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ABSTRACT

Regulatory T (Treg) cells are critical in shaping an immunosuppressive microenvironment to favor tumor
progression and resistance to therapies. However, the heterogeneity and function of Treg cells in esopha-
geal squamous cell carcinoma (ESCC) remain underexplored. We identified CD177 as a tumor-infiltrating
Treg cell marker in ESCC. Interestingly, expression levels of CD177 and PD-1 were mutually exclusive in
tumor Treg cells. CD177* Treg cells expressed high levels of IL35, in association with CD8" T cell exhaustion,
whereas PD-1* Treg cells expressed high levels of IL10. Pan-cancer analysis revealed that CD177" Treg cells
display increased clonal expansion compared to PD-1* and double-negative (DN) Treg cells, and CD177*
and PD-1" Treg cells develop from the same DN Treg cell origin. Importantly, we found CD177* Treg cell
infiltration to be associated with poor overall survival and poor response to anti-PD-1 immunotherapy plus
chemotherapy in ESCC patients. Finally, we found that lymphatic endothelial cells are associated with
CD177" Treg cell accumulation in ESCC tumors, which are also decreased after anti-PD-1 immunotherapy
plus chemotherapy. Our work identifies CD177* Treg cell as a tumor-specific Treg cell subset and highlights
their potential value as a prognostic marker of survival and response to immunotherapy and a therapeutic
target in ESCC.
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Introduction . . .
suppress the antitumor immune response in colon cancer, and

targeting CCR8 enhances the vaccine-induced tumor-specific
response.” PD-1" Treg cells are key elements that account for
poor clinical outcomes in gastric cancer.® TIGIT, another
immune-suppressive receptor, marks a highly suppressive
population of Treg cells, maintaining their suppressive func-
tion in melanoma.” Similarly, LAG3" Treg cells are highly
enriched in head and neck squamous cell carcinoma and exhi-
bit enhanced suppressive function compared with their coun-
terpart in peripheral blood.® However, the heterogeneity of
Treg cells in ESCC is still unclear and needs further
investigation.

Although an immunosuppressive microenvironment
exists in tumors, promising outcomes of immunotherapies
directed at boosting in situ tumor antigen-reactive T-cell
expansion and promoting formation of an antitumor
immune ecosystem in various tumor types have been
reported.””'> On the other hand, neoadjuvant immunothera-
pies utilizing PD-1- or CTLA-4-blocking antibodies have

ESCC is a common form of esophageal cancer, accounting for
more than 90% of cases worldwide." ESCC is a highly aggres-
sive cancer that is often diagnosed at advanced stages. Despite
advances in treatment, the overall survival rate of ESCC
patients remains low, highlighting the need for a better under-
standing of the disease. The immunosuppressive microenvir-
onment is important in promoting tumor growth and
metastasis in ESCC.> Regulatory T (Treg) cells play a critical
role in immune suppression in the tumor microenvironment;
however, their function in ESCC is poorly understood.

Treg cells assist in tumor immune evasion mainly by secret-
ing suppressive cytokines and expressing inhibitory receptors,’
which inhibit antitumor T-cell and NK cell activation. Similar
to tumor antigen-specific cytotoxic T cells, which are crucial in
antitumor immunity, only a subset of Treg cells is critical in
suppressing antitumor immunity during tumor progression.”*
An increasing number of studies have reported unique subsets
of Treg cells that contribute to tumor growth. CCR8" Treg cells
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enabled surgery for many locally advanced unresectable
tumors,'>'* including ESCC.">'® Neoadjuvant immunothera-
pies have led to promising clinical benefits in ESCC, such as
31.4% pathological complete response and 48.9% major
pathological response.'” However, some patients do not
respond to immunotherapies, and in some cases, PD-1
immunotherapy can even cause tumor hyperprogression.'®
Various studies have reported that tumor-infiltrating Treg
cells contribute to resistance to PD-1 therapy and tumor
hyperprogression,”'” but whether and how Treg cells con-
tribute to the response to immunotherapies in ESCC remain
unclear.

In this study, we characterized tumor-infiltrating Treg
cells within ESCC and identified a unique tumor-associated
CD177" Treg cell subset with a suppressive function via
mechanisms distinct from those of PD-17 Treg cells.
CD177"Treg cells exist in various cancer types and have
a distinct developmental trajectory from PD-1" Treg cells.
Importantly, CD177" Treg cells, rather than PD-1" Treg
cells, were associated with a poor survival rate and, most
interestingly, poor response to neoadjuvant anti-PD-1
immunotherapy in ESCC. Finally, we found that CD31
expression on lymphatic endothelial cells was associated
with CD177" Treg cell accumulation in the tumor micro-
environment. Our work highlights CD177" Treg cells as
a prognostic marker for survival and response to immu-
notherapy in ESCC.

Methods

Human tumor specimens and single-cell suspension
preparation

ESCC clinical samples were obtained from Guangdong
Provincial People’s Hospital and preprocessed under proper
medical protection. Clinical information of ESCC patients
were obtained from medical records and listed in supplemen-
tary table S1. Clinical stage was classified or reclassified
according to the American Joint Committee of Cancer eighth
edition ESCC staging system. Survival and response to neoad-
juvant immunotherapy plus chemotherapy were defined
according to the Response Evaluation Criteria in Solid tumors
version 1.1 (RECIST 1.1). This study was approved by the
Institutional Review Board of Guangdong Provincial People’s
Hospital (No. GDREC2019687H). Written informed consent
was obtained from each participant.

PBMCs were isolated with Lymphoprep™ (STEMCELL
Technologies, Vancouver, Canada) density gradient centrifu-
gation. Tumor tissue, tumor-adjacent tissue and remote nor-
mal esophageal tissue were cut into 1 mm? pieces on ice. The
tissue fragments were resuspended in RPMI 1640 (Cytiva
HyClone, MA, USA) and filtered through a 75 pm strainer.
Collagenase IV (Merck KGaA, Darmstadt, Germany) was
added to tissues remaining on the strainer at a 1 mg:200 pl
ratio and digested at 37°C for 30 minutes. Digestion was
terminated with RPMI 1640 containing 10% FBS (ExCell
Bio, Shanghai, China). The digestion mixture was filtered
through a 75 pm strainer and mixed with the above cell
suspension.

Flow cytometry

Single-cell suspensions were incubated with mouse serum for
20 minutes at 4°C and then stained with a cocktail of fluoro-
chrome-conjugated antibodies for 20 minutes at 4°C. The
monoclonal antibodies used included human a-CD45-APC-
Cy7 (2D1; BioLegend, CA, USA), a-CD3-BV510 (OKT3;
BioLegend), a-CD56-BV785 (5.1H11; BioLegend), a-CD8a-
Alexa Fluor 700 (HIT8a; BioLegend), a-CD4-BUV563 (SK3;
BD), a-CD127-BUV737 (HIL-7 R-M21; BD), a-CD25-PE-Cy5
(BC96; BioLegend), a-PD-1-BV421 (EH12.2H7; BioLegend),
a-IGG4-PE (HP6025; SouthernBiotech, AL, USA), and a-
CD177-FITC (MEM-166; BioLegend). Samples were washed
with 0.2% BSA PBS twice and resuspended in 200 pl volume.
Cell viability were identified by DAPI staining. Data were
acquired with a BD Fortessa SORP flow cytometer (BD
Biosciences) and analyzed by FlowJo software (V10, BD
Biosciences).

Elisa

DN, PD-1* and CD177'Treg cells were sorted from ESCC
tumor and tumor-adjacent tissues. These cells were then
seeded in a 96-well round bottom plate (3799, Corning),
which had been precoated overnight at 4°C with 2 ug/ml of
anti-human CD3 (OKT3, BioLegend), at a density of 4,000 cells
per well. To stimulate the cells, 1 ug/ml anti-human CD28
(CD28.2, BioLegend) and 50 wunits/ml hIL-2 (200-02,
PEPROTECH) at were added. After a stimulation period of
72 hours, the supernatants were collected for IL-10 (CSB-
E04593h, CUSABIO) and IL-35 (CSB-E13126h, CUSABIO)
ELISA assay.

Cell lines and cell culture

Human ESCC cell line KYSE-150 and primary human LECs
were purchased from Procell (Wuhan, China). T25 culture
flasks (707001, NEST) were coated with 0.1 mg/ml poly-
L-lysine (PB180522, Procell) at 37°C for one hour. Human
LEC were then seeded at a density of 0.5 million cells per
flask. KYSE-150 was cultured with 10% FBS RPMI/F12 med-
ium (32160801, Sigma-Aldrich) and human LECs were cul-
tured with ECM medium (CM-HO026, Procell) in a humidified
incubator at 5% CO, and 37°C.

LEC adhesion assay

The adhesion capacity of Treg cells were characterized as pre-
viously described.* Briefly, primary human LECs (CP-H026,
Procell) were seeded in a 96-well flat bottom plate (3598,
Corning) at a density of 0.1 million cells per cell. Upon reach-
ing 80% confluence, the cells were treated with 0.22 pm-filtered
supernatant from the human ESCC cell line (KYSE-150,
Procell) for 10 hours. Subsequently, cells isolated from tumor
and tumor-adjacent tissue were resuspended in T cell medium
containing 50 units/ml of hIL-2 (200-02, PEPROTECH) and
0.5 million cells were added into each well containing the
treated LECs. The co-culture was maintained for 5 hours then
flipped the plate, followed by trypsinization into a single-cell



suspension. Flow cytometry analysis was performed before and
after the co-culture to assess the percentages of three Treg cell
subsets.

Immunohistochemistry

Paraftin-embedded tissues were sliced into 4 um sections and
processed with a PDOne 6-color kit (Panovue, Beijing, China)
according to the manufacturer’s instructions. Slices were sub-
jected to heat-induced antigen retrieval, blocked with 10% goat
serum containing TBST, and incubated with primary antibo-
dies. After washing with phosphate-buffered saline containing
0.1% Tween-20, the slices were incubated with HRP-
conjugated secondary antibodies, washed and incubated with
TSA dyes. After nucleic acid staining with DAPI (Beyotime),
the sliced sections were imaged with a Vectra® Polaris™
Automated Quantitative Pathology Imaging System (Akoya
Biosciences). The antibodies used included anti-FOXP3
(1:100, 98377S, CST). anti-PD-1 (1:100, 43248, CST), anti-
CD177 (1:2000, EPR22813-205, Abcam), and anti-CD31
(1:50, Ab28364, Abcam), anti-LYVE1l (1:20000, Ab14917,
Abcam). Images quantification and distance analysis was con-
ducted by HALO image analysis platform 3.6.4134 software
(Indica Labs, NM, USA).

Single-cell RNA sequence data preprocessing and analysis

ESCC single-cell RNA sequence data were obtained from
Gene Expression Omnibus (GEO) database with accession
number GSE160269.>' The raw count matrix comprised
CD45" cells and CD45™ cells from 64 patients. All patients
were treated with surgery only. Single-cell RNA sequence
data of 4NQO-induced mouse ESCC model were obtained
from GSA (Genome Sequence Archive in BIG Data Center,
Beijing Institute of Genomics, Chinese Academy of Sciences)
with the accession number CRA002118. Pan-cancer data
containing the raw count matrix and VD] sequence profile
were obtained from GEO database with accession number
GSE156728.* Single-cell RNA sequencing data of oral can-
cer were obtained from GEO database with accession num-
ber GSE200996>° and included Breast Cancer (BC), B cell
Lymphoma (BCL), Esophageal Cancer (ESCA), Multiple
Myeloma (MM), Pancreatic Cancer (PACA), Renal
Carcinoma  (RC), Thyroid Carcinoma (THCA),
Endometrial Carcinoma (UCEC). The raw count matrix
was transformed into a Seurat object and subjected to nor-
malization, and genes that were expressed less than 200 per
cell or more than 6000 per cell were removed.

For unsupervised clustering, the top 2000 highly variable
features were applied for FindVariableFeatures. For semi-
supervision reduction, FindVariableFeatures was conducted
using genes specifically expressed by PD-1" and CD177" Treg
cells (Table S3). Then, neighboring genes were located in two-
dimensional t-distributed stochastic neighbor embedding
(t-SNE) or uniform manifold approximation and projection
(UMAP). Cluster-specific gene heatmaps were generated with
the DoHeatmap function in the Seurat package (Version
4.3.0).2472°
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Gene ontology (GO) analysis

Cluster/cell-type-specific genes of unsupervised ESCC Treg
Seurat objects were identified by FindAllMarkers. Cluster/cell-
type-specific genes were then transformed into Entrez genes
using the bitr function. GO analysis was performed using these
Entrez genes with the enrichGO function based on GO biolo-
gical process (GO: BP) datasets. Every single function was
obtained using the clusterProfile package (Version 4.6.2).>”®
The p value cutoff was 0.05, and the top five pathways were
displayed.

Pseudotime trajectory analysis

To delineate the dynamic differentiation of Treg cells, we
performed pseudotime analysis based on Monocle3 (Version
1.2.9)*° with default setting. Treg cells were embedded in the
UMAP trajectory, and pseudotime lineages were assigned to
individual cells. Pseudotime-associated functions were
obtained from the monocle3 package.

T-cell receptor (TCR) clonotype analysis

We identified the top 10 most abundant TCR clonotype Tregs
in pancancer data, divided them into different clone levels
according to relative abundance, and compared them with
common clonotypes based on chain sequencing. All processes
were performed with the scRepertoire package (Version
1.8.0).%

RNA microarray data and analysis

ESCC RNA microarray data and proteome mass spectrometry
(MS) data were obtained from the GEO database (GSE53625)
and ProteomeXchange (PXD021701),>' respectively. The
microarray matrix was assigned gene symbols according to
GPL18109 annotation documents. The expression matrix was
scaled and normalized by limma package (Version 3.52.2).
Difference analysis were performed and differentially
expressed gene were used for further analysis.

Deconvolution of microarray and MS data

We extracted count data from single-cell RNA sequencing data
included three cluster Treg cells and granulocytes, replaced the
cell barcode with the cell type name to form a single-cell
reference matrix, uploaded the matrix to Cibersortx (https://
cibersortx.stanford.edu/upload.php) and calculated the signa-
ture matrix by Create Signature Matrix option. This step gen-
erated a gene weight matrix, where the rows are gene names,
and each cell type is assigned a weight for each gene.
Ultimately, this Signature Matrix is used to score the micro-
array data, providing a relative content assessment of the
corresponding cell types in each sample. The Cibersortx algo-
rithms which based on support vector machines (SVMs) will
then calculate the relative abundance of each cell type in each
sample and assigns scores. Following this, we categorize these
scores into high and low groups based on the peaks and valleys
observed in the histograms.
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Overall survival-time trajectory analysis

Data for ESCC patients (172 samples for microarray data and
124 samples for MS data) were deconvoluted, and the patients
were divided into CD177" Treg" and CD177* Treg' cohorts
according to the median expression level of the CD177" Treg
cell gene signature. Patients were also divided into PD-1"
Treg" and PD-1* Treg'®, DN Treg" and DN Treg® cohorts
according to the median expression level of gene signatures of
the corresponding cell subset. Overall survival (OS) and dis-
ease-free survival (DFS) analyses were carried out using follow-
up information and then visualized by the survminer package
(Version 0.4.9).

Statistical analysis

Statistical significance was analyzed using GraphPad Prism 8
(GraphPad Software, San Diego, CA). The results in all figures
are expressed as the mean + SD. For comparison of data from
multiple groups, statistics were analyzed using one-way
ANOVA. Student’s t test was used for comparison of data for
two groups. For the survival study, Kaplan—Meier survival
analysis and the log-rank test were used to determine statistical
significance. For the comparison of Treg subset percentage
from tumor with different treatments, statistics were analyzed
using Mann-Whitney test. Significant differences are indicated
as* p<0.05; ** p<0.01; *** p<0.001.

Results

Characterization of tumor Treg-specific gene expression in
ESCC

To understand tumor Treg cell characteristics in ESCC, we
reanalyzed publicly available ESCC single-cell RNA sequencing
data (GSE160269)*' and identified Treg cells according to
expression of FOXP3 and CD4 after unsupervised clustering
of T/NK cells (Figure la,b). We found that Treg cells were
enriched in tumor tissue, which is a hallmark of the tumor
microenvironment (Figure 1c). Comparing differential gene
expression between tumor-infiltrating Treg (T-Treg) and
tumor-adjacent Treg (N-Treg) cells (Supplementary table S2),
we found upregulation of several genes associated with Treg
cell suppressive function in T-Treg cells, such as TNFRSF4 and
TNFRSF18 (Figure 1d), which are costimulatory molecules
expressed on effector Treg cells. T-Treg cells also show upre-
gulated expression of SOX4, which interacts with TGF-$ and
increases expression of CD39.>> Moreover, T-Treg cells highly
express CD7, which plays an important role in T-cell
activation.”® Interestingly, T-Treg cells highly expressed
CD177 and LY6E, two myeloid-derived markers (Figure 1d).
Gene ontology (GO) enrichment analysis showed upregulation
in T-Treg cells of genes involved in the IL-10 and IL-12 pro-
duction pathways (Figure le). Consistent with other tumor
types, our results indicate that T-Treg cells have a high sup-
pressive function in ESCC.

As a Treg cell-specific transcription factor, FOXP3 regulates
expression of genes that are critical for maintaining their sup-
pressive function.’® Therefore, we performed correlation ana-
lysis of the gene expression profile of tumor-infiltrating Treg

cells and identified the top 50 genes that correlated positively
with FOXP3 expression. Meanwhile, we conducted differential
gene expression analysis of Treg cells and non-Treg immune
cells and identified top 20 genes that are upregulated in Treg
cells. Through intersection of these two groups of genes, we
identified 17 genes (Figure 1f). Sorting according to the
Pearson correlation coefficient with FOXP3 expression, we
found that IL2RA, a well-recognized Treg cell marker, ranked
at the top (Figure 1g). Among the upregulated genes, we
identified the immune checkpoint molecules CTLA4 and
ICOS, which are highly expressed in activated Treg cells.
Based on intersection of these 17 genes with upregulated
genes in T-Treg cells compared with N-Treg cells in ESCC
(Figure 1f), we identified CD177 and CD7 as the top 2 genes,
suggesting their important role in tumor Treg function in
ESCC (Figure 1g).

CD177 marks a unique Treg cell subset enriched in
ESCC tumor tissue

We then reanalyzed the Treg cell population and found CD177
to be co-expressed with FOXP3 (Figure 2a,b). CD177 was
expressed in T-Treg cells, but N-Treg cells expressed low levels
of CD177 and FOXP3 (Figure 2c). CD177 is reported to be
expressed on activated granulocytes and function as an adhe-
sion molecule by binding its ligand CD31.* Recent studies
reported that CD177 is also expressed by tumor Treg cells
and contributes to Treg suppressive function.’®*” To reveal
the CD177 expression pattern, we reanalyzed immune cell
subsets in ESCC. Cell type characterization was performed
based on marker genes (Fig. S1). We found that Tregs were
the only subset to express CD177 at the transcriptional level
(Figure 2d,e). However, we found that granulocytes express
CD177 mRNA in another ESCC scRNA-seq data
(GSE145370),® although the expression level is much lower
than in Treg cells (Fig. S2A-C). Flow cytometry analysis of
tumor-infiltrating immune cells demonstrated that a high pro-
portion of granulocytes and Treg cells expressed CD177
(Figure 2f, S2D). Moreover, CD177 expression was restricted
to tissue Treg cells and increased in T-Treg cells, whereas Treg
cells in PBMCs did not express CD177 (Figure 2g,h). On the
other hand, the percentage of CD177" granulocytes showed no
difference between PBMC, normal tissue, tumor-adjacent tis-
sue, and tumor tissue (Figure 2i). Unfortunately, we didn’t find
CD177 mRNA expression in Treg cells from 4NQO-induced
mouse ESCC tumor samples (Fig. S2E-G). In summary, we
found a unique CD177" Treg cell subset enriched in ESCC
tumor tissue with high FOXP3 expression, indicating its criti-
cal role in ESCC.

PD-1* Treg and CD177" Treg represent two distinct
Treg cell subsets in ESCC

Various studies have reported that tumor-infiltrating PD-1"
Treg cells (CD25"CD4"FOXP3™) are a highly suppressive Treg
subset that contributes to tumor progression®” as well as to
tumor hyper-progression during anti-PD-1 immunotherapy.®
We examined whether PD-1 is expressed in CD177" Treg cells.
Interestingly, we found that CD177" Treg cells did not express
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Figure 1. Characterization of tumor Treg-specific gene expression in ESCC. (a) Unsupervised t-SNE reduction plot of total T/NK cells in single-cell RNA sequencing data
(GSE160269) containing ESCC tumor tissues (n = 60) and tumor-adjacent tissues (n = 4). (b) Feature plots of marker genes for T/NK-cell subset identification. (c) distribution of
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PD-1 (Figure 3a, 2b). Flow cytometry analysis of tumor Treg
cells revealed the same result (Figure 3b). To further explore
the gene expression pattern of CD177" and PD-1" T-Treg cells,
we performed semi-supervised clustering of Treg cells using
ESCC scRNA-seq data (Figure 3C, supplementary table S3).
We found that expression of PD-1 and CD177 was indeed
mutually exclusive in T-Treg cells and that Treg cells could
be divided into CD177" Treg, PD-1" Treg and double-negative
(DN) Treg cells (Figure 3¢c,d). We then performed GO analysis
to compare gene expression in these three Treg subsets
(Figure 3e). We found that DN Treg cells expressed genes
enriched in pathways associated with dendritic cell antigen
presentation and dendritic cell migration, indicating that DN
Treg cells may be the precursor activated Treg cells. PD-1"
Treg cells were found to express genes enriched in pathways
related to cytolysis, pyroptosis and apoptosis. Genes associated
with the T-cell tolerance induction pathway were upregulated
in CD177" Treg cells, indicating that they have a high suppres-
sive function in the ESCC tumor microenvironment
(Figure 3e). Interestingly, CD177" Treg cells were also shown
to express genes associated with cell shape changes and cytos-
keleton remodeling (Figure 3e), suggesting that CD177 might
regulate Treg cell migration, as reported for neutrophils.
However, CD177" Treg cells do not express other receptors
that can interact with CD177 in neutrophils, such as ITGAM
(CD11b coding gene), and FCGRIIIB (CD16b coding gene)
(Fig. S2H). Three subsets of Treg cells constitutively express
the CD18 coding gene ITGB1 (Fig. S2H).

We further compared expression of genes directly related to
Treg function and found that CD177" Treg cells highly express
CTLA4 and TNFRSF4, which are involved in the Treg sup-
pressive function and survival in the tumor microenvironment
(Figure 3F). They highly express the suppressive molecule
TGF-B encoded by TGFB2. CD177" Treg cells also express
the previously reported tumor Treg marker CCR8, however
CCRS8 is also expressed in PD-1" cells and DN Treg cells (Fig.
S2I). Moreover, CD177" Treg cells were shown to express high
levels of EBI3, a subunit of IL-35. Treg cell-derived IL-35 is
important in inducing inhibitory receptor expression on T cells
and limiting central memory T-cell differentiation, whereas
Treg cell-derived IL-10 participates in directly suppressing
T-cell activation.”” These results suggest that CD177" Treg
and PD-1" Treg cells might perform suppressive functions in
the tumor microenvironment through different mechanisms.
Moreover, we found that EBI3 expression correlated positively
with the CD177" Treg cell infiltration score in ESCC micro-
array data (GSE53625) (Figure 3g) but negatively with the
PD-1" Treg infiltration score in ESCC tumor tissue (Fig.
S3A). EBI3 expression did not correlate with the DN Treg
infiltration score (Fig. S3A). Ex vivo stimulation of sorted
three Treg cell clusters demonstrated that CD177+Treg cells
CD177" Treg cells exhibit high ability to secrete IL-35, while
PD-1" Treg cells show elevated secretion of IL-10 (Figure 3h).
The segregated expression of IL-10 and IL-35 in tumor Treg
cells are consistent with a previous report.*” These results
suggest that CD177" Treg cells is the major source of IL-35
while PD-1" Treg cells is the major source of IL-10 in ESCC.

By analyzing ESCC scRNA-seq data, we also found that
CD177" Treg cells correlated positively with exhausted CD8"
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T cells and negatively with Th17 cells, which are involved in
antitumor immunity (Figure 3i). Meanwhile, CD177" Treg
correlated negatively with germinal center B cells (GCBs) and
T follicular helper (Tth) cells (Figure 3i). GCB and Tth cells are
vital components for tertiary lymphatic structure (TLS) forma-
tion, and they play an important role in tumor eradication.*’
However, the percentage of DN Treg cells correlated positively
with resting B cells and negatively with exhausted CD8" T cells
(Fig. S3B). The percentage of PD-1" Treg cells correlated
positively with Th17, GCB cells and effector CD8" T cells
(Fig. S3B). These results suggest that CD177" Treg cells repre-
sent a distinct Treg cell subset from PD-1" Treg cells in tumor
microenvironment and might perform their suppressive func-
tion through IL-35 expression.

Pan-cancer analysis reveals different developmental
trajectories of CD177" and PD-1" Treg cells

We utilized a pan-cancer scRNA-seq data (GSE156728) to explore
the developmental relationship between CD177" Treg and PD-1"
Treg cells and performed semi-supervised clustering
(Supplementary table S3). Consistent with our findings in
ESCC, we found expressions of CD177 and PD-1 to be mutually
exclusive in Treg cells from many tumor types, and similarly, we
clustered them into three groups (Figure 4a,b). The differential
gene heatmap showed that DN Tregs express the naive T-cell
marker CCR7 and that CD177" Treg cells highly express CCRS,
Ox40and GITR (Figure 4c). In contrast, PD-1" Treg cells exhib-
ited increased expression of LAG3, which supports their
exhausted state. We then performed TCR repertoire clonotype
analysis and found that CD177" Treg cells exhibited enhanced
clonal expansion compared to PD-1" Treg cells and DN Treg cells
(Figure 4d). Although previous evidence suggests that PD-1" Treg
cells undergo clonal expansion during tumor progression,* our
data revealed a unique Treg cell subset that is more clonally
expanded than PD-1" Treg cells. Common TCR clonotype ana-
lysis indicated that the CD177" Treg cells share partial common
TCR clones with PD-1" Treg cells despite the unique clonotypes
(Figure 4e). To understand the developmental trajectory of these
three Treg cell subsets, we conducted pseudotime reduction ana-
lysis and found that the developmental trajectory derived from
DN Tregs diverged into two different branches from a certain
node and pointed at CD177" Treg and PD-1" Treg respectively
(Figure 4f). Thus, CD177" Treg and PD-1" Treg might develop
from the same origin. In summary, we found a unique CD177"
Treg cell subset with enhanced clonal expansion and different
developmental trajectories and functions from PD-1" Treg cells in
the tumor microenvironment.

Higher CD177" Treg cell infiltration is associated with
poor survival in ESCC patients

We then sought to determine whether CD177" Treg cells are
associated with clinical prognosis of ESCC patients. scRNA-seq
data showed that tumors at late stages had a higher CD177"
Treg cell percentage (Figure 5a). By using the Cibersort algo-
rithm, we predicted the CD177" Treg cell score, as well as
PD-1" and DN Treg cell scores of ESCC tissue from microarray
data (GSE53625) (Figure 5b, Fig. S4A). We found that CD177"
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Figure 3. PD-1* and CD177* Treg cells represent two distinct Treg cell subsets in ESCC. (a) Unsupervised UMAP reduction plot of PDCD1 expression profile in Treg cells
from ESCC. (B) Representative flow cytometry results of CD177 and PD-1 expression patterns on tumor Treg cells (CD45*CD3*CD56 CD4*CD127-CD25™). (C) Semi-
supervised UMAP reduction plot of Treg cells in single-cell RNA sequencing data containing ESCC tumor tissues (n = 60) and tumor-adjacent tissues (n = 4). Treg cells
were divided into three subsets according to PDCD1 and CD177 expression. (D) Feature plots showing expression patterns of FOXP3, PDCD1 and CD177 in Treg cells. (E)
Top five enriched GO pathways of genes expressed by the three Treg subsets. (F) Heatmap showing the expression pattern of genes from two Treg function-associated
gene sets by the three Treg cell subsets. (G) Spearman’s correlation analysis between the CD177* Treg score and EBI3 in ESCC microarray data (GSE53625), Spearman’s
correlation coefficient was shown as rs. (H) 4,000 CD177*, PD-1*, or DN Treg cells from the tumor and tumor-adjacent tissues were sorted and stimulated ex vivo with
human anti-CD3 (2 ug/ml), anti-CD28 (1 pg/ml) and rhiL-2 (50 U/ml) in a 96-well round bottom plate respectively. After 72 hours, the supernatants were collected for
ELISA analysis of IL-10 and IL-35. (I) Pearson’s correlation analysis between the CD177" Treg cell percentage and the percentages of different immune cell types from
ESCC single-cell RNA sequencing data.
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Figure 4. Pan-cancer analysis reveals different developmental trajectories of CD177" and PD-1* tumor Treg cells. (a) Semi-supervised UMAP reduction plot of Treg cells
from single-cell RNA sequencing data of pan-cancer tumor tissues and tumor-adjacent tissues (GSE156728). (b) Feature plots showing expression patterns of FOXP3,
PDCD1 and CD177 in Treg cells. (c) Heatmap showing the top five differentially expressed genes in the three Treg cell subsets. (d) TCR repertoire abundance and
occupied repertoire space of the three Treg cell subsets. (e) Sankey chart displaying the top 10 abundant TCR clonotypes of CD177* Treg and PD-1" Treg cells and

potential common clonotypes between these two subsets. (f) Pseudotime trajectory analysis of pan-cancer Treg cells showing two different developmental trajectories
of CD177* Treg and PD-1" Treg cells from DN Treg cells.

Treg and DN Treg cells were enriched in the tumor compared
with normal tissue (Figure 5b), while no enrichment was
observed in PD-1" Treg cells (Fig. S4A). Patients were divided
according to the CD177* Treg score into CD177*Treg™ and
CD177"Treg" cohorts, with those in the former displaying

decreased overall survival probability (Figure 5¢). However,
there were no differences in overall survival probability
between PD-1"Treg™ and PD-1"Treg" cohorts, as well as DN
Treg™ and DN Treg® cohorts (Fig. $4B). We then analyzed
additional proteomic data (PXD021701)*' and found similar
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Figure 5. Higher CD177* Treg cell infiltration is associated with poor survival of ESCC patients. (a) Analysis of compositions of the three Treg cell subsets in tumors from
patients with different pathologic stages, T stages and N stages in ESCC single-cell RNA sequencing data (GSE160269). (b) Predicted CD177" Treg cell score of tumor
tissues and normal tissues using Cibersort from ESCC microarray data (GSE53625). (c) Overall survival probability of ESCC patients with high or low CD177* Treg cell
score from the GSE53625 cohort. (d) Disease-free probability and overall survival probability of ESCC patients with high or low CD177" Treg cell scores based on
proteomic data from another cohort (PXD021701). p value was calculated using Kaplan — Meier (log rank) test.

results: patients in the CD177" Treg™ cohort had decreased
disease-free probability and overall survival probability
(Figure 5d). Therefore, we found that the accumulation of
CD177" Treg cells is an indicator of poor prognosis in ESCC.

Anti-PD-1 immunotherapy impairs CD177" Treg cells
and boosts PD-1* Treg cells in ESCC

CD177 and PD-1 are mutually exclusively expressed on Treg
cells, however, a low percentage of PD-1" Treg cells were
observed by flow cytometry in untreated tumor tissue
(Figure 2b). As PD-1" Treg cells are associated with the efficacy
of anti-PD-1 immunotherapy in many tumors, we wondered if
CD177" Treg cells also play a role in this process. We found that
the CD177" Treg cell frequency decreased while the PD-1* Treg
frequency increased in tumor tissue from patients after

neoadjuvant anti-PD-1 immunotherapy compared with
untreated patients (Figure 6(a-c)). This was observed only in
tumor tissue and not in tumor-adjacent tissue, normal esopha-
geal tissue or peripheral blood (Figure 6b,c). To further investi-
gate the Treg subset spatial distribution in ESCC, we conducted
mIHC staining of tumor tissues from 19 untreated ESCC
patients and 21 ESCC patients who underwent neoadjuvant anti-
PD-1 immunotherapy with stable disease (SD) and partial
response (PR). We did not observe CD177 and PD-1 double-
positive Treg cells in all tissues, and tumor tissues exhibited
a significantly higher CD177" Treg cell percentage (Figure 6d,
e), consistent with our flow cytometry and scRNA-seq results.
Treg cell infiltration was increased in tumor-adjacent tissue from
patients underwent anti-PD-1 immunotherapy, while most Treg
cells do not express CD177 (Figure 6d). And, we also identified
CD177" non-Treg cells which exhibited the characteristic lobed
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Figure 6. Anti-PD-1 immunotherapy impairs CD177* Treg and boosts PD-1* Treg cells in ESCC. (a) Representative flow cytometry result of CD177 and PD-1 expression by
tumor Treg cells from surgical samples of untreated patients and patients with a partial response to neoadjuvant anti-PD-1 immunotherapy plus chemotherapy. (b)
Statistical analysis of CD177" Treg cell percentages in tumor tissues, tumor-adjacent tissues, normal esophagus tissues and PBMCs from untreated patients (n = 4) and
patients treated with neoadjuvant anti-PD-1 immunotherapy plus chemotherapy (n = 5). (c) Statistical analysis of PD-1* Treg cell percentages in tumor tissues, tumor-
adjacent tissues, normal esophagus tissues and PBMCs from untreated patients (n=4) and patients treated with neoadjuvant anti-PD-1 immunotherapy plus
chemotherapy (n =4). (d) Multiplexed immunohistochemistry staining of tumor tissues and tumor-adjacent tissues from untreated patients and patients with PR
and SD after neoadjuvant anti-PD-1 immunotherapy plus chemotherapy. White arrows indicate CD177" non-Treg cells which may be granulocytes. (e) Statistical
analysis of percentages of different Treg cell subsets in tumor (T) from untreated patients (n=19) and patients with PR (n =12) and SD (n=9) after neoadjuvant
anti-PD-1 immunotherapy plus chemotherapy. (f) Cell density of three Treg cell subsets in tumor tissue of ESCC patients among different cohorts, UT, PR and SD.
Statistical analysis was performed using Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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nuclear morphology as granulocytes (Figure 6d). Interestingly,
the percentage of CD177" Treg cells rather than PD-1" Treg cells
decreased in patients underwent anti-PD-1 immunotherapy and
was lower in PR patients than in SD patients (Figure 6e), We
calculated the density of the three Treg cells per unit area and
obtained similar results (Figure 6f). Besides, we also observed
decreased CD177"Treg cells after anti-PD-1 treatment in oral
cancer, while the frequencies of PD-1" and DN Treg cells were
not affected (Fig. S4C-D). These results indicate that
CD177"Treg cells may be associated with poor response to
ESCC neoadjuvant anti-PD-1 immunotherapy.

Lymphatic endothelial cells are associated with
CD177" Treg accumulation in tumor tissue in ESCC

We then explored how CD177" Treg cells accumulate in
ESCC tumor tissue. The reported ligand for CD177 is
CD31, which is expressed by endothelial cells and regulates
CD177" neutrophil adherence and residency.’>** We found
that CD31 did co-localize with CD177" Treg cells in ESCC
tumor tissue from untreated patients (Fig. S5A). SCRNA-seq
data analysis identified that the CD31 encoding gene
PECAMI1 was only expressed by endothelial cells and lym-
phatic endothelial cells (LECs) (Figure 7a, Fig. S5B-C). We
then performed correlation analysis and found that CD177"
Treg cells correlated positively with CD31" LECs, with no
correlation detected with CD31" endothelial cells
(Figure 7b). Moreover, mIHC results showed that CD177*
Treg cells have closer spatial distance with LYVE1" LECs
compared to PD-1" and DN Treg cells in ESCC tumor tissue
(Figure 7c,d). The density of LECs decreased in patients that
partially response to anti-PD-1 immunotherapy plus che-
motherapy, compared to patients with stable disease and
untreated patients (Figure 7(c-e)). Moreover, LEC density
positively correlated with the percentage of CD177" Treg
cells, while negatively correlated with PD-1" Treg cells (Fig.
S5D). No correlation was observed between LEC density and
the percentage of DN Treg cells. Furthermore, we performed
in vitro co-cultured LECs with tumor-infiltrating Tregs. By
flipping the culture dish to remove cells that could not
adhere to the LECs, we found a significant enrichment in
the percentage of CD177" Tregs (Figure 7f,g). Therefore,
LECs are associated with CD177" Treg cell accumulation in
ESCC tumor tissue and patients’ response to anti-PD-1
immunotherapy and chemotherapy.

Discussion

In this study, we characterized tumor-infiltrating Treg cells
using scRNA-seq data, and by combined analysis of Treg-
associated genes, we identified CD177 as a tumor Treg cell
marker in ESCC. Moreover, we found that CD177* Treg cell
infiltration can serve as a prognostic marker for survival and
response to anti-PD-1 immunotherapy in ESCC.

Human tumor-infiltrating Treg cells can be divided into
three subsets based on FOXP3 and CD45RA expression, and
only effector Treg (eTreg, FOXP3™CD45RA") cells have the
strongest immunosuppressive activity and tumor antigen
reactivity.”*> eTreg cells express high levels of PD-1 and

have a strong ability to produce immunosuppressive cyto-
kines such as IL-10 and TGF-B.*” Many studies have also
reported that PD-1" Treg cells are highly immunosuppressive
and tumor antigen specific. We initially hypothesized that
Treg cells in ESCC also express high levels of PD-1.
However, we found that only 3% of Treg cells expressed
PD-1, with 30% expressing CD177. This revealed a distinct
tumor microenvironment of ESCC and highlighted that
CD177" Treg cells may be critical in suppressing antitumor
immunity. It has been reported that CD177" Treg cells accu-
mulate in renal clear cell carcinoma and display an effector
Treg phenotype.’® Additional evidence highlights CD177*
Treg cell enrichment in lung cancer, colorectal cancer and
melanoma.”” However, the function and underlying mechan-
ism of CD177" Treg cells in tumor progression need further
investigation. Based on pan-cancer analysis, we found that
CD177" Treg cells in ESCC, or in many tumor types, do not
express PD-1. CD177" Treg cells display different gene
expression profiles compared with PD-1" Treg cells, includ-
ing increased coinhibitory molecule expression and enrich-
ment of immunotolerance induction pathways. Moreover,
CD177" Treg cells express high levels of CCR8, a marker of
highly suppressive tumor-infiltrating Treg cells.***’
Interestingly, different from PD-1" Treg cells, which express
a high level of IL10, CD177" Treg cells highly express immu-
nosuppressive cytokine IL-35. Higher serum IL-35 levels
indicate poor clinical prognosis and enhanced tumor pro-
gression in many cancer types.*® Other evidence has demon-
strated that Treg cell-derived IL-35 contributes to high levels
of PD-1, TIM-3 and LAG-3 expression and functional
exhaustion of tumor-infiltrating CD8" T cells.*’ Although
anti-PD-1 antibodies effectively inhibit the negative immu-
nomodulatory effects of the checkpoint molecule PD-1, the
presence of other immune checkpoints like TIM-3 and LAG-
3 may still mediate the suppressive functions of IL35 secreted
by CD177" Tregs. This process is likely unaffected by anti-
PD-1 immunotherapy. And that can explain why high
CD177" Treg cell infiltration is associated not only with
poor survival but also poor response to anti-PD-1 immu-
notherapy in ESCC patients. One of the reasons may be that
CD177" Treg cells secreted IL-35 can induce expression of
other co-inhibitory molecules and thus exhaustion of tumor
infiltrating CD8" T cells, even when PD-1/PD-L1 interaction
is blocked by anti-PD-1 immunotherapy. Our work revealed
that PD-1" and CD177" Treg cells may cooperate in creating
a suppressive tumor immune microenvironment and high-
lights that CD177" Treg cell infiltration is an important
factor to consider in anti-PD-1/PD-L1 immunotherapies.
The mechanism by which CD177" Treg cells accumulate in
the tumor microenvironment remains unknown. Our data
suggest that CD177 assists in Treg accumulation through bind-
ing of its ligand CD31 in LECs. LECs play dual roles in tumor
immunity and immunotherapy response.*’ They transport
tumor antigens for lymphocyte priming and also express
immune-inhibitory molecules to create an immunosuppressive
microenvironment. The CD177 and CD31 axis might be a key
signaling pathway of LEC recruitment of CD177" Treg cells.
Besides, LEC derived CD31 signal may not only maintain
CD177" Treg residency in situ but also rise more opportunity
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of tumor antigen exposure. This might account for the higher
clonal expansion of CD177" Treg cells over PD-1* and DN
Treg cells. Importantly, we found that LEC density in tumor
tissue decreased after anti-PD-1 immunotherapy plus che-
motherapy. Thus, blocking LEC-derived CD31 signaling com-
bined with anti-PD-1 immunotherapy may benefit patients
who do not respond to other therapies.

The function of CD177 is still poorly understood. In neu-
trophils, CD177 binds to its ligand CD31 on endothelial cells
and facilitates transendothelial migration, mainly through
decreasing endothelial cell junctional integrity.”® However,
ligation of CD177 resulted in activation of integrin CD11b/
CD18 signal and inhibited chemokine mediated migration of
neutrophils.”> CD177 can suppress Wnt/B-catenin signaling
pathway to limit tumor progression. A previous study reported
that anti-CD177 blocking antibody or CD177 knockout can
abrogate the suppressive function of CD177" Treg cells in -
vitro,* suggesting that CD177 can intrinsically modulate Treg
cell function, but the mechanism remains unknown. As CD177
do not have a signal transduction domain, it may transduce
signal through interaction with other receptors such as CD11b
and CD18. We found that tumor Treg cells in ESCC do not
express ITGAM, but constitutively express ITGB2, which
encodes CD18. CD18 is reported to be important in Treg cell
development and lineage stability.”"”> Whether CD18 partici-
pated in CD177-CD31 regulated Treg cell function in tumor
microenvironment of ESCC needs further investigation.
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