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Single-cell transcriptome revealed the heterogeneity of TIL-Bs in ESCC.

NACT activated NBCs and enhanced antibody production in ASCs.

The IGKC expression, an ASC marker, was a favourable prognostic marker in
ESCC.
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Abstract

Background: Tumour immune microenvironment is related with carcino-
genesis and efficacy of immunotherapy. B cells play major roles in humoral
immunity, but detailed functions of tumour-infiltrating B lymphocytes (TIL-Bs)
are unknown. Therefore, our aim was to investigate the functional heterogene-
ity of TIL-Bs in oesophageal squamous cell carcinoma (ESCC) and lymph nodes
(LNs) during chemotherapy.

Methods: Single-cell transcriptome analysis was performed on 23 specimens.
We also performed immunohistochemical analysis of immunoglobulin ¥ C
(IGKC), an antibody-secreting cell (ASC) marker, in 166 ESCC samples and eval-
uated the implication of IGKC in 2-year recurrence free survival (RFS) and 3-year
overall survival (OS).

Results: A total of 81,246 cells were grouped into 24 clusters. We extracted
B cell clusters based on canonical markers and identified 12 TIL-B subtypes
in ESCC. We found that several functions, such as co-stimulation and CD40
signalling, were enhanced in TIL-Bs after chemotherapy. The proportion of
naive B cells (NBCs) decreased and B cell activation genes were up-regulated
in NBCs after chemotherapy. The proportion of ASCs in tumours increased
with the loss of migratory abilities and antibody production in ASCs was pro-
moted after chemotherapy. Differentially expressed genes up-regulated with
chemotherapy in ASCs correlated with prolonged survival with oesophageal
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cancer (p = .028). In a metastatic LN, the ASC proportion increased and
B cell differentiation was enhanced. In immunohistochemical analysis, RFS
and OS of high IGKC expression cases were significantly better than those
of low IGKC expression cases (RFS: p < .0001, OS: p < .0001). And in mul-
tivariable analysis, the expression of IGKC was an independent favourable
prognostic factor for RFS (hazard ratio (HR): 0.23, 95% confidence interval (CI):
0.12-0.45, p < .0001) and OS (HR: 0.20, 95% CI: 0.086-0.47, p = .0002) in
ESCC.

Conclusions: Our findings provide novel insights for the heterogeneity of TIL-
Bs during chemotherapy and will be useful to understand the clinical importance

of TIL-Bs.

KEYWORDS

1 | INTRODUCTION

Oesophageal cancer is the sixth leading cause of cancer-
related mortality in the world, with 544,400 deaths
reported in 2020." Patients with metastatic oesophageal
cancer have a poor prognosis, and the 5-year overall sur-
vival (OS) rate of metastatic oesophageal cancer is only
5%.> Oesophageal cancer remains difficult to cure and
there is an urgent need to find novel treatments. Recently,
a clinical trial for oesophageal squamous cell carcinoma
(ESCC) reported that a combination of chemotherapy
and immune checkpoint blockage (ICB) was effective for
patients with unresectable advanced or recurrent ESCC.?
Previous studies reported that ICB response varies depend-
ing on the heterogeneity of the tumour immune microen-
vironment (TIME).* Chemotherapeutic agents induce the
increase in the immunogenicity of tumour cells via induc-
ing immunogenic cell death, leading to modification of
the TIME.> Therefore, understanding changes in immune
heterogeneity during carcinogenesis and chemotherapy is
needed to develop new treatments of ESCC patients.

The TIME is a complex structure that consists of vari-
ous immune cell types, such as T cells, B cells, dendritic
cells and macrophages, and each immune cell type has het-
erogeneity. The TIME is affected by chronic inflammation,
carcinogenesis and chemotherapy. Tumour cells obtain
tumour-associated antigens (TAAs), which are generated
from mutations in protein-encoding genes or epigenetic
changes during malignant transformation.® In the TIME,
T cells, B cells and macrophages require activation to
respond to TAAs. T cells and B cells are the most abundant
lymphocyte proportions in the TIME and play crucial roles

oesophageal squamous cell carcinoma, neoadjuvant chemotherapy, single-cell transcriptome,
tumour immune microenvironment, tumour infiltrating B lymphocytes

in anti-tumour immunity. Tumour-infiltrating T lympho-
cytes (TIL-Ts) play central roles in anti-tumour immunity
and have been extensively investigated.” Recently, several
studies reported that tumour-infiltrating B lymphocytes
(TIL-Bs) are related with a good prognosis in several malig-
nant tumours®® and the efficacy of ICBs.!” However, how
TIL-Bs function with TIL-Ts or other cell types in the TIME
remain unclear.

B cells are the main humoral immune cells and secrete
large amounts of antibodies. Antibodies against TAAs
promote anti-tumour immunity by inducing antibody-
dependent cellular cytotoxicity (ADCC) and antibody-
dependent cellular phagocytosis (ADCP).!! TIL-Bs secrete
several cytokines and chemokines.'? Additionally, TIL-
Bs present antigens and promote amplification of TIL-Ts
in non-small cell lung cancer.”® In hepatocellular carci-
noma, memory B cells localised in the tumour margin
produce granzyme B and IFNy."* These findings have
revealed the heterogeneity of TIL-B subtypes and functions
in the TIME of several cancers. However, how TIL-B sub-
types relate to anti-tumour immunity in ESCC remains
unknown.

On the other hand, lymph nodes (LNs) are the site of
drainage of pathogenic and tumour antigens. Complex
interactions among T cells, B cells, dendritic cells and other
immune cells in LNs provide adaptive immune responses.
B cells present antigens to T cells, accumulate activa-
tion of T cells in the draining LNs" and secrete specific
antibodies against TAAs.'® In metastatic LNs, metastatic
tumour cells remodel the immune environment to evade
the immune system, increase the regulatory T cell propor-
tion and promote CD8* T cell dysfunction.'” Nonetheless,
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the detailed mechanism of the B cell response to TAAs in
tumour-related LNs remains unclear.

Single-cell RNA sequence (scRNA-seq) enables
researchers to evaluate the heterogeneity of the TIME
with high resolution, and many types of tumours have
been analysed by scRNA-seq.'®!° The characterisation,
heterogeneity, transcriptome signature and functions of
many tumour-related immune cell types in the TIME have
been reported in breast cancer,'® colorectal cancer'” and
other cancers. Recent studies in ESCC using scRNA-seq
revealed the landscape of ESCC, including immune
cells, epithelial cells and stromal cells, and elucidated
the characteristics of immune suppressive cells, such as
regulatory T cells and tumour-associated macrophages,
and the interactions between these cells.’*?' How-
ever, no reports have examined the clinical implication
and functions of TIL-Bs in the TIME of ESCC using
ScRNA-seq.

In the present study, we performed scRNA-seq
with ESCC samples including tumour tissues treated
with/without neoadjuvant chemotherapy (NACT),
normal tissues and LNs. Through these analyses, we inves-
tigated the functional heterogeneity of TIL-B subtypes in
ESCC.

2 | METHODS

2.1 | Patient specimens

We collected 23 samples from patients using protocols
with approval by Kyushu University Certified Institutional
Review Board Clinical Trials (approval number #2020-
788). All patients provided written informed consent prior
to the study, and their records were de-identified. Patient
metadata are listed in Table SI.

2.2 | Sample preparation and sequencing
Specimens were mechanically and enzymatically disso-
ciated for scRNA-seq. We used an online protocol for
sample preparation (https://doi.org/10.17504/protocols.io.
b2udges6). Single-cell sequencing was performed using
the Chromium Single-Cell 3'v3.1 Chemistry Library, Gel
Beads and i7 Multiplex Kit (10x Genomics, Pleasan-
ton, California, USA) in accordance with the manufac-
turer’s protocol. A total of 8,000 to 10,000 cells were
targeted per well. The libraries were sequenced on an
Ilumina NovaSeq 6000 (Illumina, San Diego, Califor-

nia, USA) and DNBSEQ-G400 (MGI Tech, Shenzhen,
China).

2.3 | Data processing with scRNA-seq

The sequence data were quantified and mapped to the
human reference genome (GRCh38) using the Cell Ranger
toolkit (ver. 4.0.0) by 10x Genomics. The Cell Ranger
generated a count matrix data with filtering errors. The
matrix data were imported using the Seurat R package (ver-
sion 3.6.3). We performed quality control to exclude low
quality cells with > 10% mitochondrial UMIs and > 5000
expressed genes. We filtered out doublets using the Dou-
bletfinder tool.??

2.4 | Data visualisation

We normalised data and identified 2,000 genes with highly
variable expression after calculating a subset of features
that exhibit high cell-to-cell variation in the data set. To
regress the effects of cell cycle heterogeneity, we calcu-
lated cell cycle phase scores using canonical markers,
assigned each cell a score and subtracted this source of
heterogeneity from the data. We then integrated the data,
performed dimensional reduction with principal compo-
nent analysis (PCA) and removed batch-effects using the
Harmony method, which re-arranged clusters to meet dif-
ferent batch-effects iteratively in PCA dimensional space
while keeping the diversity of batch-effects among each
cluster.”*> We used ‘FindNeighbors’ to refine the edge
weights between any two cells based on the shared over-
lap in the PCA space and performed ‘FindCluster’ to
group cells together. Next, we ran non-linear dimensional
reduction with Uniform Manifold Approximation and
Projection (UMAP) to visualise and explore the data sets.

2.5 | Co-detection by indexing multiple
tissue staining

The co-detection by indexing (CODEX) experiment was
performed as previously described.?* Briefly, we mounted
4-um-thick FFPE tissue sections onto poly-L-lysine-coated
coverslips, which were prepared according to the CODEX
protocol.”* The coverslips were deparaffinised and rehy-
drated, and antigen retrieval was performed with heat.
Tissues were stained with an antibody cocktail and imaged
in accordance with the Akoya Biosciences CODEX pro-
tocols. Primary antibodies are listed in Table S2. Imag-
ing was performed using KEYENCE BZX-810 (Keyence,
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Osaka, Japan), an Akoya CODEX microfluidics instrument
(INST2000; Akoya Biosciences, Menlo Park, California,
USA), CODEX instrument manager software (v1.29.3.6)
and CODEX processor software (v1.7). Light exposure and
cycles are outlined in Table S3. We analysed the images
using Fiji/ImageJ] (National Institutes of Health, https://
fiji.sc/, v1.53c) and the multiplex image viewer plugin
(v1.5.0.8).

2.6 | Differentially expressed genes and
gene ontology analyses

Differentially expressed genes (DEGs) were analysed by
comparison of tissue source types or clusters using a
two-sided Wilcoxon rank-sum test with Bonferroni FDR
collection. To investigate the biological function of each
cluster or each B cell subtype, we performed gene ontology
(GO) analysis using Metascape (https://metascape.org/
gp/index.html#/main/stepl).>> This analysis used genes
up-regulated in specific clusters (‘FindAllMarkers’ tool;
comparing one cluster with all other clusters).

2.7 | Functional enrichment analysis
Pre-ranked gene set enrichment analysis (GSEA) was per-
formed with the fgsea package (v1.14.0 R package).”® GSEA
analysis was performed using Hallmark and MsigDB C7
signature gene sets (with msigdbr, v7.4.1 R package). Gene
sets with p value < .05 were considered enriched functional
states or procedures.

2.8 | Analysis of functional gene sets

To evaluate the transcriptional dynamics in cell-type sub-
types, we defined several gene sets and evaluated the
expression levels of gene sets. Gene sets are shown in Table
S4.

2.9 | Survival analysis and correlation
analysis

Survival analysis of gene expression signatures were per-
formed using GEPIA2.? A total of 182 oesophageal cancer
(ESCA) tumour samples were included in survival anal-
ysis. We used the NF-xB-related gene set and top genes
up-regulated with chemotherapy in antibody-secreting
cells (ASCs). The ESCA cohort was divided into high/low
expression groups by median value (50% cut-off). The
genes in the NF-xB-related gene set are as follows: NFKBI,

REL, RELA, RELB, NFKB2, NFKBIA and NFKBIE. The
top genes up-regulated with chemotherapy in ACSs are
shown in Table S5. Survival analyses were performed with
log-rank Mantel-Cox test.

2.10 | Patient cohort

The study cohort included ESCC patients who underwent
surgical resection in the Department of Surgery and Oncol-
ogy, Kyushu University Hospital between April 2008 and
March 2020 using protocols with approval by Kyushu Uni-
versity Certified Institutional Review Board Clinical Trials
(approval number #22002-00). After TO and R1/2 cases
were excluded, a final total of 166 patients were examined
in this study. The clinicopathological profiles of patients
are summarised in Table Sé.

2.11 | Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue samples of
ESCC were sliced into 4 um thick. The slides were
deparaffined manually in xylene and rehydrated in
ethanol. Endogenous peroxidase activity was blocked by
methanol with 0.3% hydrogen peroxidase. For antigen
retrieval, the slides were microwaved in Citrate Buffer
pH 5.9 for 30 min. Slides were stained with monoclonal
IGKC antibodies (clone KP-53; Santa Cruz Biotechnology,
California, USA; #sc-59264) at a dilution of 1:100 at 4°C
overnight. Slides were then incubated with secondary
antibody (EnVision FLEX; DAKO/Agilent, Glostrup,
Denmark; Mouse, K4001) for 1 h at room temperature
and visualised with a 3,3’-diaminobenzidine kit (Sigma-
Aldrich, Darmstadt, Germany; #D5537-5G). Slides were
counterstained with Mayer’s hematoxylin (Muto Pure
Chemicals Co., Ltd, Tokyo, Japan; #30002).

2.12 | Evaluation of
immunohistochemistry staining

One sample analyst (S. N.) and one pathologist (Y. Y.) who
were blinded to the clinical characteristics of the patients
analysed immunohistochemical staining. We calculated
IGKC expression using an immunostaining score, which
reflects staining intensity and the proportion of positively
stained cells.”® Staining intensity of IGKC was scored as
follows: 0 = negative, +1 = weak, +2 = moderate and
+3 = strong intensity. The proportion of positive cells was
scored as follows: 0 = negative, 1 = 1-25%, 2 = 26-50%,
3 = 51-75% and 4 = 76-100%. The intensity score (0-3)
was multiplied by the positive cell proportion score (0-4)
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to generate the total score, with a range of 0-12. Image
processing and quantification were performed using an
optical microscope (BZ-X700; Keyence) and Fiji/Image].
Representative whole tissue images were obtained using
image-joint software (BZ-Analyzer software; KEYENCE).

2.13 | Statistics analysis

Data were analysed by GraphPad Prism (GraphPad Soft-
ware, San Diego, California, USA; v9.2.0) or JMP PRO soft-
ware (SAS Institute, Cary, North Carolina, USA; v16.0.0).
Dunn’s multiple comparisons test was performed for
comparisons of several groups with proportions of cells
expressing IGHD and XBPI and for immunostaining score
with IGKC. Significance of differential enrichment with
gene sets and specific genes was determined by Wilcoxon
rank-sum test. Correlations between clinicopathological
characters and the IGKC score were determined by chi-
square test or Fisher’s exact test (Table S6). Survival curves
(recurrence-free survival [RFS] and OS) were created by
the Kaplan-Meier method for the 166 ESCC patients.
The difference of survival curves was evaluated using
the Gehan-Breslow-Wilcoxon test. Multivariable analy-
ses were adjusted by sex, age, T stage, LN status and the
IGKC expression. Cox-regression analyses were performed
to identify independent prognostic factors of RFS and OS.
All statistical tests were two-sided and p values < .05 were
considered statistically significant.

3 | RESULTS

3.1 | Asingle-cell transcriptome
landscape of ESCC

To examine the heterogeneity of the TIME, we performed
droplet-based scRNA-seq in 17 samples, including 10 ESCC
tumour samples (eight surgical samples and two endo-
scopic samples) and seven non-tumour samples (Figure 1A
and Table SI). After quality control and removing 2,899
doublets, 81,246 cells remained. Following gene expres-
sion normalisation and PCA, we performed graph-based
clustering on the PCA, applied batch correction (using
the Harmony method?®) and visualised via UMAP plots.
We grouped the cells into 24 clusters (Figure 1B). UMAP
plots showed that various cells were consisted of each
sample origin, tissue histology (normal or tumour) and
treatment with/without NACT (Figures 1C and S1A, B).
Using canonical lineage marker genes, the clusters were
annotated to seven known cell-types: fibroblasts (DCN and
PDPN; 16,823 cells), T+NK cells (CD2 and CD3D; 28,248
cells), myeloid cells ITGAX and CD68; 17,114 cells), B

CLINICAL AND TRANSLATIONAL MEDICINE

cells (CD79A; 9,673 cells), epithelium (KRT5 and EPCAM,;
5,160 cells), endothelium (VWF; 2,389 cells) and mast cells
(TPSB2; 1,839 cells) (Figures 1D-F). UMAP plots classi-
fied with such cell types were showed by the tissue source
type (normal samples (N), tumour samples without NACT
(T-nNACT) and tumour samples with NACT (T-NACT))
(Figure SIC). The number of each cell type was different
among their sample origins (Figure 1G).

3.2 |
ESCC

Classification of TIL-B subtypes in

To investigate changes in the subtypes and functions of
TIL-Bs during chemotherapy in ESCC, we analysed TIL-
B subtypes. First, we extracted B cell clusters based on
the expressions of major markers and re-clustered. We
identified new B cell clusters in this data set. UMAP plot
showed that these clusters were shared across sample ori-
gins, tissue histology and treatments (Figures S2A-C).
Using known genes, we identified five B cell major sub-
types, including naive B cells (NBCs; IGHD and TCL1A),
activated B cells (ABCs; CD69, CD83 and EGRI1), which is
antigen-specific activated B cell subtype and committed to
memory B cell (MBC),” MBCs (TNFRSFI3B, CD27, CRIP1
and ITGBI), germinal centre B cells (GCBs; AICDA, RGSI3
and GCSAM) and ASCs (XBPI and PRDMI) (Figures S2D
and E). ASC classifications were determined by their heavy
chains IGHAI, IGHD, IGHE, IGHGI and IGHM) (Figure
S2F). During NBC differentiation into ASCs, the expres-
sion levels of major histocompatibility complex (MHC)
class I/1I changed; ASCs completely lost the expression of
MHC class IT and lost antigen-presenting function (Figure
S2G).

For a more detailed assessment, B cells were further clas-
sified into 12 subtypes (Figures 2A-C). Among NBCs, we
identified the NBC-NF-xB subtype that highly expressed
the NF-xB pathway transcripts. We also identified the
MBC-ITGAX subtype, which expressed the canonical
genes of MBCs and characteristic genes, such as ITGAX
and CCRI. To elucidate the molecular characteristics of the
MBC-ITGAX subtype, we performed GSEA. The MBC-
ITGAX subtype was enriched for signalling pathways
such as B cell Fluarix up, which meant acquiring adaptive
immunity in B cells after exposure to Fluarix (influenza
virus vaccine) and transforming growth factor-8 (TGFf)
(Figure S2H). About ASCs, a previous study reported that
expression of BLIMP1 (encoded by PRDM1) identified the
ASC states, such as plasmablasts (PBs) and plasma cells
(PCs), and PBs display a lower level of BLIMP1 expression
than PCs.>° We found two subtypes (PBs and PCs) based
on differences in the expression levels of PRDMI in
ASCs. Additionally, among PBs, we identified a subtype
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FIGURE 1 Schematics of scRNA-seq and major cell types in ESCC. (A) Schematic illustration of the experimental workflow in our
study. (B) UMAP plot showed 24 clusters from eight resected tumour tissues, two tumour biopsies and seven normal tissues. (C) The UMAP
plots were coloured by sample origin. (D) UMAP plot showed seven major cell types using canonical marker genes. (E) UMAP plots showed
the expression levels of canonical marker genes. (F) Heatmap of the canonical marker genes in each major cell type. (G) The number of the
major cell types in the sample origins.
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FIGURE 2 The subtypes of TIL-Bs in ESCC. (A) UMAP plot was color-coded by 12 subtypes of TIL-Bs on the basis of representative
genes. (B) Heatmap indicated representative genes of B cells in each subtype. (C) UMAP plots showed the expression levels of representative

genes in TIL-Bs. (D) Trajectory analysis was performed between B cell subtypes. (E and F) CODEX multiple staining images showed
intratumoural germinal centre B cells (CD20™", Ki67"; white arrowheads). Representative histologic section of ESCC (H&E, merged images
using image-joint software) (E). The CODEX multiple staining images of DAPI, CD3e, CD8, CD20 and PanCXK (F, top) and high magnification
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100 um (F, bottom).
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expressing heat shock protein (HSP)-related genes
(PB-HSP) and three subtypes by specific expression
of immunoglobulin subtypes (PB-IGKC, PB-IGLC and
PB-IgA). We next performed the trajectory analysis to
investigate the potential transition between B cell subtypes
using the Monocle analysis toolkit.*! The pseudotime tra-
jectory analysis showed that NBCs transdifferentiate into
ABCs then into MBCs (Figure 2D). On the other hand, we
found that GCBs existed in tumour sites using sSCRNA-seq.
GCBs, T cells and B cells construct the tertiary lymphoid
structure (TLS), which is an ectopic lymphoid tissue
and existed nearby or inside tumour. TLS is known to
stimulate the adaptive anti-tumour immune response.*?
Therefore, we performed CODEX,** with resected human
ESCC tissues to evaluate the GCB existence. We found
aggregated structures of T cells and B cells, indicating
TLS, and GCBs (CD20*Ki67") within B cell aggregates
(Figures 2E,F and S2I and Tables S2 and S3). The present
scRNA-seq data showed that there were novel and unique
TIL-B subtypes in the ESCC microenvironment.

3.3 | Functional characterisation of
TIL-B subtypes

We then investigated B cell-related functions, such as
B cell-secreting molecules (interleukins, cytokines and
chemokines), the B cell receptor (BCR) signalling, MYC
pathway and PD-1 signaling®** in each TIL-B subtype
(Figure S3A). The expressions of these B cell function-
related genes were down-regulated in ASCs. CCL17 and
CCL22 encode proteins that are secreted by B cells with
CD40 signalling and attract follicular helper T cells (Tfh
cells) via engaging the chemokine receptor CCR4 in Tth
cells.*> We found that CCLI7 and CCL22 were highly
expressed in the MBC-ITGAX subtypes. We also found up-
regulation of the MYC pathway genes and PD-1 signalling
genes in the MBC-ITGAX subtype.

We next analysed the unique functions by the specific
genes expressed in each subtype. The PB-HSP subtype
expressed HSP-related genes (such as DNAJAI, DNAJBI,
HSPEI and HSPAS8) most highly among ASC subtypes
(Figure S3B). Notably, the NBC-NF-xB subtype expressed
genes that activate the NF-xB pathway that is associ-
ated with B cell maturation and survival (TRAF4, NFKBI,
NFKB2, REL and TNFAIP3)***’ (Figures 3A and B).
Among the TIL-B subtypes, the NBC-NF-xB subtype
expressed the highest levels of SLAMFI. SLAMF1 encodes
a protein that maintain interactions with Tth cells to form
the germinal centre.*® The MBC-ITGAX subtype highly
expressed ITGAX, CLECLI and CD86 (Figures 3A and B).
These genes are associated with cell adhesion and co-
stimulation for antigen presentation.***° This subtype also

expressed HLA-DPBI and CD40 signalling-related genes
(ICAM1, CD80, CD86 and CFLAR), which are essential
for antigen presentation to T cells. TNFRSFIB encodes
TNFR2, which triggers the NF-xB pathway possibly to
activate MBCs.*” This gene was up-regulated in the MBC-
ITGAX subtype. Type I IFN induces the up-regulation of
surface molecules on B cells, such as CD86 and MHC class
1. The MBC-ITGAX subtype expressed the highest level
of the type I IFN-related gene set among TIL-B subtypes
(Figure 3C and Table S4).

3.4 | Differences in proportions and
functions of TIL-Bs by the tissue source

type

To investigate the changes of TIL-Bs during chemotherapy,
we plotted clustering with the TIL-B subtypes (Figure 4A)
and investigated the proportions of subtypes by the tissue
source type (Figure 4B). The plots showed that the propor-
tion of NBCs (including NBC and NBC-NF-xB) in tumour
tissues with NACT was less than that in tumour tissues
without NACT, which was less than that in normal tis-
sues. Additionally, the proportion of ASCs (including PB,
PB-HSP, PB-IGKC, PB-IGLC, PB-IgA and PC) was larger in
tumour tissues with NACT than in tumour tissues without
NACT, which was more than in normal tissues. We focused
on functional changes associated with NACT in TIL-Bs. B
cells function as professional antigen-presenting cells and
express several co-stimulatory molecules, such as CD40.*
The co-stimulation and CD40 signalling-related gene sets
were up-regulated in B cells except for ASCs with NACT
(Figures 4C and D). We next investigated the functional
changes in the MBC-ITGAX subtype because the present
data revealed that this subtype highly expressed genes
associated with the co-stimulation gene set. In GSEA using
DEGs associated with NACT, we found that the MBC-
ITGAX subtype showed enrichment of tumour necrosis
factor-a (TNFa) signalling via NF-xB pathway and IL2-
STATS5 signalling pathway (Figure 4E), suggesting that
NACT enhanced cellular activation in the MBC-ITGAX
subtype.*?

3.5 | Changes in the proportion and
functions of NBCs during NACT

We focused on NBCs during NACT. The proportion of
NBCs was the lowest in tumour tissues with NACT among
the three tissue types (Figure 4B). The expression level of
IGHD, which is major marker of NBCs, and the proportion
of IGHD-positive cells was the lowest in tumour cells with
NACT among the three tissue source types (Figures 5A-C).
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FIGURE 4 Changes in proportions and functions of TIL-B subtyp

es by the tissue source type. (A) UMAP plots showed 12 subtypes of

TIL-Bs by the tissue source type. (B) Bar plots showed the proportions of 12 subtypes of TIL-Bs by the tissue source type. (C and D) Violin
plots showed the expressions of co-stimulation (C) and CD40 signalling-related gene set (D) in B cells except for ASCs by the tissue source

type. Significance of these gene set enrichment (p value) between tissue source types was determined by Wilcoxon rank-sum test. Boxplots

included centreline, median; box limits, upper and lower quartiles; whi

skers at most 1.5% the interquartile range past upper and lower

quartiles. ***p < .001, ***p < .0001. (E) GSEA results showed the TNF« signalling via NF-kB pathway and IL2-STATS5 signalling pathway was
enriched in the MBC-ITGAX subtype from NACT patients compared with nNACT patients.

We next examined the differences in function-related gene
expression with NBCs compared with each tissue source
type and found that B cell activation markers (CD27,
CD70 and AIM?2) were strongly up-regulated in NBCs with
NACT (Figure 5D). B cells express suppressing-receptors to
inhibit BCR signalling.** We found that the suppressing-
receptor gene set was down-regulated in NBCs with NACT
(Figure 5E). GO enrichment analysis showed that DEGs in
the NBC subtype with NACT compared with the subtype

without NACT were enriched for regulation of lymphocyte
activation, TNFa signalling via NF-kB, B cell activation
and positive regulation of the cytokine production pathway
(Figure 5F). We next focused on the NF-xB pathway, which
is involved in B cell maturation and adaptive immunity.*
The NF-xB-related gene set was up-regulated in the NBC-
NF-xB subtype with NACT (Figure 5G). To investigate
the clinical implication of this pathway activation in
oesophageal cancer, we performed survival analysis using
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FIGURE 5 Decrease of the proportion and functional changes in NBCs during chemotherapy. (A) UMAP plots showed expression levels
of IGHD, which is a canonical marker gene for naive B cells (NBCs), by the tissue source type. (B) Violin plots showed the expression of IGHD
in NBCs by the tissue source type. Significance of IGHD expression (p value) between tissue source types was determined by Wilcoxon
rank-sum test. Boxplots included centreline, median; box limits, upper and lower quartiles; whiskers at most 1.5% the interquartile range past
upper and lower quartiles. ***p < .001, ****p < .0001. (C) Bar plots showed the percentage of IGHD" cells to total B cells by the tissue source
type (N; n =7, T-nNACT; n = 5, T-NACT; n = 5). Mean + SEM shown. Dunn’s multiple comparisons test was performed. **p < .01. (D)
Heatmap showed the expression of DEGs among tissue source types in NBCs. (E) Violin plots showed the expression of the
suppressing-receptor gene set in NBCs. Significance of this gene set enrichment (p value) between tissue source types was determined by
Wilcoxon rank-sum test. Boxplots included centreline, median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile
range past upper and lower quartiles. ****p < .0001. (F) The enriched Gene Ontology term for the top 100 signature genes in the NBC subtype
with T-NACT using Metascape. (G) Violin plots showed the expressions of the NF-xB-related gene set by the tissue source type. Significance
of this gene set enrichment (p value) between tissue source types was determined by Wilcoxon rank-sum test. Boxplots included centreline,
median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower quartiles. ns; not
significant, *p < .05, **p < .01. (H) Survival analysis based on the NF-xB-related gene set in TCGA-ESCA (n = 182). Log-rank Mantel Cox-test.
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TCGA data. We found significant correlations between
prolonged RFS and the NF-xB-related gene set (p = .027)
(Figure 5H).

3.6 | Changes in the proportion and
functions of ASCs during NACT

We then focused on the ASCs during NACT. The pro-
portion of ASCs was the highest in tumour tissues with
NACT among the three tissue types (Figure 4B). ASCs
in tumour tissues with NACT expressed the highest lev-
els of XBP1 and IGHGI among the three tissue source
types (Figures 6A and B) and the proportion of XBPI-
positive cells was the largest in tumour tissues with NACT
among the three tissue source types (Figure 6C). In gen-
eral, mature ASCs migrate from generated sites to survival
niches, especially bone marrow. We evaluated the hom-
ing gene set including ASC receptors related with homing.
This gene set was significantly down-regulated in ASCs
in tumour tissues with NACT compared with clusters
in normal tissues (Figure 6D). Additionally, to evaluate
ASC abilities to secrete antibodies after class switching,
we analysed the expression of the antibody-secreting gene
set. We found that the gene set was strongly enriched
in ASCs treated with NACT (Figure 6E). To evaluate the
prognostic impact of functional changes in ASCs during
NACT on oesophageal cancer, we examined the relation-
ship between DEGs associated with NACT and outcomes
of oesophageal cancer using TCGA data. NACT-induced
DEGs in ASCs (Table S5) were significantly correlated with
RFS in oesophageal cancer (p = .028) (Figure 6F).

3.7 | Asingle-cell landscape of LNs

In LNs, many immune cells carry out active immune
responses to TAAs. To investigate the functional hetero-
geneity of B cells in a metastatic LN, we analysed changes
in subtypes and functions of B cells derived from LNs using
scRNA-seq. We obtained six resected samples from three
normal LNs treated with only surgery (nM-nNACT), two
normal LNs treated with NACT and surgery (nM-NACT)
and one metastatic LN treated with NACT and surgery
(M-NACT). After quality control and removing 2,899 dou-
blets, 35,749 cells remained. Following performing PCA,
applying batch correction, single-cells were visualised in
the UMAP plot and classified 16 cell type clusters (Figure
S4A). UMAP plots showed that these cells from LNs were
shared across sample origins, tissue histology (without
metastasis (nMetastasis) or with metastasis) and treat-
ments (Figures S4B-D). On the basis of the expression
of canonical marker genes and characteristic genes, we

identified three major cell types (T+NK cells, B cells and
myeloid cells) (Figures S4E-G). Additionally, to assess the
contamination of tumour cells in metastatic samples, we
examined the expression of oesophageal epithelium genes
(KRT5, KRT19, EPCAM and SOX4) and found almost no
cells that expressed these genes (Figure S4H). The number
of major cell types is shown in each sample origin (Figure
S47). These data indicated that LNs were mainly composed
of T+NK cells and B cells.

3.8 | Profile of B cell subtypes in LNs, and
characteristics and variations

We next analysed the heterogeneity of B cells in LNs. We
re-clustered B cells in LNs and identified B cell clusters
across all patients, tissue histology and treatments (Figures
S5A-C). On the basis of their unique gene expressions,
we classified B cells in LNs into seven detailed subtypes
(Figures 7A-C). The GCB-Ki67 subtype expressed MKI67
(which encodes Ki67) at a higher level than the GCB
subtype. The expression levels of B cell function-related
genes in ASCs were lower than in other B cells same
as the primary tumour (Figure 7D). In the NBC-NF-xB
subtype, CCL17 and CCL22 were most highly expressed
among B cell subtypes in LNs. To characterise the GCB-
Ki67 subtype, we evaluated DEGs in the GCB-Ki67 subtype
compared with the GCB subtype. The GCB-Ki67 subtype
showed up-regulation of IgG-Memory/PC down, which
meant that the differentiated state of GCB-Ki67 was more
similar to that of ASCs than to MBCs, Naive/GC B cell
down, which indicated that the differentiated state of
the GCB-Ki67 subtype was more analogous to that of
GCBs than to NBCs, and the E2F pathway, indicating cell
proliferation (Figure S5D).

In drainage LNs of primary tumours, the proportion of
B cells increased and systemic humoral immune response
to tumours were activated.*® To elucidate the characteris-
tics of B cell subtypes in each tissue source type of LNs, we
investigated differences in several B cell subtypes among
the tissue source types. UMAP plot exhibited the distribu-
tion of B cell subtypes in each tissue source type and their
relative proportions are shown across the tissue source
types (Figures 8A and B). The ASC proportion was the
largest in a metastatic LN treated with NACT among these
tissue source types and this result was similarity to ASCs in
the TIME. We scored the Naive gene set in NBCs and the
ASC gene set in ASCs. Similar to results in the analyses of
the TIME in primary tumours, NBCs in a metastatic LN
showed the lowest expression levels in the Naive gene set
among the three tissue source types (Figure 8C). By con-
trast, ASCs in a metastatic LN showed the most enriched
ASC gene set among the tissue source types (Figure 8D).
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FIGURE 6 Increase of the proportion and enhancement of functions in ASCs during chemotherapy. (A) UMAP plots showed the
expression levels of XBPI and IGHGI, which are the canonical marker genes for antibody-secreting cells (ASCs), by the tissue source type. B)
Violin plots showed the expression of XBPI in ASCs by the tissue source type. Significance of XBP1 expression (p-value) between tissue source
type was determined by Wilcoxon rank-sum test. Boxplots included centreline, median; box limits, upper and lower quartiles; whiskers at
most 1.5% the interquartile range past upper and lower quartiles. **p < .01, ****p < .0001. (C) Bar plots showed the percentage of XBPI" cells
in total B cells by the tissue source type (N; n = 7, T-nNACT; n = 5, T-NACT; n = 5). Mean + SEM shown. Dunn’s multiple comparisons test
was performed. *p < .05. (D) Violin plots showed the expressions of the homing gene set in ASCs by the tissue source type. Significance of this
gene set enrichment (p value) between tissue source types was determined by Wilcoxon rank-sum test. Boxplots included centreline, median;
box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower quartiles. ****p < .0001. (E) Violin
plots showed the expressions of the antibody-secreting gene set in ASCs by the tissue source type. Significance of this gene set enrichment (p
value) between tissue source types was determined by Wilcoxon rank-sum test. Boxplots included centreline, median; box limits, upper and
lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower quartiles. ****p < .0001. (F) Survival analysis based on
DEGs up-regulated with NACT in ASCs using TCGA-ESCA data (n = 182). Log-rank Mantel Cox-test.
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FIGURE 7 The subtypes of B cells in LNs. (A) UMAP plot was color-coded by seven subtypes of B cells in LNs on the basis of
representative genes. (B) Heatmap showed representative genes of B cells in each subtype. (C) UMAP plots showed the expressions of
representative genes. (D) Heatmap showed the expression of B cell function-associated genes in each subtype.
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