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BACKGROUND: Tertiary lymphoid structures (TLSs) are associated with a favorable prognosis in several cancers. However, the
correlation between TLSs and outcomes of esophageal squamous cell carcinoma (ESCC) and the impact of TLSs on the tumor
immune microenvironment (TIME) remain unknown.

METHODS: We pathologically evaluated the significance of TLSs in ESCC focusing on TLS maturation using 180 ESCC specimens
and performed single-cell RNA sequencing (scRNA-seq) using 14 ESCC tissues to investigate functional differences of immune cells
according to TLS presence.

RESULTS: TLS+ cases had better recurrence-free-survival (RFS) (p < 0.0001) and overall survival (OS) (p = 0.0016) compared with
TLS- cases. Additionally, mature TLS+ cases had better RFS and OS compared with immature TLS+ cases (p = 0.019 and p = 0.015)
and TLS- cases (p <0.0001 and p = 0.0002). The scRNA-seq showed that CD8" T cells in TLS+ tumors expressed high levels of
cytotoxic signatures and antigen-presentation of dendritic cells (DCs) was enhanced in TLS+ tumors. Immunohistochemistry
showed that the densities of tumor-infiltrating CD8" T cells and DCs were significantly higher in TLS+ tumors than those in TLS-
tumors.

CONCLUSIONS: These data suggest the prognostic and functional significance of TLSs in ESCC and provides new insights into TLSs

on the TIME.
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BACKGROUND

Esophageal cancer was the sixth leading cause of cancer-related
mortality worldwide in 2020 [1]. The main histological type of
esophageal cancer is esophageal squamous cell carcinoma (ESCC),
which has a high morbidity rate in Southeast Asia [1]. While
multimodal therapy for ESCC in available, the prognosis of ESCC
patients remains poor [2]. Recently, several clinical trials reported
the efficacy of immune checkpoint blockage (ICB) for ESCC [3, 41.
ICB response is known to depend on the tumor immune
microenvironment (TIME) [5]. Moreover, various types of immune
cells in the TIME play key roles in carcinogenesis and tumor
progression. However, the functional roles of each type of
immune cell in the ESCC TIME have been unclear because of
their complicated heterogeneity. Better understanding of the TIME
is urgently required to improve the effectiveness of immunother-
apy in ESCC.

Recently, many publications focused on tertiary lymphoid
structures (TLSs) in the TIME, which may play a crucial role in
immunotherapy [6]. TLSs are ectopic lymphoid formations that
develop in non-lymphoid sites of chronic inflammation, auto-
immune diseases and tumors and represent lymphoid neogenesis
in response to prolonged exposure to inflammatory signals with

chemokines and cytokines [7]. Similar to secondary lymphoid
structures, TLSs are composed of several immune cells, including
T cells, B cells, dendritic cells (DCs), follicular dendritic cells (FDCs),
fibroblast reticular cells and endothelial cells [8]. Germinal centers
(GCs) in TLSs are important sites of B cell clonal expansion and
antibody affinity maturation. They consist of several cell types,
such as germinal center B cells (GCBs), centroblasts, centrocytes,
follicular helper T cells (Tfh cells) and FDCs [9]. High endothelial
venules (HEVs) are detected around TLSs and correlate with
tumor-infiltration of T cells and B cells [10]. Recent studies showed
that TLSs perform various functions in the TIME. Mature DCs in
TLSs are associated with cytotoxic effector functions of CD8™
T cells and a favorable prognosis in non-small cell lung cancer [11].
T cells within TLSs upregulate the expression of activation genes,
such as CD27 and GZMB [12]. B cells in GCs show clonal
amplification, somatic mutation and isotype switching and
indicate an antigen-specific B cell response in TLSs [13].
Antigen-presenting B cells locate in GCs of TLSs and induce
antitumor T cell responses [14]. Although TLSs were reported to
promote antitumor immunity, it remains insufficient to evaluate
comprehensively how the TLSs influence on the TIME. Addition-
ally, TLS presence correlates with a favorable prognosis and the
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efficacy of ICBs in many cancer types, including breast cancer [15],
pancreatic cancer [16], colorectal cancer [17] and gastric cancer
[18]. However, the significance of TLSs in ESCC remains unknown.

Single-cell RNA sequencing (scRNA-seq) provides new oppor-
tunities to systematically characterize the heterogeneity of
immune cells in the TIME at the single-cell level. While
conventional bulk RNA-sequencing tools analyze millions of cells
with averaging out the heterogeneity of each cell, scRNA-seq can
evaluate differences of each individual cell type. The characteriza-
tion of functional heterogeneity of immune cells using scRNA-seq
has been reported in several cancers, such as breast cancer [19],
pancreatic cancer [20], colorectal cancer [21], gastric cancer [22]
and ovarian cancer [23]. A recent study in ESCC using scRNA-seq
showed the landscape of epithelial cells, including tumor cells and
non-malignant epithelial cells, and revealed that immune
checkpoint genes, such as LAG3 and HAVCR2, were expressed
significantly more highly in ESCC tissues than in normal tissues
[24]. Another report revealed that the tumor-infiltration of
myofibroblasts, which is one subtype of fibroblasts, was increased
in ESCC tissues compared with that in normal tissues [25].
However, there have been few studies reporting transcriptome
characterization in the ESCC TIME at the single-cell level, and no
reports have focused on TLS presence in ESCC tissues using
scRNA-seq.

In this study, we evaluated the relationship between TLS
presence and prognosis in ESCC patients, with a focus on the
maturation of TLSs. We performed scRNA-seq with ESCC tissues
categorized by TLS presence and evaluated the functional
differences in each type of immune cell composing the TIME
between TLS+ and TLS- tumors. These data showed how mature
TLSs enhance antitumor immunity in the TIME and suggested that
TLSs could be a novel therapeutic target to improve the efficacy of
immunotherapy and outcomes of ESCC.

MATERIALS AND METHODS

ESCC patient cohort

This study cohort included patients who underwent surgical resection and
histopathologic diagnosis for ESCC in the Department of Surgery and
Oncology, Kyushu University Hospital between 2008 and 2020. The study
protocols were approved by the Kyushu University Certified Institutional
Review Board for Clinical Trials (#22002-00). Several cases with microscopic
residual tumors and without any tumors after endoscopic treatments were
excluded. In total, 180 tumor samples were analyzed in this study. The
clinicopathological characteristics of patients are listed in Supplementary
Table S1.

FFPE co-detection by indexing (CODEX) multiplexed tissue
imaging

CODEX imaging was conducted as previously described [26]. Briefly,
4 um-thick FFPE sections were rehydrated and heat-induced epitope
retrieval was performed. The sections were stained with a DNA-conjugated
antibodies and imaged following the protocols of Akoya Biosciences.
Primary antibodies are described in Supplementary Table S2. Imaging was
performed using an optical microscope (BZX-810; Keyence, Osaka, Japan),
an Akoya CODEX microfluidics instrument (Akoya Biosciences, Menlo Park,
CA, USA), CODEX instrument management software (v1.29.3.6) and CODEX
processor software (v1.7). We evaluated images with Fiji/lmageJ (National
Institutes of Health, https://fiji.sc/, v1.53¢, RRID: SCR_002285).

TLS definition

TLSs were determined using both H&E and IHC staining for CD20 in FFPE
sections by a pathologist (YY) and an analyst (SN) who were blinded to the
outcomes of ESCC patients. The TLS classification was defined morpho-
logically by the following three types of maturation as previously
described [12, 27]: i) Negative (Neg): no existence of TLSs around tumors;
ii) Aggregates (Agg): vague and ill-defined clusters of lymphocytes
without segregated T and B cell zones; and iii) Follicles (Fl): round shaped
large clusters of lymphocytes. GCs are aggregated structures of immune
cells that exhibit a characteristic morphology of proliferating centroblasts
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in TLSs, as previously reported [28]. Using this classification, we observed
TLSs in ESCC specimens and classified cases as follows: i) Neg-ESCC:
tumors without any TLSs; ii) Agg-ESCC: tumors with only Agg and no Fl; iii)
FI-ESCC: tumors with at least one Fl structure. Agg-ESCC cases were
additionally stained using CD3 antibody to confirm that T cells were
clustered in the same location as B cell aggregations. We categorized Neg-
ESCC as TLS-, and Agg-ESCC and FI-ESCC were categorized as TLS+, as
reported previously [27, 29]. Univariate and multivariate analyses with TLS
presence in ESCC patients were shown in Table S3.

Patient specimens for scRNA-seq

Human patient samples for scRNA-seq were collected with written
informed consent and ethics approval by Kyushu University Certified
Institutional Review Board for Clinical Trials (#2022-100). Written informed
consent was provided by all patients prior to this study. Patient metadata
are provided as Supplementary Table S4. Patient age varied from 41 to
80 years.

scRNA-seq library preparation and sequencing

Fresh tumors and normal mucosae after surgery were dissociated for
sequencing. We performed experiments following an online protocol
(https://doi.org/10.17504/protocols.io.b2udqges6). scRNA-seq library pre-
parations were carried out using the Chromium Next GEM Single Cell 3’
GEM, Library & Gel Bead Kit v3.1 (10x Genomics, Pleasanton, CA, USA, #PN-
1000121) following the manufacturer’s protocol. A total of 8,000 viable
cells were used per sample. These scRNA-seq samples were sequenced on
DNBSEQ-G400 (MGI Tech, Shenzhen, China) or lllumina NovaSeq 6000
(Illumina, San Diego, CA, USA).

Processing of scRNA-seq data

Raw sequencing reads were aligned to the human genome (GRCh38) using
10x Cell Ranger analysis pipeline (ver. 5.0.0) to generate barcode matrices.
The gene-barcode matrices were processed using Seurat R package (ver.
3.6.3). Low quality cells with >10% unique molecular identifiers mapped to
mitochondrial transcripts and >5000 expressed genes were excluded.

scRNA-seq data analysis

We normalized the processed data and identified 2000 features with high
cell-to-cell variation in the dataset. To mitigate the effects of cell cycle
heterogeneity in scRNA-seq data, we calculated cell-cycle phase scores
based on canonical markers, assigned each cell a score using “CellCy-
cleScoring” and subtracted heterogeneity from the data. Principal
components analysis (PCA) was performed on the integration-
transformed expression matrix to reduce dimension. We refined edge
weights between any two cells based on the shared overlap in the PCA
using “FindNeighbors” and clustered the cells using “FindCluster.” We then
ran non-linear dimensional reduction to visualize integrated and lineage
specific datasets using Uniform Manifold Approximation and Projection
(UMAP).

Evaluation of gene signatures

To evaluate the potential functions of cell-subtypes of interest, we defined
function-related gene signatures and investigated the expression of
signatures. The involved gene signatures are listed in Supplementary
Table S5.

Differentially expressed genes (DEGs) and pathway
enrichment analysis

DEGs were analyzed by TLS presence using a two-sided Wilcoxon rank-sum
test with Bonferroni FDR collection. To gain functional insights of the DC
subtype, we performed Gene Ontology (GO) pathway enrichment analyses
using Metascape (https://metascape.org/gp/index.html#/main/step1, RRID:
SCR_016620) [30]. The top 100 DEGs using the “FindMarkers” tool with the
DC subtype were imported to Metascape.

NicheNet and trajectory analyses workflow

The NicheNet workflow referred to the protocols described at https:/
github.com/saeyslab/nichenetr [31]. During NicheNet runs, the Tfh subtype
and the GCB subtype were set as ‘sender’ clusters and the DC subtype was
set as ‘receiver’ cluster. DEGs enriched in TLS+ compared with TLS- in the
DC subtype were identified as target receptor genes. The NicheNet
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workflow was performed using the protocol to predict ligands connecting
target receptors and create a Circos plot visualizing ligand-receptor
interactions for cell-types of interest. Trajectory analyses were run with
Monocle3 on Seurat objects [32].

Immunohistochemistry and multiplex immunofluorescence
FFPE specimens were cut as 4 um-thick sections; these sections were
deparaffined in xylene and hydrated through an ethanol series.
Endogenous peroxidase activity was blocked by methanol with 0.3%
hydrogen peroxidase (15min). To retrieve antigen-epitope, the slides
were boiled for 20 min in Citrate Buffer (pH 5.9) or Tris-EDTA Buffer (pH
9.0). Unspecific binding sites were masked with PBS + 3% BSA for 15 min.
Slides were incubated with primary antibodies at 4°C overnight. The
primary antibodies were as follows: Bcl6 (Abcam, Cambridge, UK, #
ab249707, 1:100), CD4 (R&D Systems, Minneapolis, MN, USA, # AF-379-NA,
1:200, RRID: AB_354469), CD8 (Abcam, #ab4055, 1:200, RRID:AB_304247),
CD20 (Nichirei, Tokyo, Japan, #422441, 1:100), CD11c (EP1347Y; Abcam,
#ab52632, 1:500, RRID: AB_2129793) and IGKC (Santa Cruz Biotechnology,
CA, USA, #sc-59264, 1:100, RRID: AB_783962). Slides were rinsed and
incubated with secondary antibody (DAKO/Agilent, Glostrup, Denmark,
Rabbit, K4003, and Mouse, K4001) for 1 h at room temperature. Nuclei
were counterstained with hematoxylin (Muto Pure Chemicals Co., Ltd,
Tokyo, Japan, #30002). For immunohistochemistry, staining was devel-
oped with a 3,3’-diaminobenzidine kit (Sigma-Aldrich, Darmstadt,
Germany, #D5537-5G). For immunofluorescence staining, specimens were
incubated with secondary antibodies in PBS +0.1% BSA for 1 h at room
temperature. Secondary antibodies for immunofluorescence were as
follows:  Donkey-anti-rabbit-AF488,  Donkey-anti-mouse-AF546  and
Donkey-anti-goat-AF647 (Invitrogen, Massachusetts, USA, 1:200); nuclei
were stained with DAPI (1:1000). Fluorescence images were acquired with
an optical microscope (BZ-X800; Keyence).

Evaluation of immunohistochemistry and
immunofluorescence imaging

Immunohistochemical staining was analyzed by a pathologist (YY) and
an analyst (SN) who were blinded to the clinical characteristics and
outcomes of the patients. We counted positive cells of each marker at
high power field. The data were expressed as a density (total number of
positive cells per mm?). We used H&E staining to evaluate the location
and extent of the tumor bed. We then examined tumor-infiltrating
immune cells using immunohistochemical staining. For detection of
SEMA4D™ Ttfh cells, we identified mature TLSs using multiple immuno-
fluorescences staining and counted the number of CD4%' cells,
CD41"SEMA4D™ cells and CD4"SEMA4D'Bcl6™ cells (CD4'Bcl6™ cells:
Tth cells). Data were expressed as a proportion of CD4" T cells. Imaging
analyses were performed using an optical microscope (BZ-X800) and
Imagel. Images were acquired with BZ-X800 and cells were counted
manually using ImagelJ.

Statistics

Statistical analyses were performed using GraphPad Prism (GraphPad
Software, San Diego, CA, USA, v9.3.1, RRID: SCR_002798) or JMP software
(SAS Institute, Cary, NC, USA, v16.0.0, RRID: SCR_008567). Survival
analysis was performed by Cox proportional hazards model and survival
curves (RFS and OS) were performed by the Kaplan-Meier method and
compared with the log-rank test. Chi-square test or Fisher’s exact test
were used to evaluate the correlations between clinicopathological
characters and TLS presence (Supplementary Table S1). Dunn’s multiple
comparisons test was used for comparisons of histological types with cell
proportions in ESCC. We performed Cox proportional hazard analyses
using JMP software and used GraphPad Prism for other statistical
analyses. The Wilcoxon rank-sum test was performed to compare
proportions of several immune cell types, the expression of specific
genes and gene signatures and the numbers of CD8" cells, IGKC™ cells,
CD11ct cells, and SEMA4D™ Tth cells. All statistical tests were two-sided
and p < 0.05 indicated statistical significance.

RESULTS

TLS presence predicts a favorable prognosis in ESCC

To detect TLSs in ESCC tissues, we examined ESCC samples from
180 ESCC patients who underwent surgical resection using
hematoxylin and eosin (H&E) staining, CD3 and CD20

immunohistochemical staining (Supplementary Table S1). Most
TLSs were found at the invasive margin of tumors (Fig. 1a). We
classified TLSs into three types of maturation: i) Negative (Neg);
ii) Aggregates (Agg); iii) Follicles (FI) (see Materials and Methods,
Fig. 1a, b, Supplementary Fig. S1A and Supplementary Table S2).
Moreover, many FL-cases contained GCs. GCs consisted of
several cell types, such as characteristic B cell subtypes
(centroblasts and centrocytes) and FDCs, as previously reported
[33] (Supplementary Fig. S1B). The degree of TLS maturation was
Neg, Agg and Fl in 36 (20.0 %), 37 (20.6 %) and 107 (59.4 %)
cases, respectively. ESCC cases without TLSs were categorized as
“TLS-" cases, and cases with TLSs were categorized as “TLS +”
cases (see Materials and Methods). TLS- and TLS+ were detected
in 36 (20.0 %) and 144 (80.0 %) cases, respectively. We
investigated the correlations between TLS presence and
clinicopathologic characteristics (Supplementary Table S1). We
found that TLS presence correlated positively with lower T stage
(p = 0.0196), absence of lymph node metastasis (p = 0.0294) and
lower TNM stage (p =0.0029). We investigated the prognostic
values of TLS presence using Kaplan-Meier curves and found
that TLS+ cases had better recurrence-free-survival (RFS)
(p <0.0001) and overall survival (OS) (p=0.0016) compared
with TLS- cases (Fig. 1c, d). As TLSs mature, a GC is formed and
immune responses are promoted in the GC [34]. We next
investigated the impact of TLS maturation on prognosis and
found that Fl-cases had better RFS and OS compared with Agg-
cases (p=0.019 and p =0.015) and Neg-cases (p <0.0001 and
p =0.0002) (Fig. 1e, f). We further performed univariate and
multivariate analyses with clinicopathological features (Supple-
mentary Table S3). Univariate Cox regression analyses showed
that T stage, lymph node metastasis and TLS presence were
significantly correlated with RFS in ESCC (hazard ratio (HR)=
0.44, 95% confidence interval (Cl): 0.26-0.76, p =0.003; HR=
0.32,95% Cl: 0.17-0.60, p = 0.0005; HR = 0.35, 95% Cl: 0.20-0.61,
p =0.0002, respectively) and lymph node metastasis and TLS
presence were significantly correlated with OS in ESCC (HR=
0.39, 95% Cl: 0.18-0.82, p = 0.013; HR = 0.35, 95% Cl: 0.17-0.69,
p =0.0027, respectively). Multivariate Cox regression analyses
revealed that lymph node metastasis and TLS presence were
independent prognostic factors for RFS (HR=0.40, 95% ClI:
0.20-0.80, p =0.0092; HR =0.42, 95% Cl: 0.23-0.75, p = 0.0032,
respectively) and TLS presence was an independent prognostic
factor for OS (HR = 0.38, 95% Cl: 0.19-0.78, p = 0.0079). A recent
study reported TLS subtypes with different localizations, such as
peritumoral TLSs and intratumoral TLSs [35]. In the present
study, we also examined FL-cases and grouped them into two
subtypes on the basis of TLS location (Supplementary Fig. S1C).
We found few cases of intratumoral TLSs in our patient cohort
(5.9%). Kaplan-Meier curves showed no significant differences in
RFS and OS between peritumoral and intratumoral TLSs
(p=0.0624 and p=0.1349) (Supplementary Fig. S1D). These
data suggest that TLS presence and maturation were correlated
with a favorable prognosis in ESCC.

Single-cell transcriptome defines the cellular composition of
ESCC samples

To evaluate differences in the TIME in accordance with TLS
presence at the single-cell level, we analyzed 14 ESCC samples
(10 tumor tissues and 4 normal tissues) using scRNA-seq
(Supplementary Fig. S2A and Supplementary Table S4). After
quality control, the dataset included 71,116 total cells. After
normalization with gene expression, we identified 25 distinct
cell clusters with graph-based clustering on the principal
components analysis (PCA) (Supplementary Fig. S2B). The major
cell types were annotated by canonical lineage markers
(Supplementary Fig. S2C, D). Each case was then categorized
by TLS presence using H&E staining and CD20 staining of FFPE
specimens. The clusters were represented across each case
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Fig. 1 The TLS classification and the relationship between TLSs and a prognosis in ESCC patients. a Representative images of IHC staining
of CD20 showing TLSs (Negative (Neg), Aggregates (Agg) and Follicles (Fl)) (x100). The inset shows a higher magnification image of the boxed
area. Scale bars, 100 um. b CODEX multiple staining images showed TLSs. Five-color composite CODEX multiple staining images of DAPI,
CD3e, CD8, CD20 and PanCK and high magnification (right). Regions of interest were shown in the white box (Fl, top; Agg, bottom). Scale bars,
1000 pm (left panel) and 200 um (right panel). c-f Kaplan-Meier analyses of recurrence-free survival (RFS) and overall survival (OS) in ESCC by
TLS presence or TLS maturation classification (Neg, Agg and Fl). RFS cohort: TLS- (n = 36), TLS+ (n=144); Neg (n = 36), Agg (n =37), F
(n=107). OS cohort: TLS- (n = 32), TLS+ (n =138); Neg (n = 32), Agg (n = 36), FI (n =102). P values were calculated by log-rank test.
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(Supplementary Fig. S2E). The proportion of fibroblasts in TLS+
tumors was significantly less than that in normal tissues
(p = 0.0076), whereas the proportion of T cells in TLS+ tumors
was significantly more than that in normal tissues (p = 0.0050)
(Supplementary Fig. S2F). These data suggested that the
proportions of cell types were different depending on the tissue
type and TLS presence.

CD8" T cells upregulate the expression of cytotoxic-related
genes in TLS+ tumors

At first, we extracted the CD8" T cell cluster to examine the
heterogeneity of CD8™ T cells. After reclustering, CD8™ T cells were
divided into four subtypes: naive CD8" T cells (Naive, CCR7, IL7R
and SELL), effector T cells (EF, GZMA, GZMB, GZMH, GZMK, and
GZMM), effector T cells expressing cytokine-related genes
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Fig.2 CD8" T cells enhance several functions and enrich tumor-infiltration in TLS-+ tumors. a UMAP plot was color-coded by four subtypes
of CD8" T cells on the basis of representative genes. b Heatmap indicated the representative genes in each CD8" T cell subtype. ¢ Box and
whisker plots showed the CD8" T cell subtype distributions in accordance with TLS presence. Box middle lines, median; box limits, upper and
lower quartiles; box whiskers, 1.5x the interquartile range. Wilcoxon rank-sum test was performed. *p <0.05. d Representative
immunofluorescence staining of TLSs for CD8 (red), CD20 (green) and DAPI (blue) (x200). Scale bars, 100 um. e Violin plots showed the
expressions of naive signature in the Naive subtype and cytokine signature in the EF-cytokine subtype in accordance with TLS presence.
Significance of the gene set enrichment (p value) in accordance with TLS presence was determined by Wilcoxon rank-sum test. Boxplots
included centerline, median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower
quartiles. ****p < 0.0001. f Violin plots showed the expression of GZMK and PRF1 in CD8™" T cells in accordance with TLS presence. Significance
of the gene expression (p value) in accordance with TLS presence was determined by Wilcoxon rank-sum test. Boxplots included centerline,
median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower quartiles. g Representative
images of CD8 immunohistostaining on tumor tissues in accordance with TLS presence (x400). Scale bars, 100 um. h Graph showed the
quantification of CD8" T cell density in tumors. Patients were divided groups in accordance with TLS presence. Mean + SEM were shown.

Wilcoxon rank-sum test was performed. ****p < 0.0001.

(EF-cytokine, CCL4, IFNG, and TNF) and terminally exhausted T cells
(TE, TNFRSF9, PDCD1, TIGIT, HAVCR2 and LAG3) (Fig. 2a, b). In the
trajectory analysis, we observed the transition from the Naive
subtype to the EF subtype (Supplementary Fig. S3). The proportion
of the EF subtype was significantly larger in TLS+ tumors than that
in TLS- tumors (p=0.0317) (Fig. 2c). We investigated the
localization of CD8" T cells in the TIME using multiplex
immunofluorescence (mlIF) staining and found that CD8" T cells
were frequently located along the outer edge of TLSs, but not
inside TLSs (Fig. 2d).

We next evaluated the differences in several functions of CD8™"
T cell subtypes in accordance with TLS presence. The Naive
signature was significantly enriched in the Naive subtype, and the
cytokine signature was upregulated in the EF-cytokine subtype in
TLS+ tumors compared with that in TLS- tumors (Fig. 2e and
Supplementary Table S5). CD8" T cells showed significantly
upregulated cytotoxic-genes, such as GZMK and PRF1 in TLS+
tumors compared with those in TLS- tumors (Fig. 2f). We then
assessed tumor samples histologically to investigate the relation-
ship between TLS presence and the density of tumor- infiltrating
CD8™ T cells. The density was significantly higher in TLS+ tumors
than that in TLS- tumors (p < 0.0001) (Fig. 2g, h).

DCs enhance antigen-presentation in TLS+ tumors

Next, we analyzed DCs to evaluate the functional differences
between TLS+ and TLS- tumors. First, after extracting the myeloid
cluster, we classified five subtypes of myeloid cells: CD16-
monocytes (CD16-Mono, FCNI, and VCAN), CD14-monocytes
(CD14-Mono, IFITM2, and LSTT1), SPP1-macrophages (SPP1-Macro,
SPP1, and VEGFA), FOLR2-macrophages (FOLR2-Macro, MARCO,
C1QA, and FOLR2) and DCs (XCRT and CLEC9A) (Fig. 3a, b). Myeloid
subtypes showed no differences in their relative abundance in
accordance with TLS presence (Fig. 3c). The phenotype of myeloid
cells is heterogeneous in the TIME [36]. Several phenotypes of
myeloid cells, such as tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs) have been proposed.
While TAMs and MDSCs are regarded as separate phenotypes, the
boundaries between them are not clearly separated and there is
no representative marker to distinguish clearly between TAMs and
MDSCs [37]. To characterize these subtypes, we then evaluated
the enrichment of signatures, such as DC-like, MDSC-like and TAM-
like signatures. CD16-Mono and CD14-Mono subtypes expressed
the MDSC-like signature, whereas SPP1-Macro and FOLR2-Macro
subtypes expressed the TAM-like signature (Supplementary
Fig. S4A). To survey the differentiation trajectory of the cell states,
we performed a pseudotime trajectory analysis. The results
showed that the CD14-Mono subtype might be the progenitor
of maturation in myeloid cells (Fig. 3d). To detect where DCs are
located in TLSs, we used mlF staining and found that most DCs
were located inside the GC of TLSs (Fig. 3e). We evaluated the
functional differentiations of DCs between TLS+ and TLS- tumors
and found enrichment of characteristic signatures associated with
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DC activation, DC migration and antigen-presentation in TLS+
tumors compared with those in TLS- tumors (Fig. 3f). Gene
Ontology (GO) enrichment analysis showed that differentially
expressed genes (DEGs) in DCs within TLS+ tumors were enriched
for antigen processing- and presentation-related pathway (Fig. 3g).
We next focused on the density of tumor-infiltrating DCs in the
TIME, because the DC migration signature was upregulated in TLS
+ tumors. We found that TLS+ tumors had a significantly higher
density of tumor-infiltrating CD11c* DC cells than TLS- tumors
(p <0.0001) (Fig. 3h and Supplementary Fig. S4B).

Tfh cells upregulate the expression of GC reaction-related
genes in TLS+ tumors

To investigate the functional heterogeneity of CD4" T cells in the
ESCC TIME, we reclustered CD4" T cells using scRNA-seq data and
identified four subtypes: naive CD4" T cells (Tn, IL7R, CCR7, TCF7
and LEFT), regulatory T cells (Treg, FOXP3 and IL2RA), type1 helper
T cells (Th1, TNF, IFNG and TBX21) and Tfh cells (CXCR5 and BCL6)
(Fig. 4a, b). There was a significantly higher proportion of Tfh cells
in TLS4 tumors than in TLS- tumors (p =0.0079) (Fig. 4c). We
observed Tfh cells (CD4"Bcl6™ cells) inside the GC of TLSs (Fig. 4d).
To characterize the functional differences of Tfh cells between TLS
+ tumors and TLS- tumors, we performed DEG analyses. High
expressions of GC reaction-related genes such as BCL6, CXCR5,
CXCL13, PDCD1, ICOS, and CD48 [38] were found in Tfh cells in TLS
+ tumors (Fig. 4e, ). These results suggested that the GC reaction
in Tfh cells was promoted in TLS+ tumors.

Maturation of B cells into ASCs is promoted in TLS+ tumors
Next, we reclustered the merge data to identify B cells and
classified four subtypes: naive B cells (NBCs, IGHD and TCLI1A),
MBCs (ITGB1, FCRL4, CD86 and ITGAX), germinal center B cells
(GCBs, AICDA, RGS13 and GCSAM) and ASCs (XBP1, PRDM1, IGHGT
and IGKC) (Fig. 5a, b). We found that GCBs were significantly
enriched in TLS+ tumors versus TLS- tumors (p = 0.0238) (Fig. 5¢).
We then found that the expression levels of GCB and ASC
signatures were upregulated in B cells derived from TLS+ tumors
(Fig. 5d). To evaluate the relationship between TLS presence and
ASC density in tumors, we used IHC staining and found that the
density of tumor-infiltrating IGKC-positive cells (an ASC marker
[39]) was significantly higher in TLS+ tumors than that in TLS-
tumors (p <0.0001) (Fig. 5e, f). These data suggested that the
maturation of B cells into ASCs was promoted in TLS+ tumors.

Tfh cell-derived SEMAA4D stimulates DCs in TLSs

To gain further insight into the interactions of the immune cells
composing TLSs, we investigated the cross-talk among DCs, Tfh
cells and GCBs using NicheNet [31]. In this analysis, we used DEGs
in DCs associated with TLSs to predict key genes in Tfh cells and
GCBs modulating the DEGs (see Materials and Methods). The
NicheNet analysis revealed that SEMA4D was one of key ligands
inferred to regulate several DEGs in DCs, and the Circos plot
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showed that this gene was expressed in Tfh cells (Fig. 6a, b). The
SEMAA4D protein, encoded by SEMA4D, is a type of semaphorin
molecules that is expressed on T cells and stimulates DCs to
promote their maturation (Supplementary Fig. S5) [40]. Consider-
ing that our data showed that DCs in TLS+ tumors were activated

TLS- TLS+

and enhanced their functions (Fig. 3f), these results suggest that
SEMA4D might play important roles in activating DCs. Moreover,
among CD4™ T cell subtypes in the ESCC TIME, Tfh cells expressed
SEMA4D at the highest level, and Tfh cells tended to express
SEMA4D at higher levels in TLS+ tumors than in TLS- tumors
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Fig.3 DCs are activated and enhance antigen-presentation in TLS+ tumors. a UMAP plot was color-coded by five subtypes of myeloid cells
on the basis of representative genes. b Heatmap indicated representative genes in each myeloid cell subtype. ¢ Box and whisker plots showed
the B cell subtype distributions in accordance with TLS presence. Box middle lines, median; box limits, upper and lower quartiles; box
whiskers, 1.5x the interquartile range. Wilcoxon rank-sum test was performed. d Trajectory analysis of myeloid cells. The pseudotime trajectory
was calculated with lighter colors indicating newer values. e Representative immunofluorescence staining of TLSs for CD11c (red), CD4
(yellow), CD20 (green) and DAPI (blue) (x200). The insets showed a higher-magnification image of the boxed area (x400). Arrowheads
indicated DCs. Scale bars, 100 um and 20 um (inset). f Violin plots showed the expression of activation, migration and antigen-presentation
signatures in accordance with TLS presence. Significance of the gene expression (p value) in accordance with TLS presence was determined by
Wilcoxon rank-sum test. Boxplots included centerline, median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile
range past upper and lower quartiles. **p < 0.01, ****p < 0.0001. g Gragh showed the enriched Gene Ontology term for the top 100 signature
genes in DCs with TLS using Metascape. h Graph showed the quantification of CD11c-positive cells in tumors. Patients were divided groups in
accordance with TLS presence. Mean + SEM were shown. Wilcoxon rank-sum test was performed. ****p < 0.0001.

(Fig. 6c, d). To determine which CD4" T cell subtype mainly
expresses SEMA4D in TLSs, we investigated the expression of
SEMA4D in CD4" T cells located in TLSs using mlIF staining.
SEMA4D-positive cells were mainly observed in TLSs and Tfh cells
(CD4"Bcl6™ cells [41]) expressed SEMA4D more frequently than
non-Tfh cells (Fig. 6e, f).

DISCUSSION

In this study, we first identified the relationship between the
presence and the maturation of TLSs and a favorable outcome of
ESCC patients. We then evaluated the functions of the tumor-
infiltration of immune cells by TLS presence with multimodal
approaches, including scRNA-seq, IHC and mlF staining. Immune
cell types, such as T cells, DCs and B cells, increased their
antitumor immune functions in TLS+ tumors. Our results
indicated that CD8" T cells enhanced cytotoxicity and DCs
increased antigen-presentation in TLS+ tumors. We also found
that the GC reaction in TLSs was activated and B cell maturation
was promoted, and we observed the increase in tumor-infiltration
of these immune cells in TLS+ tumors (Supplementary Fig. S6).
These results suggest the clinical and functional significance of
TLSs on immune cells in ESCC TIME and provide novel insights
into how TLSs enhance antitumor immunity.

TLS presence has been reported to be a favorable prognostic
factor in several solid tumors [15-18]. Many studies have reported
the importance of various TLS factors for prognosis, for example
the percentage area [17] and density of TLSs [42]. However, which
factors associated with TLSs are important for prognosis have
been unclear. In this study, we found that the maturation of TLSs
was associated with improved prognosis in ESCC. As TLSs mature,
segments of T and B cell zones and the GC are formed within the
TLSs, and the active immune response occurs in TLSs. The
maturation of TLSs also correlates with a favorable prognosis in
hepatocellular carcinoma [27] and colorectal cancer [43]. Con-
sidering that mature TLSs activate antitumor immunity more than
immature TLSs, evaluation of TLS maturation may be a promising
tool to predict the prognosis of tumors.

The influence of TLS presence on immune cells in tumor sites
had not been well known. Among several immune cell types,
CD8™" T cells in the TIME are powerful effectors in the antitumor
response [44]. CD8" T cells release granzyme and perforin
molecules to kill tumors [45] and produce high amounts of IFNy,
which enhances antitumor immunity in the TIME [46]. DCs
promote immunity by presenting antigens to T cells with cell-
cell contacts and cytokines and play a central role in antigen-
specific immunity [47]. Therefore, we investigated the functions of
CD8* T cells and DCs in the TIME classified on the basis of TLS
presence. CD8" T cells in TLS+ tumors showed significantly
upregulated cytokine- and cytotoxic-related signatures compared
with cells in TLS- tumors. DCs enhanced the expression of genes
related with antigen-presentation in TLS+ tumors. Previous
studies showed that the presence of activated CD8" T cells
correlated with TLS density and predicted neoantigen burden [48].
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Another study reported the relationship between mature DCs in
TLSs and activated CD8" T cells or a favorable prognosis [11].
Considering that TLSs are localized to tumor sites with high levels
of tumor antigen exposure [7], these data suggest that DCs are
effectively activated by tumor antigens in TLSs near tumors and
their antigen-presentation is enhanced, possibly leading to
enhancement of cytotoxic function of CD8" T cells in the TIME.

Mature TLSs have a GC containing Tfh cells and GCBs. Tfh cells
enhance GC reactions in TLSs and promote B cells to differentiate
into memory B cells (MBCs) and antibody-secreting cells (ASCs)
[49]. We found that Tfh cells in TLS+ tumors upregulated
expression levels of ICOS and PDCDI, which encodes an
important co-stimulator for GC reactions with GCBs [50], and
BCL6, which encodes a transcription factor that maintains and
activates Tfh cells [51]. These data implied that Tfh cells and GCBs
in TLS+ tumors activate germinal center reactions. Notably, the
present data revealed that Tfh cells increased the expression of
CXCL13 in TLS4 tumors. A recent study reported that CD4" T cell-
derived CXCL13 is necessary to form TLSs [52]. These data suggest
that Tfh cells are activated by co-stimulation with GCBs, increase
the secretion of CXCL13 and promote TLS formation. Further-
more, the present data showed that B cells upregulated ASC
signatures in TLS+ tumors. Additionally, the density of tumor-
infiltrating ASCs was higher in TLS+ tumors than in TLS- tumors.
These data suggest that the GC reaction was promoted by GCBs
in TLS+ tumors and contributed to the differentiation of B cells
into ASCs.

In the present study, we focused not only on functions but also
on the degree of tumor-infiltrations of immune cells. Tumor-
infiltrating CD8™ T cells were increased in TLS+ tumors compared
with TLS- tumors and the Naive signature in CD8" T cells was
upregulated in TLS+ tumors. A recent study showed that HEVs are
present in TLSs and main sites of the naive CD8" T cell subtype
extravasation [53]. Taken together, these data suggest that an
increase of tumor-infiltrating CD8" T cells in TLS+ tumors was
involved in the enhanced entry of naive T cells into tumor sites
and that TLSs might promote the transformation of “cold tumors”
into “hot tumors.”

NicheNet analysis showed that DCs received SEMA4D signals on
Tfh cells. On T cells, SEMA4D, known as CD100, stimulates DCs to
enhance the expression of CD80, CD86 and MHC class Il [40].
SEMAA4D was reported to correlate with the tumor-infiltration of
immune cells and to be a favorable prognostic marker in
melanoma and bladder cancer [54]. While a previous study
showed that SEMA4D is expressed on CD4" T cells [55], no reports
have clarified which CD4" T cell subtypes in TLSs express this
gene. In our study, miF staining showed that among CD4" T cell
subtypes in TLSs, Tfh cells expressed SEMA4D at the highest level.
These data suggest that SEMA4D derived from Tfh cells in TLSs
stimulates DCs to activate and enhance their antigen-
presentations. In the TIME, it is known that there is intimate
crosstalk between DCs and T cells [47]. Within TLSs, various
molecules expressed by immune cells, such as SEMA4D, might
activate each other and lead to sustained antitumor immunity.
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Fig. 4 Tfh cells upregulate several TLS-related genes in TLS+- tumors. a UMAP plot was color-coded by four subtypes of CD4" T cells on the
basis of representative genes. b Heatmap indicated representative genes in each CD4" T cell subtype. ¢ Box and whisker plots showed the
CD4" T cell subtype distributions in accordance with TLS presence. Box middle lines, median; box limits, upper and lower quartiles; box
whiskers, 1.5x the interquartile range. Wilcoxon rank-sum test was performed. **p < 0.01. d Representative immunofluorescence staining of
Tfh cells in TLSs for CD4 (yellow), Bcl6 (white) and DAPI (blue) (x200). The insets showed a higher-magnification image of the boxed area
(x400). Arrowheads indicated Tfh cells. Scale bars, 100 ym and 20 um (inset). e Scatter plot analysis of DEGs between Tfh cells in tumors with
TLS versus without TLS. f Violin plots showed the expression of TLS-related genes in Tfh cells in accordance with TLS presence. Significance of
the gene expression (p value) in accordance with TLS presence was determined by Wilcoxon rank-sum test. Boxplots included centerline,
median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper and lower quartiles.
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Fig. 5 B cells are promoted for maturation into ASCs in TLS+ tumors. a UMAP plot was color-coded by four subtypes of B cells on the basis
of representative genes. b Heatmap indicated representative genes in each B cell subtype. ¢ Box and whisker plots showed the B cell subtype
distributions in accordance with TLS presence. Box middle lines, median; box limits, upper and lower quartiles; box whiskers, 1.5x the
interquartile range. Wilcoxon rank-sum test was performed. *p < 0.05. d Violin plots showed the expression of GCB and ASC signature in
accordance with TLS presence. Significance of gene expression (p value) in accordance with TLS presence was determined by Wilcoxon rank-
sum test. Boxplots included centerline, median; box limits, upper and lower quartiles; whiskers at most 1.5x the interquartile range past upper
and lower quartiles. *p < 0.05, **p < 0.01. e Representative images of IGKC immunostaining in tumor tissues with or without TLS (x400). Scale
bars, 100 um. f Graph showed the quantification of IGKC-positive cells in tumors. Patients were divided groups in accordance with TLS
presence. Mean + SEM were shown. Wilcoxon rank-sum test was performed. ****p < 0.0001.

While the clinical importance of TLS presence has been reported,
its functional impact on antitumor immunity has remained unclear.
This study provides new insights that TLS presence correlates with
enhancement of antitumor immunity, such as enhancement of
CD8" T cell cytotoxicity and antigen-presentation of DCs. These
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data suggest that the induction of TLSs might be also a novel
therapeutic target to promote antitumor immunity. Several studies
on TLS induction have been reported. Intratumoral injection of
CXCL13 and CCL21 into transplanted pancreatic tumors was shown
to promote TLS induction [56]. The expression of CXCL13 in
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pancreatic islets was reported to induce TLS formation [57].
Intratumoral injection of stimulator of interferon genes was shown
to induce TLSs in a melanoma model [58]. However, the detailed
mechanism of TLS induction in ESCC is not yet known. Therefore,
further research is needed to identify specific cell types or
molecules involved in the TLS induction of ESCC.

Moreover, the present results suggest that TLS presence,
especially TLS maturation, may be a favorable prognostic marker
for individualized therapy in ESCC. A recent study also reported
that TLS maturation predicts ICB efficacy in solid tumors [59].
Taken together, the evaluation of TLS presence or maturation
might be a promising tool to select therapeutic agents suitable for
each ESCC patient.

In conclusion, we have shown that the presence of TLSs, in
particular the maturation of TLSs, is correlated with a favorable
prognosis in ESCC. TLSs increased tumor-infiltrating immune
cells and enhanced functions associated with antitumor
immunity. SEMA4D on Tfh cells stimulates DCs in TLSs. These
data suggest that TLS function may be a promising therapeutic
target to improve the efficacy of immunotherapy and outcomes
of ESCC.
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