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Neoadjuvant chemotherapy enhances anti-tumor
immune response of tumor microenvironment
in human esophageal squamous cell carcinoma

Sho Okuda,’ Kenoki Ohuchida,’>* Shoichi Nakamura,’ Chikanori Tsutsumi,’ Kyoko Hisano," Yuki Mochida,’
Jun Kawata,? Yoshiki Ohtsubo,’ Tomohiko Shinkawa,’ Chika Iwamoto,! Nobuhiro Torata,’ Yusuke Mizuuchi,’
Koji Shindo," Taiki Moriyama,' Kohei Nakata,' Takehiro Torisu,* Takashi Morisaki,* Takanari Kitazono,?

Yoshinao Oda,? and Masafumi Nakamura'

SUMMARY

Although chemotherapy has been an essential treatment for cancer, the develop-
ment of immune checkpoint blockade therapy was revolutionary, and a compre-
hensive understanding of the immunological tumor microenvironment (TME) has
become crucial. Here, we investigated the impact of neoadjuvant chemotherapy
(NAC) on immune cells in the TME of human esophageal squamous cell carcinoma
using single cell RNA-sequencing. Analysis of 30 fresh samples revealed that
CD8+/CD4+ T cells, dendritic cells (DCs), and macrophages in the TME of human
esophageal squamous cell carcinoma showed higher levels of an anti-tumor im-
mune response in the NAC(+) group than in the NAC(—) group. Furthermore,
the immune cells of the NAC(+) group interacted with each other resulting in
enhanced anti-tumor immune response via various cytokines, including IFNG in
CD8+/CD4+ T cells, EBI3 in DCs, and NAMPT in macrophages. Our results sug-
gest that NAC potentially enhances the anti-tumor immune response of immune
cells in the TME.

INTRODUCTION

Esophageal cancer is the seventh most common cancer worldwide." In Japan, more than 85% of esopha-
geal cancers are esophageal squamous cell carcinoma (ESCC).” Neoadjuvant therapy including chemo-
therapy and/or radiotherapy is recommended for advanced esophageal cancer to improve patient
prognosis by downstaging of the tumor® and controlling local and distant micrometastasis. Despite the
advances in neoadjuvant therapy improved surgical techniques and better patient selection, the 5-year
recurrence-free survival (RFS) rate after neoadjuvant therapy followed by esophagectomy is only approxi-
mately 50%.” Therefore, novel treatments are required to improve patient prognosis.

In recent years, the study of the tumor microenvironment (TME) from an immunological perspective, and
the advent of immune checkpoint blockade (ICB) for cancer treatment have been focuses of intensive
research. Expression of PD-L1, one of the ICBs, in ESCC bulk tissue was associated with poor prognosis,6
and ICB was shown to significantly prolong overall survival over chemotherapy in unresectable or recurrent
ESCC.” However, the median overall survival rate with ICB is only 10.9 months and remains unsatisfactory.
Previous reports showed that PD-L1 expression was increased in TME-infiltrating CD8" T cells (CD8T) after
neoadjuvant chemotherapy (NAC) of ESCC® and cervical cancer.” These results suggest that NAC alters the
immunological TME. Therefore, better understanding of the effects of NAC on the immune status in the
TME of ESCC will be extremely valuable in guiding the selection of appropriate treatment combinations
including ICB.

Single cell RNA-sequencing (scRNA-seq), a method to comprehensively analyze the global mRNA expres-
sion in a single cell, has become widely used worldwide and is useful for analyzing the transitional status of
various types of immune cells in the TME with complicated heterogeneity. In recent years, scRNA-seq has
been applied to various human cancers, such as melanoma,'° lung cancer,'" colorectal cancer,'” breast
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Figure 1. scRNA-seq classifies CD45" cells into clusters of known cell types

(A) Experimental design and analysis.

(B) UMAP plot of 83,151 CD45" cells after quality check, normalization, and exclusion of doublets and contamination cells. The cell type was determined
based on the expression of known marker genes.

(C) Expression of representative marker genes in UMAP.

(D) The location of the cells in each sample in the UMAP.

(E) Percentage of cell types by (left) sample, and (right) normal mucosa, and tumor tissue. ESCC, esophageal squamous cell carcinoma; CD4T, CD4™" T cells;
CDAT_FOXP3, CD4" FOXP3+ T cells; CD8T, CD8" T cells; NK, natural killer cells; B, B cells; plasma, plasma cells; DC, dendritic cells; SCC, tumor tissue; SCN,
normal mucosa.

See also Figure S1 and Table S1.

cell subsets including diverse immunosuppressive populations. However, there have been no reports
examining the changes in the TME associated with therapeutic interventions in human ESCC using
scRNA-seq.

In this study, we performed scRNA-seq on 18 human ESCC tissues and 12 human normal esophageal tis-
sues with squamous cell mucosa collected from surgically resected specimens or biopsied specimens un-
der gastroscopy to analyze the CD45" cell population. We focused on functional clusters of CD8T, CD4"
T cells (CDA4T), dendritic cells (DCs), and macrophages (Mo), and examined NAC-induced changes in
the immune status and function. Our results showed that NAC increased the anti-tumor functions in
each immune cell type. We further analyzed the interactions among the functional clusters in each immune
cell type to determine the mechanism underlying the enhanced anti-tumor immune function. Our results
suggest that NAC induces immunological changes in the TME of ESCC, possibly resulting in the enhance-
ment of anti-tumor function in various immune cell types.

RESULTS
scRNA-seq classifies CD45" cells into clusters of known cell types

We collected 18 ESCC tissues and 12 normal tissues with esophageal mucosa from 19 patients (Table S1)
and performed scRNA-seq. CD45" cell data were extracted from all data and analyzed (Figure 1A). After
removing low-quality cells, we obtained 178,333 cells (Figure S1A). After excluding cells suspected of
doublet or contamination on the basis of gene expression levels and types (Figure S1B), 83,151 cells
were finally included in this analysis (Figure 1B). A total of 10 clusters were identified, and the cell type
of each cluster was determined from representative gene expression, as shown in Figure 1C. Batch effect
removal and normalization in data processing were sufficiently performed (Figure 1D). The present study
included both biopsy and surgical specimens; there were no substantial differences in the numerical bal-
ance for most of the clusters except for the proportion of B cells and granulocytes that were not handled in
this analysis (Figure S1C). The proportions of each cluster in each sample are shown in Figure 1E. In the
comparison of the normal mucosa and tumor tissue (Figure 1E), the percentages of CD8T and CD4T
including FOXP3+ cells were higher in the tumor tissue samples than those in the normal mucosa samples,
while the percentage of macrophages and neutrophils was lower. These results showed that the cells were
dividedinto known cell types, and the proportions of cell types differed between normal mucosa and tumor
tissue.

NAC enhances the anti-tumor immune response in each cluster of CD8T in the TME by
reducing apoptosis, promoting memorization, and preventing exhaustion

From the cells of Figure 1B, we extracted CD3" CD8" cells as CD8T (Figure S2A) and obtained 11,264 cells.
When the doublet and contamination cells were removed (Figure S2B), 8,005 cells remained (Figure 2A,
Figure S2C). The remained CD8T cells were divided into six clusters in the re-analysis that were determined
to be naive (N), central memory (CM), effector memory (EM), effector (Eff), proliferative exhaust (Ex_MKI67),
and exhaust (Ex) clusters on the basis of expression levels of differential expressed genes (DEGs) (Figure 2B,
Table S2) and representative genes (Figure 2C, Figure S2D). In the comparison of the percentage of cells
assigned to each cluster between normal mucosa and tumor tissue, the results showed that tumor tissues
consisted of more Ex_MKI67 and fewer Eff cells than normal tissues (Figure 2D). Although there was no
remarkable difference in the percentage of Ex cells between normal mucosa and tumor tissue, the expres-
sions of exhaust genes (PDCD1, LAG3, and HAVCR2) in the Ex cluster were significantly higher in the tumor
tissue (p < 0.0001) (Figure 2E).
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Figure 2. NAC enhances the anti-tumor immune response in each cluster of CD8T in the TME by reducing apoptosis, promoting memorization, and
preventing exhaustion

(A) UMAP plot of 8,005 CD8" T cells extracted from CD45" cells. The function of each cluster was determined based on the gene expression.

(B) Heatmap used as the basis for clustering. In each cluster, the top 10 genes with significantly higher expression than in other clusters are shown.

(C) Heatmap of representative gene expression in each cluster.

(D) Percentage of the number of cells composing each cluster. The top charts show normal mucosa and tumor tissue, and the bottom charts are shown by the
presence of NAC in the tumor tissue.

(E) Comparison of exhaust gene expression in normal mucosa and tumor tissue. The violin plots were drawn based on the number of genes expressed in
each cell.

(F) Comparison of signature gene expression in tumor tissue with and without NAC. The violin plots were drawn based on the scored signature gene
expression in each cell.

(G) Comparison of XIST, RARRES3, SEPTIN7, and FURIN gene expression in tumor tissue with and without NAC. The violin plots were drawn on the basis of
the number of genes expressed in each cell.

(H) Trajectory analysis of normal mucosa, tumor tissue without NAC, and tumor tissue with NAC. The pseudotime trajectory was calculated with darker colors
indicating older and lighter colors indicating newer. CD8T, CD8" T cell; N, naive CD8T; CM, central memory CD8T; EM, effector memory CD8T; Eff, effector
CD8T; Ex_MKI67, proliferative exhausted CD8T; Ex, exhausted CD8T; normal, normal mucosa; tumor, tumor tissue; NAC, neoadjuvant chemotherapy; ns,
not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

See also Figures S2, S3, Tables 52, and S3.

We compared the cells in the NAC(+) group with those in the NAC(—) group. There were more CM and EM
cells and fewer Ex cells in the NAC(+) group than those in the NAC(—) group (Figure 2D). The expression
levels of the memory, exhaust, and apoptosis signatures (Table S3) were scored and compared between
the NAC(+) and NAC(—) groups (Figure 2F). The NAC(+) group showed a significantly higher memory
signature score in all clusters except the Ex_MKI67 cluster than in the NAC(—) group. The NAC(+) group
showed significantly lower exhaust signature scores in all clusters except the CM cluster and lower
apoptosis signature scores in all clusters except the Eff cluster than in the NAC(—) group. To avoid the
effect of the difference between biopsy and surgical samples, we performed the same analyses using
the data only from surgical samples and found the similar significant differences in the signature scores be-
tween the NAC(+) and NAC(—) groups (Figure S3).

We analyzed the DEGs in each cluster between NAC(+) and NAC(—) groups. Among the DEGs, XIST, whose
suppression renders ovarian cancer chemotherapy resistant,'” and RARRES3, whose high expression sup-
presses breast cancer metastasis'® were highly expressed on tumor-infiltrating CD8T in the NAC(+) group
(Figure 2G). The expressions of SEPTIN7 and FURIN, known risk factors for the carcinogenesis of various
carcinomas'”'® were significantly lower in the CD8T of the NAC(+) group (Figure 2G).

We also performed trajectory analysis for CD8T in normal mucosa and tumor tissue (Figure 2H). The
Ex_MKI67 cluster was not analyzed because the cell cycle-related genes affect trajectories. NAC(—) group
cells had various trajectories to the Ex cluster including the trajectory directly from the N cluster. However,
inthe NAC(+) group, the trajectory to the Ex cluster was limited to the path from EM and there was no direct
trajectory from the N cluster to the Ex cluster.

These findings suggest that NAC reduced apoptosis, promoted memorization, and prevented exhaustion
in each cluster of CD8T resulting in an enhanced anti-tumor immune response.

NAC promotes the anti-tumor immune response in each cluster of CD4T

To analyze CDAT, CD3D + CD4" cells were extracted from the CD45" cells (Figure S4A). The cell count was
7,977 cells, and 6,453 cells remained after doublet and contamination removal (Figures 3A, S4B, and S4C).
CDAT were divided into six clusters, naive (N), follicular helper T (Tfh), type 1 helper T (Th1), Exhaust (Ex),
proliferative regulatory T (Treg_MKI67), and regulatory T (Treg) cluster, on the basis of gene expression
(Figures 3B and 3C, Figure S4D, and Table S2). We compared CDAT clusters between normal mucosa
and tumor tissue and found that tumor tissue had fewer N and more Treg cells than that in normal tissue
(Figure 3D). We also found clusters of Tth cells, which are responsible for antigen presentation from B cells
in lymph nodes in both normal mucosa and tumor tissue (Figure 3D). Cytotoxic genes (GZMB, PRF1, GNLY,
and KLRG1) were expressed predominantly in the Th1 cluster and their expression was weaker in tumor tis-
sue than that in normal mucosa (Figure 3E). Similar to the results observed in CD8T, the expression levels of
exhaust genes (PDCD1, LAG3, HAVCR2, and TIGIT) were significantly higher in the CD4T Ex cluster of
tumor tissue than in that of normal tissue (Figure 3E). Treg-related genes (CTLA4, FOXP3, and IL2RA)
were also highly expressed in the Treg cluster and Treg_MKié7 cluster of tumor tissue compared with
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Figure 3. NAC promotes the anti-tumor immune response in each cluster of CD4T

(A) UMAP plot of 6,453 CD4" T cells extracted from CD45" cells. The function of each cluster was determined based on the gene expression.

(B) Heatmap used as the basis for clustering. In each cluster, the top 10 genes with significantly higher expression than the expressions in the other clusters
are shown.

(C) Heatmap of representative gene expression in each cluster.

(D) Percentage of the number of cells composing each cluster. The top graphs show normal mucosa and tumor tissue, and the bottom graphs are shown by
the presence of NAC in the tumor tissue.

(E) Comparison of various gene expression in normal mucosa and tumor tissue. The violin plots were drawn based on the number of genes expressed in
each cell.

(F and G) Comparison of signature gene expression in tumor tissue with and without NAC. The violin plots were drawn based on the scored signature gene
expression in each cell. CD4T, CD4" T cell; N, naive CD4T; Tfh, follicular helper CD4T; Th1, type 1 helper CD4T; Ex, exhausted CD4T; Treg_MKI67,
proliferative regulatory CD4T; Treg, regulatory CD4T; normal, normal mucosa; tumor, tumor tissue; NAC, neoadjuvant chemotherapy; ns, not significant;
*,p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

See also Figures S4, S5, Tables 52, and S3.

expressions in normal tissue (Figure 3E). All clusters of CDAT expressed CTLA4 at a higher level in tumor
tissues than those in normal tissues (Figure 3E).

The NAC(+) group had more Th1 cells in CD4T than the NAC(—) group (Figure 3D). We compared CD4T
function-related gene expression levels of tumor tissue between NAC(+) and NAC(—) groups using mem-
ory and cytotoxic signatures (Table S2, Figure 3F). The NAC(+) group showed a significantly higher memory
signature score in Tth, Th1, and Ex clusters than the NAC(—) group. There was no difference in the cytotoxic
signature scores between NAC(—) and NAC(+) groups, although there was a significant difference in the
Treg cluster. In the comparison of exhaust signature scores in the N, Tth, Th1, and Ex clusters (Table S2)
between NAC(-) and (+) groups, the NAC(+) group had a significantly lower score in the Ex cluster than
the NAC(-) group (Figure 3G, above). Furthermore, the immune suppression signature scores (Table S3)
in Treg of the tumor tissue were compared between NAC(—) and NAC(+) groups, and the NAC(+) group
showed a significantly lower score in the Treg cluster than the NAC(—) group (Figure 3G). We also
performed the same analyses using the data only from surgical samples and found the similar significant
differences in the signature scores between the NAC(+) and NAC(—) groups (Figure S5).

In this comparison of the NAC(+) group with the NAC(-) group, we found that there was Th1 with higher
memory ability, Ex of CD4T with a lower exhaust score, and Treg with lower cytotoxicity and lower immune
suppressive ability in the NAC(+) group than in the NAC(—) group, suggesting that NAC promotes the anti-
tumor immune response in each CDAT cluster.

NAC enhanced the anti-tumor immune response of each DC cluster in the TME

To analyze antigen-presenting myeloid cells, we extracted ITGAM+ and/or ITGAX+ cells from HLA-DRA+
cells of Figure 1B (Figures S6A, S6B). A total of 15,338 cells were extracted, and 4,673 cells were excluded as
doublet or contamination cells (Figure S46C). The remaining cells were divided into five clusters (Figure S6D)
onthe basis of DEGs (Figure S6E, Table S2) and representative gene expression (Figure S6F). Next, 740 DCs
were extracted and re-clustered (Figure 4A) on the basis of gene expression characteristics (Figures 4B and
4C, Figure S7, and Table S2). Previous studies reported that cDC1 presents antigen mainly to CD8T'” and
cDC2 mainly to CD4T.”” However, both HLA-A, coding a component of major histocompatibility complex
(MHQC) class |, and HLA-DRA, coding a component of MHC class Il, were highly expressed in ¢cDC1 (Fig-
ure 4B), which is consistent with recent reports that cDC1 acquires the ability to induce anti-tumor immunity
to CD8T by priming CDAT.?

There was no remarkable difference in the proportion of DC clusters between normal mucosa and tumor
tissue or between NAC(+) and NAC(—) groups in tumor tissue (Figure 4D). The NAC(+) group showed a
significantly higher score of the antigen presentation-related active signature in the ¢cDC1 cluster and a
significantly lower score in the DC_CCR7 cluster than the NAC(-) group (Figure 4E). The score of the
dysfunction signature, which is involved in suppression of the anti-tumor immune response in other im-
mune cells, was significantly lower in the cDC2 and DC_CCRY7 clusters of the NAC(+) group than that in
the NAC(-) group (Figure 4E). In addition, the migration signature scores in the cDC1 and cDC2 clusters
of the NAC(+) group were significantly higher than that of the NAC(—) group, while not significantly
different in the DC_CCRY cluster (Figure 4E). We also performed the same analyses using the data only
from surgical samples and found the similar significant differences in the signature scores except for the
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Figure 4. NAC enhanced the anti-tumor immune response of each DC cluster in the TME

(A) UMAP plot of 740 DCs extracted from myeloid cells. The cell types of each cluster were determined based on the gene expression.

(B) Heatmap of representative gene expression.

(C) Expression of representative marker genes in UMAP.

(D) Percentage of the number of cells composing each cluster. The top graphs show normal mucosa and tumor tissue, and the bottom graphs are shown by
the presence of NAC in the tumor tissue.

(E) Comparison of signature gene expression in tumor tissue with and without NAC. The violin plots were drawn based on the scored signature gene
expression in each cell.

(F) Comparison of IDOT and CD274 gene expression in tumor tissue with and without NAC. The size of the dots indicates the percentage of expressing cells
in the cluster, and the brightness of the dots indicates the expression level of the cluster. DC, dendritic cell; MKI67, MKI67 rich cell; HSP, heat shock protein
cell; cDC1, conventional DC type1; cDC2, conventional DC type2; moDC, monocyte-derived DC; DC_CCR7, CCRY7 rich DC; normal, normal mucosa; tumor,
tumor tissue; NAC, neoadjuvant chemotherapy; ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

See also Figures Sé, S7, S8, Tables S2, and S3.

active signature of cDC2 (Figure S8). IDO1 and CD274 included in the gene set of dysfunction signature
were expressed at lower levels in ¢cDC2 and DC_CCR7 in the NAC(+) group than in the NAC(-) group
(Figure 4F).

These results suggest that NAC enhances the anti-tumor immune response on each DC cluster via
enhancement of the antigen presentation function in cDC1 and the migration of ¢cDC1 and ¢cDC2 and
decrease of the immune suppressive activity of cDC2 and DC_CCR.

NAC enhances anti-tumor activity in each cluster of M¢ via the increased chemotaxis and the
decreased suppressive function

From the cells of Figure 4A, the Mo cluster was extracted and divided into four clusters (Figure 5A). The
expressions of CD80 and CD86, which are representative genes of M1 macrophages with anti-tumor abil-
ities,”” and CD163 and MRC1, which are representative genes of M2 macrophages with tumor-promoting
activities,”” were all predominant in cluster 4 and their distribution did not characterize the four clusters
identified in Figure 5A (Figure 5B). In the trajectory analysis, we observed the transition from cluster 1
through cluster 2 to cluster 3 and cluster 4 (Figure 5C). We investigated highly expressed genes in each
cluster (Figure 5D, Figure S9, and Table S2) and found that each cluster showed a gene expression pattern
related with the specific function as shown in Figure 5D. The percentage of the M_phagocytosis cluster was
remarkably low, and the percentage of the M_mature cluster was remarkably high in tumor tissue
compared with the percentages in the normal mucosa (Figure 5E). In the tumor tissue, there was no remark-
able difference in the proportion of each cluster between NAC(+) and NAC(—) groups (Figure 5E).
However, when we calculated the signature score based on expression of the specific function-related
genes in each cluster (Table S3), we found that the chemotaxis score of the M_cytokine and M_mature
clusters was significantly higher in the NAC(+) group than in the NAC(—) group. Furthermore, in the
M_mature cluster, the anti-tumor active score of M@ was high in both groups, whereas the score of the sup-
pressive signature involved in the inhibition of the anti-tumor active function of Mg in tumor immunity was
significantly lower in the NAC(+) group than in the NAC(-) group. (Figure 5F). We also performed the same
analyses using the data only from surgical samples and found that the active signature score of the
M_mature cluster was also high in both groups although the score was significantly lower in the NAC(+)
group than in the NAC(—) group (Figure S10).

These data suggest that NAC increased the chemotaxis of the M_cytokine and M_mature clusters and
decreased the anti-tumor suppressive function of the M_mature cluster, possibly leading to the enhanced
anti-tumor activity of Me.

NAC promotes the interactions among immune cell clusters in the TME to enhance their anti-
tumor immune responses

In the present study, we identified the clusters based on single cell gene expression in CD8T, CD4T, anti-
gen-presenting myeloid cells, DCs, and M¢. To understand how these clusters interact with each other, we
performed “NicheNetR" analysis, which is a package for evaluating intercellular communication. In this
analysis, the priority of ligands on the sending cells are estimated according to the changes in gene expres-
sion observed in the receiving cells, and the expressed genes on the receiving cells that are regulated by

the inferred ligands are searched for as target genes.””
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Figure 5. NAC enhances anti-tumor activity in each cluster of Mo via the increased chemotaxis and the decreased suppressive function

(A) UMAP plot of 5,756 macrophages extracted from myeloid cells. The cells were divided into four clusters.

(B) Expression of representative marker genes for M1 and M2 in UMAP.

(C) Trajectory analysis of macrophages. The pseudotime trajectory was calculated with darker colors indicating older and lighter colors indicating newer.
(D) Heatmap of representative gene expression. From this gene expression pattern, the function of each cluster was determined as shown in the figure.
(E) Percentage of the number of cells composing each cluster. The top graphs show normal mucosa and tumor tissue, and the bottom graphs are shown as
the presence of NAC in the tumor tissue.

(F) Comparison of signature gene expression in tumor tissue with and without NAC. The violin plots were drawn on the basis of the scored signature gene
expression in each cell. M, macrophage; normal, normal mucosa; tumor, tumor tissue; NAC, neoadjuvant chemotherapy; ns, not significant; *, p < 0.05; **,
p <0.01; ***, p < 0.001; ****, p < 0.0001.

See also Figures 59, S10, Tables S2, and S3.

We set Treg cluster as targets to analyze cluster interactions, and several differences in the gene expression
of Treg between the NAC(+) and NAC(—) groups and genes of other clusters that affect the expression of
Treg genes were identified (Figure 6A). We focused on the expression of FOXP3 and IL2RB. In this study, Eff
cluster of CD8T, Th1 cluster, and Ex cluster of CD4T were the main IFNG-producing clusters. CD8T Eff and
CDAT Th1 clusters showed a significantly high level of IFNG expression in the NAC(+) group compared with
that in the NAC(-) group (Figure 6F). IFNG was previously reported to suppress FOXP3 expression in Treg
and contributes to the anti-tumor effect.”> We also found that the expression of EBI3, which confers a
suppression activity of Treg,”® was significantly decreased in the DC_CCR?7 cluster of the NAC group
(Figure 6F). These data also suggest that NAC altered the function of CD8T Eff, CD4T Th1, and
DC_CCRY clusters, possibly leading to suppression of Treg function in the TME.

IDO1 in DC has been shown to activate Treg and suppress non-Treg T cells, leading to immune escape of
tumors.””*® IDO1 expression was significantly lower in the cDC2 and DC_CCRY clusters of the NAC(+)
group than in the NAC(-) group. In addition, IL411 expression, which interferes with T cell proliferation,zq
was also significantly reduced in the DC_CCRY cluster of the NAC(+) group (Figures 6B and 6C). Among the
main IFNG-producing clusters, only the Ex cluster of CD4T had significantly lower IFNG expression in the
NAC(+) group than in NAC(—) group (Figure 6F). Considering that previous reports showed that IDO1 in
DCs is induced by IFNG,*® these data suggest the possibility that the Ex cluster of CD4T plays a role in
reducing IDO1 expression in DCs and enhancing the anti-tumor effect during NAC.

Among the genes selected in the analysis of the M_chemotaxis cluster, the expressions of CD36, NEATT,
PRDM1, and PTGS2, all of which are upregulated through the NF-kB pathway and exert tumor-promoting
function when expressed in Mo,*'** were significantly lower in the NAC(+) group than in the NAC(—) group
(Figure 6D). Significantly low expression of NAMPT in various clusters of M¢ in the NAC(+) group was
observed (Figure 6F). NAMPT has been shown to increase NF-kB pathway activity.*” These data suggest
that low NAMPT expression in Mo of the NAC(+) group contributes to the anti-tumor environment via
downregulation of these genes in the M_chemotaxis cluster.

The expression of IL10 was also significantly lower in the M_mature cluster of the NAC(+) group than in the
NAC(—) group (Figure 4E). IL10 derived from tumor-infiltrating Mo promotes cancer stem cell-like proper-
ties of cancer cells through the JAK/STAT pathway.*® In addition, IL10 production in Mg is suppressed by
IFNG.%” As mentioned in the Treg section, the CD8T Eff and CD4T Th1 clusters of the NAC(+) group had a
significantly higher level of IFNG expression than the NAC(—) group among the main IFNG-producing
clusters (Figure 6F). These findings suggest that the IFNG produced by CD8T Eff and CDAT Th1 clusters
suppressed the IL10-mediated tumor-promoting ability of the M_mature cluster.

DISCUSSION

In the present study, we used scRNA-seq to analyze the NAC-induced changes in the immunological TME
of human ESCC. Data on CD45" cells were analyzed, focusing on CD8T, CD4T, DCs, and Me. The results
showed that CD8T and CDAT were functionally repartitioned into six clusters each, and DCs and M were
functionally repartitioned into four clusters each. We then compared function-related gene expression in
the immune cell clusters of the NAC(+) group with that of the NAC(—) group and found the following re-
sults. In the NAC(+) group, almost all CD8T clusters avoid apoptosis and exhaustion, the Th1 cluster is
more memorized and avoids exhaustion. Both Treg cytotoxic and suppression ability are lower, and the
antigen presentation in the cDC1 cluster is higher. Dysfunction signatures were lower in both ¢cDC2 and
DC_CCRY7 clusters, migration was enhanced in cDC1/2 clusters, chemotaxis was higher in M_cytokine
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Figure 6. NAC promotes the interactions among immune cell clusters in the TME to enhance their anti-tumor immune responses

(A-E) Interactions between clusters evaluated up to Figure 5. The lower half of the circle shows the ligand genes labeled as “LIGAND."” The ligand genes
identified in multiple clusters are shown as “General cells.” The upper half of the circle shows the genes that were eventually produced by the receptors that
responded to the identified ligands; these genes are labeled as “TARGET.” The receiver clusters for analysis were specified as (A) Treg, (B) cDC2, (C)
DC_CCRY?, (D) M_chemotaxis, and (E) M_mature. Each violin plot compares gene expression in the cells that can influence tumor progression in the receiver
cluster of tumor tissue with and without NAC.

(F) Cluster-wise comparison of the expression of genes identified as “LIGAND" that could influence the “TARGET.”. CD8T, CD8" T cell; Eff, effector CDS8T;
CDAT, CD4" T cell; N, naive CDAT,; Tfh, follicular helper CDAT; Th1, type 1 helper CDAT; Treg, regulatory CD4T; Ex, exhausted cell; DC, dendritic cell; cDC2,
conventional DC type2; DC_CCR7, CCR7 rich DC; M, macrophage; normal, normal mucosa; tumor, tumor tissue; NAC, neoadjuvant chemotherapy; ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

and M_mature clusters, and the suppression function was decreased in the M_mature cluster while anti-tu-
mor activity was maintained. These data suggest that the functions of all immune cells within the TME were
altered to an enhanced anti-tumor immune response, although the effects of NAC differed among the
functional clusters even within each specific cell type. We further focused on the interactions among im-
mune cell clusters and found the following: the NAC(+) group showed significantly higher expression of
IFNG in CDAT Th1 and CD8T Eff clusters and reduced immune suppressive activity in the Treg cluster
with decreased FOXP3 and IL2RB expression, whereas a significant decrease in IFNG expression in the
CDAT Ex cluster was linked to a decrease in IDO1 and IL411 expression in the cDC2 and DC_CCRY clusters
during NAC. The decrease in EBI3 expression in the DC_CCR7 cluster was also linked to the decrease in
FOXP3 and IL2RB expression in Treg during NAC. The increase in IFNG expression in CDAT Th1 and
CD8T Eff clusters was linked to the decrease in IL10 expression in M. The decrease in NAMPT expression
in Mo was linked to the decrease in CD36, NEAT1, PRDM1, and PTGS2 expression in the M_chemotaxis
cluster. Taken together, these data suggest that NAC affected functional clusters individually and their in-
teractions with each other enhanced the anti-tumor immune response in the ESCC TME during NAC.

The "cancer-immune cycle” in the anti-tumor immune response is a cycle divided into seven steps that has
been widely recognized. Disruption of this cycle is thought to lead to cancer growth, invasion, metastasis,
and resistance to treatment. Chemotherapy has been reported to affect various cells involved in this cycle.
Di Caro et al.*’ reported that TGFB reprogrammed tumor-associated macrophages into an inflammatory
phenotype. In human colorectal cancer, cyclophosphamide reduced the number of peripheral B cells
and Treg,"”” and irinotecan reduced peripheral Treg.”' Furthermore, cisplatin increased the cytotoxicity
of NK cells in human hepatocellular carcinoma.”” However, these reports only evaluated the responses
of a certain immune cell type, and there have been no studies to date that have comprehensively analyzed
NAC-induced changes in the single cell-based gene expression of various immune cell types in the TME of
human ESCC. In this study, we subdivided known immune cell types to functional clusters based on single
cell gene expression and comprehensively evaluated the effects of NAC on the function of each cluster.
These results indicated that NAC-induced specific interactions among immune cell clusters across cell
types, leading to enhancement of the anti-tumor immune response of human ESCC.

In the present analysis of CD8T, the Eff cluster showed extremely strong expression of cytotoxic genes such
as GZMB and PRF1 and almost no expression of exhaust genes such as PDCD1 and LAG3, suggesting that
the Eff cluster is a cytotoxic cluster in CD8T. However, a recent report demonstrated that CD8T exposed to
antigens immediately begin to express exhaust genes.”* Therefore, there is a possibility that the Eff cluster
observed in this study is a cluster of bystander CD8T that have not been exposed to specific tumor antigens
and do not possess tumor-killing abilities.** On the other hand, the EM and Ex clusters of CD8T in this study
had high expression of both cytotoxic and exhaust gene expression, suggesting that such clusters could
recognize specific tumor antigens during their activation.

In this study, the DC_CCR7 cluster had a high migration signature, and the antigen presentation ability of
the DC_CCRY cluster was higher than that of the other DC clusters in both NAC(+) and NAC(—) groups.
These data suggest that the DC_CCR7 cluster could include DCs, which take up antigen and migrate to
lymph nodes to present antigen during the cancer-immune cycle.’® Furthermore, in the analysis of the
DC_CCRY cluster, the expression level of genes related with the suppressive functions for the anti-tumor
immune response of other immune cells was lower in the NAC(+) group than in the NAC(-) group,
although the antigen presentation ability was lower in the DC_CCR7 cluster of the NAC(+) group than
the NAC(-) group. These present data suggest that NAC promoted the migration of DCs, especially
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DCs in the DC_CCRY cluster with high antigen presentation ability and suppressive function, to lymph no-
des, possibly contributing to acceleration of the cancer-immune cycle.

Conventionally, tumor-infiltrating Mg is classified as anti-tumor M1 and tumor-promoting M2.”” However, in
the present analyses of Mg, we found that the known M1 and M2 marker gene’”® expression broadly
overlapped in most cell clusters of M. Compared with the other clusters, the M_mature cluster showed
higher expression of antigen presentation-related genes such as genes encoding co-stimulation factors
and HLA-DRA, coding a component of MHC class Il, as well as cathepsin-related genes that have an anti-
tumor effect on macrophages.*> M2-related genes and immune checkpoint genes including LAG3 and
HAVCR2 (known as TIM-3) were also highly expressed in the M_mature cluster. These data suggest that
the conventional M1 and M2 were included in the M_mature cluster, and the conventional classification
of Mg in the TME into M1 and M2 may not be appropriate for understanding the functional heterogeneity
of Mo. To further understand the function and the differentiation process of Mo clusters, we performed tra-
jectory analysis using the expression of characteristic genes and the results categorized Mg into four clus-
ters. These four clusters had distinctly different functions based on gene expression, suggesting that this
clustering is a promising classification for understanding the functional heterogeneity of Mo in the TME.

In the present study, we investigated the effects of NAC on the immunological TME of ESCC using scRNA-
seq. The results suggest that NAC enhanced the anti-tumor immune response of functional clusters of
various immune cell types in the TME. In addition, the multiple immune cell clusters with functions altered
by NAC interacted with each other, resulting in an enhanced anti-tumor immune response. Such a compre-
hensive understanding of the NAC-induced changes in functional clusters of various immune cell types will
contribute to the establishment of optimal combination treatments targeting the TME during NAC.

Limitations of the study

This study has several limitations. First, several kinds of NAC regimens were included in this study, and the
dosage varied depending on the general condition of the patient. Furthermore, since the indication for
NAC was determined according to the preoperative diagnosis, the staging of the disease was not stan-
dardized according to the with or without NAC. In addition, characteristics of tumor after NAC were
also individualized. Moreover, the NAC(—) group includes biopsy samples and surgical specimens,
whereas the NAC(+) group included only surgical specimens. Therefore, a comparative analyses with a
larger number of samples that are collected in the same method and in vivo/vitro experiments with homo-
geneous conditions are required to assess the effect of NAC on the immunological TME of ESCC.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
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Materials availability

This study did not generate new unique reagents.

Data and code availability

® Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Sample collection

Nineteen patients who were pathologically diagnosed with ESCC were enrolled in this study, irrespective
of sex. The clinical information of patients is summarized in Table S1. Specimens of 14 patients were ob-
tained from excised tissue at the time of surgery, and specimens of 5 patients were obtained as biopsies
during gastroscopy. Among the surgical specimens, 13 ESCC tissue and 12 normal mucosa were collected;
9 of the 13 ESCC tissue and 7 of the 12 normal mucosa samples were from patients treated with NAC. Five
biopsy samples were all ESCC tissue and from patients not treated with chemotherapy.

All samples were collected at the Department of Surgery and Oncology, Kyushu University Hospital
(Fukuoka, Japan) between October 2019 and February 2021. Tumor staging was classified according to
AJCC/UICC TNM Classification of Malignant Tumors, 8th Edition (46). All studies were performed in accor-
dance with the Declaration of Helsinki and were approved by the institutional review board of the Kyushu
University Hospital (2022-100). Written informed consent was obtained from all patients.

METHOD DETAILS

Sample preparation

Samples were immediately rinsed with PBS, minced into <1 mm?3 pieces on ice, transferred to 10 mL diges-
tion buffer containing Liberase™ TH (1 mg, Merck, Darmstadt Germany) and TryPLE Express (1 mL, Thermo
Fisher, Waltham, Massachusetts, USA), and incubated for 20 min in a 37°C water bath with continuous
manual shaking. Samples were then mixed with pipetting for 1 min, added 30 mL of ice-cold PBS containing
2% fetal bovine serum, and passed through a 70 um cell strainer (Corning, NY, USA). Following centrifuga-
tion (300 g, 4°C, 5 min), the pellet was resuspended in Red Blood Cell Lysis Solution 10X (0.2 mL, Miltenyi
Biotec, Bergisch Gladbach, Germany) incubated at room temperature for 5 min, and centrifuged (300 g,
4°C, 5 min). The pellet was resuspended in 1 mL PBS containing 0.1% bovine serum albumin (Merck).
Finally, the cells were treated using a Dead Cell Removal Kit (Miltenyi Biotec) and passed through a
40 um cell strainer (Corning). The obtained single cell suspension was used for scRNA-seq.

scRNA-seq library preparation and sequencing

Libraries for scRNA-seq were generated using the Chromium Next GEM Single Cell 3' Reagent Kit v3.1 (10x
Genomics, Pleasanton, California, USA). We aimed to profile 10,000 cells per library. All libraries were
sequenced on the NovaSegé000 (lllumina, San Diego, California, USA) or DNBSEQ-G400 (MGI Tech,
Shenzhen, China) and the sequence reads number was set at 50,000 reads per cell.

scRNA-seq data analysis

Raw sequencing reads were aligned to the human reference genome GRCh38 and processed to a matrix
representing the UMI's per cell barcode per gene using Cell Ranger v5.0.0 (10x Genomics). The output files
were analyzed with the R v3.6.3 package “Seurat v3.1.5".* Low-quality cells (<100 UMI/cell, >6,000 UMI/
cell, and >50% mitochondrial genes) were excluded and only CD45" cells were extracted. We used the
“CellCycleScoring”*® function for all samples to mitigate the effects of cell cycle heterogeneity in
scRNA-seq data by calculating cell cycle phase scores based on canonical markers and regressing these
out of the data during pre-processing. To merge the data of all samples, we used the “SCTransform”*’
package for the normalization and variance stabilization of molecular count data. After principal compo-
nent analysis using the “RunPCA" function, clusters were calculated by the “FindNeighbors” and
“FindClusters” function and visualized using the dimensional reduction method “UMAP". The trajectories
of the cells in the clusters were analyzed by “Monocle3”*” and intercellular communication was evaluated
using “NicheNetR".**

QUANTIFICATION AND STATISTICAL ANALYSIS

To evaluate the gene expression, we used the “VInPlot” function and the “geom_boxplot” function. The
“Vinplot” was used to draw the distribution of gene expression for each cell. In the boxplot, each box rep-
resented the median and interquartile range (IQR, 25th-75th percentile range) of the data, and whiskers
indicated the largest and lowest values within 1.5 times the IQR. Statistical analysis was performed using
"stat_compare_means” function to compare two groups by Wilcoxon test. The threshold for significance
was p<0.05.
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