availability

All data associated with this study are presented in the article
or the Supplementary Materials. All sequencing data (RNA-seq,
TCR sequencing, and 16S rRNA-seq) presented in the current study
have been deposited at DNA Data Bank of Japan Sequenced Read
Archive under the accession numbers DRA013461, DRA013454, and
DRA013453. Correspondence and request for materials generated in
our laboratories should be addressed to K. Takeda.
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