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Figure 3 Single-cell RNA-Seq analysis. Mice were inoculated with 5x10% YTN2 or YTN16 on day 0. On day 7, tumor-infiltrating
cells (TICs) were isolated from pooled tumor tissues of 13 YTN2 or 25 YTN16 tumor-bearing mice. CD4* and CD8" T cells were
sorted and subjected to scRNA-Seq. (A) UMAP visualization. Unsupervised clustering by the Louvain method identified six
clusters. Each dot represents a cell with a different color indicating each cluster. (B) Heatmap showing the expression of 44
genes in 1098 cells. (C, D) Genes differentially expressed between YTN2 and YTN16 in CD8* (C) and CD4* (D) T cells.
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interleukin-17 (IL-17)-producing cells in YTN2 and YTN16 tumors. Seven days after tumor inoculation, YTN2 and

YTN16 tumors (n=4) were harvested and digested to obtain single cell suspensions. The cells were cultured in the presence or
absence of PMA and ionomycin for 4 hours. IL-17 and interferon y (IFNy) production by CD4, CD8 and yd T cells was evaluated
by intracellular cytokine staining. Dot plots show expression of IL-17 and IFNy in CD4* (A), CD8" (B) and v (C) T cells with

or without stimulation by PMA and ionomycin. Percentages (D-F) and absolute numbers (G-I) of IFNy-producing and IL-17-
producing cells in CD4" (D, G), CD8" (E,H) and v (F, I) T cells. (J) Heatmap showing relative expression of the indicated genes
in YTN2 and YTN16 cell lines. *p<0.05; **p<0.01, Student’s t-test. DC, dendritic cell; MDSC, myeloid-derived suppressor cell;

PMA, phorbol 12-myristate 13-acetate.

tended to increase the recruitment of Ly6G™ neutro-
phils (figure 5N). Combination treatment decreased the
percentage of Ly6G" neutrophils compared with anti-
PD-1 mAb alone (p<0.05).

To investigate the molecular regulatory mechanisms
of IL-17 in the TME, mRNA expression profiles were
analyzed by bulk RNA-Seq in day 10 YINI16 tumors
from treated and untreated mice (figure 6). Anti-IL-17
monotherapy did not alter the TME of YINI16 tumors
relative to untreated mice (figure 6A,B), but anti-PD-1

monotherapy or combination treatment with anti-IL-17
resulted in upregulation of the gene signatures for CD4"
T cells, CD8" T cells, NK cells, DCs and macrophage acti-
vation, monocyte chemotaxis and neutrophil activation
(figure 6B). However, combined with anti-IL-17 mAb
treatment, these alterations were reduced, especially
neutrophil activation, relative to anti-PD-1 monotherapy
(figure 6C). As shown in figure 6D, bulk RNA-Seq demon-
strated that the levels of Ccl6-9, Cxcll, Cxcl3, Cxclb and
Cxcll2 expressions were upregulated in anti-PD-1-treated
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Figure 5 Combination therapy with anti-interleukin-17 (anti-IL-17) and PD-1 checkpoint blockade. (A) Mice (n=10) were
inoculated with 5x10° YTN16 tumor cells on day 0. Anti-IL-17 mAb (200 pg/mouse) and/or anti-programmed cell death protein
1 (PD-1) mAb (200 pg/mouse) were intraperitoneally injected on days 0, 3, 6 and 9 and days 3, 6 and 9, respectively. Tumor
volumes were monitored every 2-3 days. The numbers of tumor-free mice on day 25 are shown. *p<0.05; **p<0.01, Fisher’s
exact test, p values were adjusted for multiple comparisons according to Hochberg’s method. Tumor volumes on days 12 (B)
and 21 (C) are shown. Each dot indicates tumor volume in an individual mouse. (D) Mice (n=5) were subcutaneously inoculated
with 5x10% YTN16 tumor cells on day 0 and received anti-IL-17 and anti-PD-1 combination therapy. Anti-CD8 antibody was
injected on days 6, 9 and 12 to deplete CD8" T cells. (E-N) Tumors (n=4) were harvested 10 days after tumor cell inoculation
and subjected to flow cytometry. Bar graphs show absolute numbers of CD45" cells (E), percentages of CD3* T cells (F), CD4* T
cells (G), CD8" T cells (H), NK1.1*CD3" NK cells (I), CD103*DC (J), CD11b*DC (K), CD64*Ly6C'" macrophages (L), CD64*Ly6C"
monocytes (M), and Ly6G* neutrophils (N). *p<0.05; **p<0.01, one-way analysis of variance with Tukey testing for multiple
comparisons. PD-1, Programmed cell death protein 1.
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Figure 6

Inhibition of neutrophil infiltration and angiogenesis by interleukin-17 (IL-17) signaling blockade. Mice (n=3) were

treated as described in the legend to figure 5. Tumors were harvested 10 days after inoculation and bulk-RNA-Seq was
performed. (A) Heatmap of hierarchical clustering analysis of normalized and scaled counts. (B) Heatmap showing scaled
ssGSEA enrichment scores. (C) ssGSEA enrichment scores of GO_POSITIVE_REGULATION_OF_NEUTROPHIL_ACTIVATION
are shown. (D) The expression of chemokine transcripts in the tumor was shown. (E) CD45" cells were sorted from untreated
or anti-IL-17 mAb-treated day 10 YTN16 tumors and subjected to droplet-based single-cell RNA-Seq (scRNA-Seq). UMAP
projections of scRNA-Seq data for CD45" cells in anti-IL-17 mAb treated and untreated YTN16 tumors (n=8214). The number
of cells in each cluster was shown in online supplemental table 10. (F) Chemokine receptor expression in neutrophils (n=636).

(G) The expression of functional molecules in neutrophils. (H) GSEA using hallmark gene sets was performed on bulk RNA-Seq

data. Gene sets enriched in anti-PD-1 at p<0.05 are shown. DC, dendritic cell. UMAP, Uniform manifold approximation and

projection.
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tumors. These chemokines were known to recruit CCR1%,
CXCR1", CXCR2", and CXCR4" cells, respectively.

To further examine myeloid cells in TICs, we sorted
CD45" TICs from anti-IL-17 treated and untreated
YINI16 tumors on day 10 and performed droplet-based
scRNA-Seq (figure 6E and online supplemental table 10).
A total of 8214 CD45" cells (3798 and 4416 cells from
untreated and anti-IL-17-treated tumors, respectively)
were subjected to cluster analysis using FindNeighbors
and FindClusters functions of Seurat (V.3.1.5). Cells in
neutrophil cluster express Ccrl, Cxcr4, Cxcrl and Cxcr2
(figure 6F). Therefore, neutrophils were recruited into
YTN16 tumors, especially anti-PD-1-treated tumors, which
strongly expressed these ligands (figure 6D). They also
expressed S100a8, S100a9, Osm (oncostatin-M), Vegfa,
Mmp9, Argl and Tgfbl (figure 6G). These results were
consistent with GSEA using bulk RNA-Seq data. GSEA of
upregulated and downregulated genes on combination
therapy using HALLMARK gene sets identified angiogen-
esis, apical junction, epithelial-mesenchymal transition,
and KRAS signaling were enriched among the downregu-
lated genes (figure 6H). These results indicate that IL-17
blockade modulated the immunosuppressive microenvi-
ronment by inhibiting neutrophil recruitment into the
tumor, which in turn resulted in decreased angiogenesis
and EMT transition.

Neoantigen-specific CD8" T cells

To examine the effects of immune modulation by
IL-17 blockade on tumorspecific T cell responses, the
infiltration of neoantigen-specific CD8" T cells into
the tumors was investigated (figure 7). We have estab-
lished YIN16-specific CTLs from spleens of mice that
rejected YIN16 tumors. We also showed that these cyto-
toxic T lymophocytes (CTLs) recognize the mutation-
associated neoantigens H-2K -restricted mutant Cdtl
(mCdtl), H-2Drestricted mutant Scarb? (mScarb?)
and mutant Zfpl06 (mZfpl06) (manuscript in prepara-
tion). Therefore, we prepared H-2D" and H-2K" dimeric
molecules with corresponding neoepitope peptides to
detect the presence of neoantigen-specific CTLs in the
tumor. H-2K -restricted mCdtl-specific CD8" T cells and
H-2D"-restricted mScarb2-specific and mZfp106-specific
CD8" T cells in TICs from day 20 tumors were analyzed
(figure 7A,B). Neoantigen-specific CD8" T cells were
induced and recruited into YIN16 tumors regardless of
the treatment. Anti-IL-17 alone or anti-PD-1 monotherapy
did not increase neoantigen-specific CD8" T cells in the
tumor, while combination therapy increased the sum of
mCdtl-specific, mScarb2-specific and mZfpl06-specific
CDS8' T cells (figure 7C-E).

DISCUSSION

YIN2 and YIN16 gastric cancer cell lines are subclones of
one line established from a tumor induced by N-methyl-
N-nitrosourea treatment of a male heterozygous pb3
knockout mouse.® YIN2 spontaneously regresses in
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Figure 7 Therapy combining anti-interleukin-17 (anti-

IL-17) with anti-PD-1 increases neoantigen-specific CD8* T
cell infiltration into YTN16 tumors. YTN16 tumor cells were
inoculated into four mice as in figure 5. On day 20, tumors
were harvested, and tumor-infiltrating cells (TICs) were
stained with MHC class | dimer complexed with neoantigen
peptides. (A) Dot plots show H-2KP’-restricted mCdt1-specific
CD8* T cells and (B) H-2D°-restricted mScarb2-specific and
mZfp106-specific CD8* T cells. (C) Bar graphs show the
percentages of H-2KP-dimer* CD8* T cells in CD45* TICs. (D)
The percentage of H-2D°-dimer* CD8" T cells in CD45" TICs.
(E) The sum of these dimer* CD8" T cells in CD45" cells.
*p<0.05, Student’s t-test between anti-PD-1 and anti-PD-
1+anti-IL-17. MHC, major histocompatibility complex; PD-1,
Programmed cell death protein 1.

CH7BL/6 mice in aCD8" T cell-dependent manner, while
YINI16 grows progressively (figure 1). These two related
cell lines both harbor a similar number of mutation-
associated neoantigens. They offer an excellent model
for investigating the mechanisms of resistance to anti-
tumor immunity.

Bulk RNA-seq demonstrated that more T cell-
dependent immune responses were active in YIN2 than
YIN16 tumors (figure 1); however, the presence of
small subpopulations of tumor-infiltrating immune cells
cannot be precisely determined in this way. In contrast,
our targeted scRNA-Seq can detect very small popula-
tions and in this study resulted in the identification of
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IL-17-producing T cells in YIN16 tumors (figure 3).
IL-17 signaling was not detected in YIN16 tumors by the
analysis of DEGs by bulk RNA-Seq, probably because the
IL-17 signals were swamped by the expression of many
other genes in the tumors. Given the presence of IL-17-
producing cells, upstream CCL20 production by YIN16
cancer cells (figure 4])'7'® and downstream recruitment
of neutrophils' as detected by flow cytometry (figure 2I),
bulk RNA-Seq (figure 6B) and scRNA-Seq (figure 6EF)
was not unexpected. Based on these data, mice were
treated with anti-IL-17 mAb, resulting in the inhibition
of neutrophil recruitment (figure 5N). A combination
of anti-IL-17 and anti-PD-1 mAb treatment eradicated
YTN16 tumors, associated with increased infiltration
of neoantigen-specific CD8" T cells into the tumors
(figure 7).

Currently, nivolumab, anti-PD-1 mAb, was approved in
several countries for the second-line or third-line treat-
ment of gastric cancer.” *' However, not all patients
respond equally well to therapy and only a subset of
patients experiences durable responses and favorable
long-term outcomes. Several combinations of immu-
notherapy with chemotherapy,®** molecular targeted
drugs,” or combinations of different ICIs*® *” are now
approved for the first-line treatment of various cancers.
To select appropriate combination immunotherapy, iden-
tification of the impaired steps of the antitumor immune
response in each patient individually is warranted. In this
study, we identified IL-17->neutrophil axis and success-
fully eradicated YIN16 tumors by the combination of PD-1
and IL-17 blockade. Besides PD-1, dysfunctional T cells
in YINI16 tumors expressed CTLA-4, VISTA, and TIGIT
(online supplemental figure 2). Targeting these signaling
is also expected for the combination of immunotherapy.

IL-17 has dual aspects of tumor-promoting and tumor-
protecting functions.” As Coffelt et al'® reported, IL-17
producing ¥d T cells and neutrophils suppressed cyto-
toxic CD8" T cells and promoted breast cancer metastasis;
IL-17 is now being examined as a cause of tumor progres-
sion and resistance to therapy. It has been reported that
IL-17 signature was associated with the resistance to anti-
PD-1 therapy in colorectal cancer® and melanoma.”’ In
this preclinical model, we identified CD4" T cells and ¥ T
cells in the tumor produced IL-17. IL-17 and neutrophil
axis was indeed responsible for the resistance to anti-PD-1
treatment; the combination blockade of both signaling
successfully eradicated the YIN16 tumors in CD8" T cell-
dependent manner (figure 5A,D).

We also observed the increased or decreased recruit-
ment of CD11b'DC into YIN16 tumors by anti-IL-17
or anti-PD-1 treatment, respectively (figure 5K). By
scRNA-Seq, CD11b'DC expressed Cerl, Cer2 and Cerb
(online supplemental figure 4). However, we could not
detect corresponding changes in their ligand expres-
sions in the tumor by bulk RNA-seq (figure 6D). We
need to improve the sensitivity of these assays. It has been
reported that CD103'CD11b"DC induced IL-17 producing
T cells.” The increased recruitment of CD11b* DC might

counteract the anti-IL-17 treatment, although molecular
mechanisms remain to be elucidated.

We have previously reported that tumor growth, meta-
static rate and peritoneal dissemination rate of YIN16
were higher than YIN2; FGFR4 expression by YIN16
cells was 121-fold higher than YTN2.* We demonstrated
that FGFR4 disruption by CRISPER-Cas9 system or phar-
macological inhibition of FGFR signaling in YINI16
resulted in the reduction of peritoneal dissemination. In
this study, we focused on the immunological aspects of
these two tumor cell lines. YIN2 expressed more proin-
flammatory molecules than YIN16 (online supplemental
table 8), while YIN16 expressed CCL20 that triggered the
formation of an immunosuppressive microenvironment
(figure 4]). We successfully demonstrated that the TME
shaped by the different gene expressions of these tumor
cells, as well as the signals for tumor proliferation, is also
a good therapeutic target.

Immune profiling, including bulk transcriptome assays
with microarrays or bulk RNA-Seq as well as fluorescence-
based flow cytometry, contributes valuable insights into
the mechanisms behind tumorimmune cell interac-
tions and can uncover mechanisms and biomarkers for
prediction of therapeutic responses.”” Recently, high-
dimensional technologies such as scRNA-Seq and cytom-
etry by time of flight (CyTOF) are being increasingly
employed for immune profiling in cancer in order to
detect rare immune subsets and dissect phenotypic and
functional heterogeneity.” ** Using these new technolo-
gies, deep immunophenotyping at the single-cell level is
possible in the individual patient.

CyTOF can be employed to analyze TME components
using more than 40 markers at the single-cell level by
means of panels of antibodies conjugated with stable
isotopes of rare earth metals.”” In the present study, we
have developed a highly efficient nucleic acid reaction
chip (a VFAC),” which we used for targeted scRNA-Seq
of a panel of 44 genes (online supplemental table 1) to
identify unique subtypes of T cells at the single-cell level.
Thus, our targeted scRNA-Seq in this study was similar
to the CyTOF in terms of the number of genes or gene
products analyzed. Of note, scRNA-Seq has the potential
of expanding the number of target genes to thousands
(at a cost). A limitation of this study is that the genes
analyzed by scRNA-Seq were limited to those related to
T cell phenotypes and functions. Another limitation is
that although we identified IL-17-producing T cells in
YINI16 tumors using our targeted scRNA-Seq system,
other immunosuppressive mechanisms that might also
be operating in YIN16 tumors were not investigated.
These might have been responsible for the 2 of 10 mice
that were not cured by combined anti-IL-17 and anti-
PD-1 treatment. Additional appropriate targets might be
detected by using panels of genes for other immunosup-
pressive molecular pathways. This issue could be resolved
by incorporating additional genes into the test panels.
Thus, targeted scRNA-Seq is a flexible tool for analyzing
the TME using custom panels of the genes of interest;
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we are, for example, currently preparing gene panels for
myeloid cells.

The future of immunotherapy will be combinatorial and
personalized treatments adapted to each patient’s cancer-
immune interactions in the TME. Clearly, instigating this
type of personalized therapy will be challenging for many
reasons, not the least of which will be the high cost and
labor-intensive nature. However, it is to be expected that
technical advances will overcome some of these diffi-
culties. Fortunately, the cost of NGS is decreasing every
year, and the development of a cost-effective targeted
scRNA-Seq platform using our original VFAC will hope-
fully contribute to this. Here, we have demonstrated
that such an approach with high-dimensional targeted
scRNA-Seq is feasible in a mouse model. Based on the
deep immunophenotyping data obtained by flow cytom-
etry, bulk RNA-Seq and scRNA-Seq, YIN16 tumor-bearing
mice were treated with both IL-17 and PD-1 blockade,
leading to the increased infiltration of neoantigen-specific
CD8" T cells into the tumors and their eradication. This
approach can equally well be applied to human tumors.
Deep phenotyping of the TME of each patient will be a
useful guide to potential individual target molecules or
cells and to determining the therapeutic strategies to be
adapted for each patient.

CONCLUSIONS

We developed a cost-effective targeted scRNA-Seq using
VFACs for deep immunophenotyping of the TME. In
tumor-bearing mice, we demonstrated that the immu-
nological insights acquired using these assays led to the
design of personalized combination immunotherapy.
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