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Abstract:

The programmed cell death 1 protein (PD-1)/programmed cell death ligand 1 (PD-L1) axis
plays a crucial role in tumor immune suppression, while the cancer-associated fibroblasts
(CAFs) have various tumor-promoting functions. To determine the advantage of
immunotherapy, the relationship between the cancer cells and the CAFs was evaluated in
terms of the PD-1/PD-L1 axis. Overall, 140 cases of esophageal cancer underwent an
immunohistochemical analysis of the PD-L1 expression and its association with the
expression of the a smooth muscle actin (SMA), fibroblast activation protein (FAP), and
the CD8, and forkhead box P3 (FoxP3) cells. The relationship between the cancer cells and
the CAFs was evaluated in vitro, and the effect of the anti-PD-L1 antibody was evaluated
using a syngeneic mouse model. A survival analysis showed that the PD-L1* CAF group
had worse survival than the PD-L1- group. In vitro and in vivo, direct interaction between
the cancer cells and the CAFs showed a mutually upregulated PD-L1 expression. In vivo,
the anti-PD-L1 antibody increased the number of dead CAFs and cancer cells, resulting in
increased CD8* T cells and decreased FoxP3+ regulatory T cells. We demonstrated that the
PD-L1-expressing CAFs lead to poor outcomes in patients with esophageal cancer. The
cancer cells and the CAFs mutually enhanced the PD-L1 expression and induced tumor
immunosuppression. Therefore, the PD-L1-expressing CAFs may be good targets for

cancer therapy, inhibiting tumor progression and improving host tumor immunity.
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Introduction

Esophageal cancer is one of the most dangerous malignant tumors [1]. The 5-year survival
rates of patients treated with endoscopic resection, surgery, concurrent chemoradiotherapy,
or radiotherapy alone are 86.0%, 54.5%, 28.1%, and 26.5%, respectively [2]. Recently,
esophageal cancer has been treated with multidisciplinary therapy consisting of surgery,
chemotherapy, radiotherapy, and immunotherapy [3]. Immunotherapy has been
successfully applied in clinical practice as a novel therapeutic approach; however, there are
problems, including low response rates, acquired resistance, and immune-related adverse
events [4]. Furthermore, owing to the heterogeneity within the immune microenvironment
and various oncological characteristics, the exact mechanism of immunotherapeutic
refractory remains unclear [4]. Therefore, evaluating the tumor microenvironment (TME) is

vital for achieving better therapeutic efficacy [5].

The TME comprises various cell types, including cancer cells, inflammatory cells, blood
vessels, extracellular matrix, and cancer-associated fibroblasts (CAFs). CAFs are abundant
and vital components of TME [6]. Since CAFs are a heterogeneous population and play a
key role in tumor-promoting functions via paracrine signaling and direct physical
interactions, further functional analysis and potential as therapeutic targets have been
explored [7, 8]. Previously, we reported the tumor-promoting functions of CAFs in
angiogenesis, therapeutic resistance, invasion and migration, lymph node metastasis, and
tumor immunosuppression [9-12]. Furthermore, we demonstrated that oo smooth muscle

actin (SMA) and fibroblast activation protein (FAP), which are used as CAFs markers, are
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poor survival factors for clinical specimens of esophageal cancer [11, 12]. Regarding the
immunosuppressive functions, it has also been reported that cytotoxic T cells are
attenuated; in contrast, regulatory T cells (Tregs) are promoted via interleukin 6 (IL6)

secreted from CAFs [12].

Programmed cell death 1 (PD-1) on the T-cell surface binds to programmed cell death
ligand 1 (PD-L1), resulting in the inhibition of immune responses and promotion of self-
tolerance [13]. Several cancer cells express PD-L1 and escape the antitumor response and
tumor-promoting system via the PD-1/PD-L1 axis [14, 15]. High PD-L1 expression has
been reported as a poor prognostic factor for various solid tumors [13, 16, 17]. Recent
clinical trials have revealed that immune checkpoint inhibitors (ICIs) contribute to better
survival rates than conventional chemotherapy, which led to the approval of IClIs for
treating esophageal cancer by the United States Food and Drug Administration. Therefore,
the clinical indications for ICIs, including the targeting of the PD-1/PD-L1 axis, are
dramatically expanding. However, a minority of patients achieve sustained durable
remission [18, 19]. The response rate to ICIs for esophageal cancer is 9.9%-30%, which is

not necessarily high [20].

In addition, CAFs induce the expression of the immune checkpoint molecule PD-1on T
cells and PD-L1 on cancer cells [21, 22]. However, it is unclear how cancer cells and CAFs
are involved in the PD-1/PD-L1 axis within tumors. High expression levels of PD-L1 in
cancer cells and tumor-infiltrated immune cells, defined as a Combined Positive Score,

induce more efficacy of ICls therapy, suggesting its role as a molecular biomarker [23].
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Recently, a population of PD-L1-expressing CAFs was reported [21, 24]. However, the
clinical significance of PD-L1-expressing CAFs remains controversial, owing to the limited
evidence in various tumors. In addition, the role of PD-L1-expressing CAFs in ICIs therapy
remains unclear. Therefore, the impact of PD-L1-expressing CAFs on TME and ICIs

therapy should be examined to overcome the low response rate in clinical practice.

To investigate the relationship between CAFs and the PD-1/PD-L1 axis, we hypothesized
that PD-L1-expressing CAFs are present in esophageal cancer and that they have an
immunosuppressive function, resulting in aggressive tumors. Furthermore, we explored
potential therapeutic targets for PD-L1-expressing CAFs. Therefore, we report the the
impact of PD-L1-expressing CAFs using clinical specimens of patients with esophageal
cancer and the efficacy of PD-L1 blockade for tumors with PD-L1-expressing CAFs in

syngeneic murine models.

Materials and Methods

Patients and clinical information

We retrospectively reviewed 140 patients who underwent radical esophagectomy with
lymph node dissection at the Department of Gastroenterological Surgery of Okayama
University Hospital from 2008 to 2010. The exclusion criteria were as follows: i)
esophagectomy after endoscopic mucosal resection or endoscopic submucosal dissection;

i) pathological diagnosis of melanoma; iii) distant metastasis; iv) complete response after
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neoadjuvant chemotherapy; and v) unevaluable tumor. The tumor classification was applied
to the tumor-node-metastasis (TNM) Classification of Malignant Tumors, 7th edition,

established by the Union for International Cancer Control (UICC).

Immunohistochemistry of clinical specimens

The staining details for aSMA, CD8, and FoxP3 have been previously reported [12]. The
slides were stained with CD8 (clone C8/144B, Dako, Glostrup, Denmark 1:100 dilution),
FoxP3 (ab20034, clone 236A/E7, Abcam, Cambridge, UK, 1:100 dilution), and aSMA
(A2547, clone 1A4, Sigma-Aldrich, St. Louis, MO, USA, 1:1,000 dilution). Briefly, the
presence of tumor tissue was firstly confirmed by hematoxylin and eosin (HE) staining.
Next, for the immunohistochemistry, sections were incubated with primary antibody
against FAP (ab207178, clone EPR20021, Abcam, , 1: 250 dilution) for 60 min at RT and
against PD-L1 (#13684, clone EL1L3N, Cell Signaling Technology, Danvers, MA, USA, 1.
200 dilution) overnight at 4°C. After incubation with the primary antibody, the sections
were incubated with a secondary antibody (K4003, Dako EnVision+ System-HRP Labelled
Polymer Anti-Rabbit, Dako) for 30 min at RT. A Dako Liquid DAB™ Substrate Chromogen
System (K3468, Dako) was applied to each section for visualization. They were

photographed using a microscope (BX51; Olympus, Tokyo, Japan).

Immunohistochemical analysis of clinical samples
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The numbers of cells expressing CD8 or FoxP3 and the aSMA score were measured as
reported previously [12]. The FAP score was calculated as an area index using the ImageJ

software (http://rsb.info.nih.gov/ij/). The evaluation method for PD-L1 was described as

follows. First, three representative areas were selected under high magnification. The
number of PD-L1-expressing cancer cells and total cancer cells was counted in the field.
PD-L1 expression in cancer cells was defined by partial or complete cell membrane
staining. Cancer cells where only the cytoplasm was stained were considered to be
negative. The proportion score of PD-L1 was defined as the percentage of PD-L1-
expressing cancer cells over the total number of tumor cells in the denominator. A cutoff
value of 10% was set for the PD-L1" cancer cell group. Also, we defined PD-L1*CAFs as
neither cancer cells nor immune cells, but spindle-shaped, cells in the stroma with stained
cytoplasm or cell membrane in PD-L1 immunohistochemistry. If spindle-shaped cells in
the stroma area were expressed with PD-L1, the cases were considered as the PD-L1*
CAFs group. PD-L1 cancer cells and PD-L1" CAFs group were indicated as double
negative; PD-L1" cancer cells and PD-L1" CAFs group were indicated as cancer single
positive; PD-L1 cancer cells and PD-L1" CAFs group were classified as CAFs single

positive; PD-L1" cancer cells and PD-L1* CAFs group were indicated as double positive.

Immunofluorescence microscopy

Deparaffinized tissue sections were incubated with primary antibodies against human PD-

L1 (#13684, clone E1L3N, Cell Signaling Technology, 1: 200 dilution) or digoxigenin
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(#700772, clone 9H27L19, Thermo Fisher Scientific, Waltham, MA, USA, 1: 500 dilution)
overnight at 4°C. Next, the sections were incubated with the secondary antibody (#A21069,
Alexa Fluor® 568 F(ab’), fragment of goat anti-rabbit 1gG (H+L), Thermo Fisher
Scientific) for 30 min at RT. After washing, the sections were incubated with FITC-labeled
anti-aSMA antibody (ab8211, clone 1A4, Abcam, 1: 100 dilution) overnight at 4°C. The
sections were mounted with coverslips and mounting medium containing DAPI (P36981;
ProLong Glass Antifade Mountant, Thermo Fisher Scientific); subsequently, they were

photographed using a fluorescence microscope (1X83; Olympus).

Cell lines

Human esophageal squamous cell carcinoma (TE4 and TE8) and esophageal
adenocarcinoma (OE33) cell lines were used. TE4 and OE33 cells were purchased from the
Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan), while TE8 was
purchased from the RIKEN BRC Cell Bank (Tsukuba, Japan). Murine colon
adenocarcinoma (MC38) was purchased from Kerafast (Boston, MA, USA), and Yuta
Shibamoto (Department of Quantum Radiology, Nagoya City University, Nagoya, Japan)
kindly provided murine dermal squamous cell carcinoma (SCCVII) cell line. Primary
human esophageal fibroblasts, designated as FEF3, were isolated from the human fetal
esophagus, as previously described [9]. Murine fibroblasts (MEF) were purchased from the
American Type Culture Collection (Manassas, VA, USA). TE4, TES, and OE33 cells were

maintained in RPMI-1640 medium (FUJIFILM, Tokyo, Japan) supplemented with 10%
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fetal bovine serum (FBS), 100 units/mL penicillin, and 100 pg/mL streptomycin. SCCVII
and FEF3 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM,
FUJIFILM) supplemented with 10% FBS, 100 units/mL penicillin, and 100 pg/mL
streptomycin. MEFs were maintained in DMEM supplemented with 15% FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin. MC38 cells were maintained in DMEM
supplemented with 10% FBS, 2 mM glutamine, 0.1 mM nonessential amino acids, 1 mM
sodium pyruvate, 10 mM Hepes, 50 pg/mL gentamicin sulfate, 100 units/mL penicillin, and
100 pg/mL streptomycin. All cells were maintained at 37°C in a 5% CO- incubator. After

thawing, the cells were cultured for no more than 20 passages.

Activation of cancer cells and fibroblasts

Fibroblasts were cultured in DMEM supplemented with 10% FBS for 48 h, and cancer cells
were cultured in DMEM supplemented with 2% FBS for 48 h to produce conditioned
medium (CM) by fibroblasts or cancer cells. Subsequently, the culture supernatants were
collected, centrifuged at 1,000 rpm for 5 min, and preserved at -30°C as conditioned media
of fibroblasts and cancer cells, respectively. These cells were cultured in different CM for
72-96 h (e.g., cancer cells were cultured with CM made from fibroblasts) to activate cancer
cells or fibroblasts. Also, human fibroblasts were incubated and stimulated for 72 h using
human transforming growth factor p1 (TGF-B1, HZ-1011, Proteintech Group, Inc.,
Rosemont, IL, USA), and murine TGF-B1 (7666-MB-005, R&D Systems, Minneapolis,

MN, USA). These cells were collected and used as stimulated cells. Fibroblasts activated
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CM-TE4, FEF3 CM-TES, and FEF3 CM-OE33.

Flow cytometry analysis

Single-cell suspension was obtained as previously described [25]. The cells were stained
with following antibodies; APC-labeled anti-human PD-L1 antibody (#329707, clone
29E.2A3, BioLegend, San Diego, CA, USA), APC-labeled anti-mouse PD-L1 antibody
(#124311, clone 10F.9G2, BioLegend), FITC-labeled anti-CD45 (#103107, clone 30-F11,
BioLegend), monoclonal PerCP/Cyanine5.5-labeled anti-CD31 (#102419, clone 390,
BioLegend), monoclonal PE-labeled anti-CD90.2 (#105307, clone 30-H12, BioLegend), ,
human IgG isotype control antibody (#400322, clone MPC-11, BioLegend), and murine-
IgG isotype control antibody (#400612, clone RTK4530, BioLegend). Red blood cell lysis
buffer (420302, BioLegend) and Debris Removal Solution (130-109-398, Miltenyi Biotec,
Bergisch Gladbach, Germany) were also used. Dead cells (1:1000 dilution) were stained
using a Zombie NIR Fixable Viability Kit (423106, BioLegend). Stained cells were
analyzed using flow cytometry (FACSLyric; BD Biosciences, Franklin Lakes, NJ, USA),

and data were analyzed using the FlowJo software (BD Biosciences).

Co-culture model
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Cytotell UltraGreen dye (22240, AAT Bioquest, Sunnyvale, CA, USA) was used as a pre-
labeled fibroblast. Fibroblasts (0.5 x 10°) were resuspended in 500 pL of the CytoTell
UltraGreen dye working solution and incubated for 30 min at 37 °C in darkness. Cancer
cells (0.1 x 10) and pre-labeled fibroblasts (0.1 x 10°) were co-cultured directly in six-well
plates for 72 h. Co-cultured cancer cells and pre-labeled fibroblasts were analyzed for PD-

L1 expression using flow cytometry.

Animal study

Five-week-old female C57BL/6 and C3H/He mice were purchased from Clea (Tokyo,
Japan). MC38 (0.5 x 10°) cells alone or MC38 (0.5 x 10°) cells with MEF (0.5 x 10°) were
inoculated into the subcutaneous right flank of C57BL/6 mice. SCCVII (0.5 x 10°) cells
alone or SCCVII (0.5 x 10°) cells with MEF (0.5 x 10°) cells were inoculated into the
subcutaneous right flank in C3H/He mice. MC38 or SCCVII alone (cancer cell-alone
group) and MC38 or SCCVII inoculated with MEF (co-inoculated group) were defined.
Tumor volume (mm?®) was calculated every 3 days using the following formula: length x
width? x 0.5. Mice were randomly categorized into two groups to avoid differences when
the tumors reached 50 mm?. Treatment with 50 pg/body of anti-PD-L1 antibody (BE0101,
clone 10F.9G2, BioXCell, Lebanon, NH, USA) and 50 pg/body of isotype control rat
19G2b (BE0090, clone LTF-2, BioXCell) was administered intraperitoneally every 3 days.

In the anti-PD-L1 antibody administration experiment, the tumors were harvested 3 days
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after the last dose. The mice were euthanized by inhalation of CO. when the tumor volume

reached 1,000 mm?®.

Immunohistochemistry in allograft models

The protocol of harvested tumors was previously described [12]. The following antibodies
were used; CD8a (#14-0808-82, clone 4SM15, eBioscience, San Diego, CA, USA, 1: 100
dilution, for 60 min at RT), FoxP3 (#14-5773-82, clone FJK-16s, eBioscience, 1: 100
dilution, for 60 min at RT), aSMA (A5228, clone 1A4, Sigma-Aldrich, 1:1000 dilution),
and digoxigenin (#700772, clone 9H27L19, Thermo Fisher Scientific, Waltham, MA,
USA, 1: 500 dilution, overnight at 4°C). Each section was counterstained using Mayer’s
hematoxylin. The number of CD8" or FoxP3* cells and the area index of aSMA were

calculated using the ImageJ software.

Synthesis of digoxigenin-conjugated PD-L1 antibody

Digoxigenin (A2952, Thermo Fisher Scientific) was conjugated to a monoclonal anti-PD-
L1 antibody (BE0101, clone 10F.9G2, BioXCell) and rat IgG2b (BE0090, clone LTF-2,
BioXCell). For the protein labeling reaction, anti-PD-L1 antibody (1 mg) or rat 1IgG2b (1
mg) was mixed with digoxigenin (19.5 pg) suspended in dimethylsulfoxide in 0.3 mol/L
Na;HPO4 (pH 8.5) for 2 h at RT. The mixture was purified on a PD-10 column (17085101,

Cytiva, Tokyo, Japan).
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Statistical analysis

Overall survival (OS) and relapse-free survival (RFS) were analyzed using the Kaplan—
Meier with the log-rank test. Hazard ratios were calculated using Cox proportional hazards
regression in univariate and multivariate analyses. For the analysis of clinical specimens,
proportions of categorical and continuous variables were compared using Fisher’s exact
and Mann-Whitney U tests, respectively. Logistic regression analysis was performed to
identify risk factors for the PD-L1* group. Student’s t-test or ratio paired t-test was used for
two-group comparisons of in vitro and in vivo experiments. Statistical significance was set
at P < 0.05. All statistical analyses were performed using the EZR software (Saitama

Medical Center, Jichi Medical University, Saitama, Japan) [26].

Results

Esophageal cancer patients with high PD-L1 expression in cancer cells had a poor

survival

To explore the correlation between PD-L1 overexpression and the outcome of patients with
esophageal cancer, PD-L1 expression in resected tumors was evaluated by
immunohistochemistry. Representative images of PD-L1 expression (0, 5, 10, and > 50% in
whole cells) in esophageal cancers are shown in Figure 1A. In this study, PD-L1" cases

were defined as tumors where > 10% of all cancer cells expressed PD-L1. 140 patients with
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esophageal cancer were analyzed, and 60 (42.9%) had PD-L1* cancer cells. Regarding
clinicopathological features, significant differences were observed in the pathological T
stage and area index of aSMA and FAP between the PD-L1*" cancer cell groups
(Supplemental Table S1). Survival analysis showed that the PD-L1" cancer cell group had
significantly worse OS and RFS than the PD-L1" group (Figure 1B). Furthermore, higher
PD-L1" cancer cells were independent predictive factors for OS (HR = 1.72, 95% CI =
1.03-2.87, P = 0.039) and RFS (HR =2.02, 95% CI = 1.22-3.34, P = 0.006; Supplemental
Table S2 and S3). In evaluating tumor immunity within the tumor bed, a relationship
between high PD-L1" cancer cells and the number of FoxP3* Tregs was significantly
detected. However, no correlation was observed with the number of CD8" T cells (Figure
1C). Additionally, PD-L1* cancer cells were positively correlated with the expression of
both aSMA and FAP (Figure 1D). Moreover, the area index of aSMA was an independent
risk factor for PD-L1* cancer cells (OR = 4.72, 95% CI = 1.81-12.30, P = 0.001;
Supplemental Table S4). Therefore, these results demonstrated that cancer cells
overexpressing PD-L1 were associated with a higher number of Tregs and CAFs within the

tumors, resulting in poor outcomes in patients with esophageal cancer.

PD-L1-expressing CAFs impacted the outcome of patients with esophageal cancer

Regarding the types of PD-L1" cells, immunofluorescence staining was conducted for the
resected esophageal tumors. PD-L1 was expressed in both cancer and stromal cells (Figure

2A\). To evaluate resected specimens in esophageal cancer, spindle-shaped cells stained
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with PD-L1 in the stroma were defined as PD-L1-expressing CAFs (PD-L1* CAF) using
immunohistochemistry (Figure 2B). PD-L1" CAFs and PD-L1" CAFs groups were defined
as cases with or without the presence of PD-L1-expressing CAFs, respectively
(Supplemental Figures S1). In the same clinical samples, immunohistochemical analysis
showed that 29 (20.7%) patients had PD-L1* CAFs. In OS and RFS, the PD-L1* CAFs
group had significantly worse outcomes than the PD-L1" CAFs group (Figure 2C). Next, we
assessed the association of PD-L1-expressing CAFs with TME or tumor immunity factors.
In host tumor immunity, patients with PD-L1-expressing CAFs had no relationship with
CD8* T cells (Supplementary Figure S2). In contrast, patients with PD-L1-expressing
CAFs also showed significantly higher aSMA and FAP expression (Figure 2D). The
variance in PD-L1 expression was classified into four groups, and the outcome in
esophageal cancer was analyzed (Figure 2E and Supplementary Figure S3). Focusing on
the groups without PD-L1-expressing cancer cells, the PD-L1" CAFs group (CAFs single
positive) had a significantly poorer OS and RFS than the PD-L1" CAFs group (double
negative; Figure 2F). Furthermore, the CAFs single-positive group had significantly more
Tregs than the double-negative group, whereas no correlation was found in CD8" T cells
between the two groups (Figure 2G). The clinical specimens’ results showed that PD-L1-

expressing CAFs were associated with poor outcomes.

PD-L1 expression in fibroblasts was enhanced by stimulation of cancer cells
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To quantify the crosstalk between cancer cells and fibroblasts, the expression level of PD-
L1 was verified using CM derived from murine cancer cells. Representative gating strategy
of flow cytometry was shown (Supplementary Figure S4A). The increase in PD-L1
expression at the cell membrane level was significant using both CM-MC38 and CM-
SCCVII (Figure 3A and 3B). Next, to evaluate the interactions between cancer cells and
fibroblasts, these cells were directly co-cultured in vitro, and fibroblasts were pre-labeled
with fluorescence staining to distinguish them from cancer cells (Supplementary Figure
S4B and S5). In the interaction of human-derived fibroblasts (FEF3) and human esophageal
squamous cell carcinoma cells (TE4 or TE8), activation with both CM-TE4 and CM-TES8
also significantly increased PD-L1 expression in FEF3 (Figure 3C and D). However,
stimulation with CM from esophageal adenocarcinoma cells (OE33) barely increased PD-
L1 expression (Supplementary Figure S6). Stimulation by TGFp, one of the CAF-inducing
factors, was not promote the PD-L1 expression in MEF and FEF3 cells (Figure 3E, 3F, and
Supplementary Figure S7). Co-culture with MEF cells and cancer cells (MC38 or SCCVII)
significantly enhanced PD-L1 expression in both cells (Figures 3G-J). In co-culture with
FEF3 cells and TE4 or TES8 cells, PD-L1 expression in FEF3 cells was also significantly
increased, however PD-L1 expression in cancer cells was not (Supplementary Figure S7).
Additionally, co-culture with fibroblasts and OE33 cells barely increased PD-L1 expression
in each cell (Supplementary Figure S6). These results suggest that both cancer cells and
fibroblasts were complementarily activated, resulting in increased PD-L1 expression highly

in mouse-derived cancer cell models compared to human-derived models.
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In vivo co-inoculation of cancer cells and CAFs enhanced PD-L1 expression

The impact of CAFs on cancer cells in vivo was investigated using syngeneic mouse
models. The tumor volume was significantly larger in the co-inoculation group than in the
cancer cell-alone group in both MC38 and SCCVII models (Figure 4A and 4B). The
harvested tumors were analyzed using flow cytometry. (Figures 4C and 4D). In both co-
inoculation groups, the number of CAFs was higher than that in the cancer cell-alone
group, implying that the co-inoculation tumor was a model of CAFs-rich tumors (Figures
4E and 4F). Next, PD-L1 expression in cancer cells and CAFs was evaluated in the co-
inoculation groups (Supplementary Figure S8). The mean fluorescence intensity (MFI) of
PD-L1 in cancer cells was significantly increased in the co-inoculation groups in MC38 and
SCCVII tumor models compared to the cancer cell-alone groups (Figure 4G-J). Similarly,
in both allograft models, PD-L1 expression in CAFs was also higher in the co-inoculated
groups than in the cancer cell-alone groups (Figure 4K—N). Furthermore, we evaluated the
difference in immunogenicity between the two groups using immunohistochemistry
(Supplementary Figure S9). Quantitative immunohistochemistry analyses also revealed
increased aSMA expression in both the co-inoculated groups (Figure 40). Additionally,
fewer CD8" T cells and more Tregs were observed in the co-inoculation groups (Figure
4P). These in vivo results showed that cancer cells and CAFs highly expressed PD-L1 in

CAF-rich tumors, indicating an immune-suppressive tumor.
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Anti-PD-L1 antibody damaged cancer cells and CAFs in MC38+MEF models,

resulting in tumor immunity improvement

First, the distribution of anti-PD-L1 antibodies in the co-inoculated groups was
investigated to explore the effect of the anti-PD-L1 antibody utilizing the digoxigenin-
labeled anti-PD-L1 antibody (DIG-PD-L1) in vivo. Immunofluorescence staining also
showed that the DIG-PD-L1 stained aSMA™ cells, implying that anti-PD-L1 antibody could
attach to PD-L1-expressing CAFs, similarly immunohistochemical staining (Figure 5A and
Supplementary Figure S10A). To evaluate the binding ability of the anti-PD-L1 antibody in
the co-inoculated tumors, flow cytometric analysis was performed 24 h after
administration. The MFI of PD-L1 was significantly reduced in both cancer cells and
CAFs, suggesting successful binding of the anti-PD-L1 antibody to PD-L1-expressing cells
(Figure 5B). Moreover, 3 days after treatment with the anti-PD-L1 antibody, the percentage
of dead cancer cells and CAFs was significantly increased compared with that in the control
groups (Figure 5C, 5D). These results indicate that treatment with the anti-PD-L1 antibody
damaged both PD-L1-expressing cancer cells and CAFs. Next, the effects of anti-PD-L1
antibodies on tumor progression were evaluated. In the cancer cell-alone group, anti-PD-L1
antibody administration did not suppress tumor growth compared with isotype 19gG (Figure
5E). In contrast, in the MC38+MEF group, the anti-PD-L1 group showed significantly
suppressed tumor growth compared with the isotype group (Figure 5F). Furthermore, tumor
immunity was evaluated using tumor-infiltrating lymphocytes. In the MC38+MEF model,
CD8* T cells were significantly increased, whereas Tregs were substantially decreased in

the anti-PD-L1 antibody group (Figures 5G and 5H). In the MC38 model, neither CD8* T
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cells nor Tregs showed significant changes with the treatment (Figures 51 and
Supplementary Figure S11A). These results showed that the anti-PD-L1 antibody

remarkably responded to CAFs-rich tumors and improved tumor immunity.

Efficacy of anti-PD-L1 antibody for SCCVII+MEF tumor models.

SCCVII cells were derived from murine squamous cell carcinoma, and this allograft model
can simulate esophageal squamous cell carcinoma. Immunofluorescence staining showed
that anti-PD-L1 antibodies adhered to PD-L1-expressing CAFs, as DIG-PD-L1 stained
aSMA* cells (Figure 6A and Supplemental Figure S10B). MFI of PD-L1 showed a notable
decrease in both cancer cells and CAFs, indicating effective binding of the anti-PD-L1
antibody to cells expressing PD-L1 (Figure 6B). The proportion of deceased cancer cells
and CAFs exhibited a significant increase three days after administration of the anti-PD-L1
antibody, in comparison to the control groups (Figure 6C, 6D). Next, the efficacy of the
PD-L1 antibody was tested using the allograft model. In the group where SCCVII and MEF
cells were co-inoculated, the administration of the anti-PD-L1 antibody resulted in a
significant inhibition of tumor growth when compared to the group treated with isotype 19G
(Figure 6E, 6F). In evaluation of host tumor immunity, CD8" T cells were also significantly
increased, whereas Tregs were considerably decreased in the anti-PD-L1 group (Figure 6G
and 6H). In the SCCVII model, neither CD8" T cells nor Tregs showed significant changes

with the treatment (Figures 61 and supplementary figure S11B). Similar to the MC38+MEF
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models, these results indicate that anti-PD-L1 antibodies respond significantly to CAFs-rich

tumors and enhance tumor immunity in SCCVII+MEF models.

Discussion

We demonstrated that PD-L1 expression in CAFs and cancer cells was associated with poor
outcomes in patients with esophageal cancer. Additionally, the PD-L1" CAFs group had a
higher number of CAFs in the tumor, indicating poor prognosis because we previously
reported that the proportion of CAFs in the tumor was significantly correlated with the
outcomes in clinical studies [11, 12]. Furthermore, interactions between cancer cells and
CAFs mutually upregulate PD-L1 expression in vitro and in vivo, resulting in tumor
aggressiveness, particularly in CAFs-rich models. Administration of anti-PD-L1 antibodies
to CAFs-rich tumors suppresses tumor growth and activates tumor immunity, therefore,
PD-L1-expressing CAFs are promising as a beneficial predictor of outcomes in patients

with esophageal cancer.

In contrast, some studies have reported that patients with PD-L1" CAFs had better survival
in the non-small-cell lung or triple-negative breast cancer [27, 28]. Our results suggest that
PD-L1 expression in CAFs was less elevated in the experimental model of esophageal
adenocarcinoma, yet in esophageal squamous cell carcinoma, PD-L1 expression in
fibroblasts was increased between cancer cells and fibroblasts in vitro. These results

suggest that the impact of PD-L1-expressing CAFs on survival varied depending on the
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carcinoma and histological types. Interestingly, in vivo models, the PD-L1* CAFs
population in CAFs-rich tumors was significantly increased compared with CAFs-poor
models in squamous cell carcinoma (SCCVII) and adenocarcinoma models (MC38).
Furthermore, anti-PD-L1 antibody treatment was effective in both the CAF-rich models.
Therefore, as the expected effect occurred in the experimental model in squamous cell
carcinoma and adenocarcinoma cells, anti-PD-L1 antibody treatment can be a novel therapy

for PD-L1-expressing CAFs.

It has been reported that interferon-y, IL6, C-X-C motif chemokine ligand (CXCL) 2,
CXCLS5, and TGF-p upregulate PD-L1 expression [27, 29-33]. However, this study showed
that TGF-pB, which is one of the most well-known cytokines that stimulate fibroblasts to
induce CAFs [34], did not increase PD-L1 expression in CAFs. In this study, the CMs of
cancer cells or direct interaction with cancer cells led to increased PD-L1 expression in
CAFs. This is probably because various factors released by cancer cells are involved in
crosstalk with CAFs since various cytokines and chemokines were released from various
cytokines and chemokines [9, 12, 31, 35]. Therefore, our results suggest that an interaction
between cancer cells and CAFs is important for upregulating PD-L1 expression in cancer

cells.

In tumors with abundant PD-L1-expressing CAFs, tumor progression was markedly
inhibited by anti-PD-L1 antibodies compared with CAF-poor tumor models. Actually,
damaged cells in cancer cells and CAFs in tumors treated with the anti-PD-L1 antibody

were increased compared with the control groups. This is probably because PD-L1-
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expressing CAFs could be injured by antibody-dependent cellular cytotoxicity or
component-dependent cytotoxicity by an anti-PD-L1 antibody. Another reason was likely
that the anti-PD-L1 antibody was sufficiently distributed in the tumor in the CAFs-rich
models with upregulated PD-L1 expression. Since anti-PD-L1 antibodies are mainly
distributed in normal tissue [36], the inadequate effect of anti-PD-L1 antibody treatment in
CAFs-poor models was due to insufficient accumulation in the tumor. Additionally, the
anti-PD-L1 antibody as an ICI also caused an antitumor effect. Due to CAFs depletion by
these effects, immunosuppression [12] and disturbance of drug delivery [6, 37] induced by
CAFs can be improved. Therefore, these characteristics of the anti-PD-L1 antibody led to
significant antitumor efficacy in CAFs-rich tumor models, owing to the advantage of

simultaneously targeting cancer cells and CAFs.

The scoring systems for combined proportion score (CPS) or tumor proportion score
(TPS) have proven valuable in predicting the efficacy of ICIs such as pembrolizumab or
nivolumab. In our study, we conducted separate evaluations of PD-L1 positive cells in both
cancer cells and CAFs. Although the findings of this study cannot be directly extrapolated
to the CPS due to its distinct evaluation criteria, it is reasonable to speculate that PD-
L1+CAFs might be prevalent among the cells in CPS, given the abundant CAF population.
Thus, further investigations are warranted to explore the prognostic significance of CPS

and the potential impact of PD-L1"CAFs in the context of ICI therapy.

This study had some limitations. First, the evaluation of clinical specimens for patients with

esophageal cancer was limited to a single institution. Therefore, a worldwide multicenter
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study is needed for universal analysis. Second, it was difficult to directly extrapolate in vivo
data for esophageal cancer in syngeneic mice because mouse-derived esophageal cancer
cells could not be obtained commercially. Third, we evaluated in vivo PD-L1 expression
levels and the efficacy of the anti-PD-L1 antibody using only subcutaneous allograft tumor

models. Orthotopic tumor models superiorly reflect the TME and immune landscape [38].

In conclusion, we demonstrated that PD-L1-expressing CAFs led to poor outcomes in
clinical specimens in vitro and in vivo, resulting in tumor immunosuppression. Since the
anti-PD-L1 antibody suppressed PD-L1-expressing CAFs and induced additional antitumor
effects, the potential of PD-L1-expressing CAFs as biomarkers of 1Cls should be validated.
Therefore, PD-L1-expressing CAFs could be good targets for cancer therapy to inhibit

tumor progression and improve host tumor immunity.

Acknowledgments:

We are grateful to Ms. Tomoko Sueishi and Ms. Tae Yamanishi for their technical

assistance.

References:

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A (2018) Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide



10

11

12

13

14

15

16

17

18

19

20

21

22

for 36 cancers in 185 countries. CA Cancer J Clin 68:394-424.

https://doi.org/10.3322/caac.21492

Tachimori Y, Ozawa S, Numasaki H, Ishihara R, Matsubara H, Muro K, Oyama T,
Toh Y, Udagawa H, Uno T, Registration Committee for Esophageal Cancer of the
Japan Esophageal S (2018) Comprehensive Registry of Esophageal Cancer in Japan,

2011. Esophagus 15:127-152. https://doi.org/10.1007/s10388-018-0614-z

Waters JK, Reznik SI (2022) Update on Management of Squamous Cell Esophageal

Cancer. Curr Oncol Rep 24:375-385. https://doi.org/10.1007/s11912-021-01153-4

Fang P, Zhou J, Liang Z, Yang Y, Luan S, Xiao X, Li X, Zhang H, Shang Q, Zeng X,
Yuan Y (2022) Immunotherapy resistance in esophageal cancer: Possible mechanisms
and clinical implications. Front Immunol 13:975986.

https://doi.org/10.3389/fimmu.2022.975986

Ruan S, Huang Y, He M, Gao H (2022) Advanced Biomaterials for Cell-Specific
Modulation and Restore of Cancer Immunotherapy. Adv Sci (Weinh) 9:€2200027.

https://doi.org/10.1002/advs.202200027

Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL (2019)
Cancer-associated fibroblasts in gastrointestinal cancer. Nat Rev Gastroenterol

Hepatol 16:282-295. https://doi.org/10.1038/s41575-019-0115-0

LeBleu VS, Kalluri R (2018) A peek into cancer-associated fibroblasts: origins,
functions and translational impact. Dis Model Mech I1.

https://doi.org/10.1242/dmm.029447

Watanabe S, Noma K, Ohara T, Kashima H, Sato H, Kato T, Urano S, Katsube R,


https://doi.org/10.3322/caac.21492
https://doi.org/10.1007/s10388-018-0614-z
https://doi.org/10.1007/s11912-021-01153-4
https://doi.org/10.3389/fimmu.2022.975986
https://doi.org/10.1002/advs.202200027
https://doi.org/10.1038/s41575-019-0115-0
https://doi.org/10.1242/dmm.029447

10

11

12

13

14

15

16

17

18

19

20

21

22

10.

11.

12.

Hashimoto Y, Tazawa H, Kagawa S, Shirakawa Y, Kobayashi H, Fujiwara T (2019)
Photoimmunotherapy for cancer-associated fibroblasts targeting fibroblast activation
protein in human esophageal squamous cell carcinoma. Cancer Biol Ther 20:1234-

1248. https://doi.org/10.1080/15384047.2019.1617566

Noma K, Smalley KS, Lioni M, Naomoto Y, Tanaka N, El-Deiry W, King AJ,
Nakagawa H, Herlyn M (2008) The essential role of fibroblasts in esophageal
squamous cell carcinoma-induced angiogenesis. Gastroenterology 134:1981-1993.

https://doi.org/10.1053/j.gastro.2008.02.061

Katsube R, Noma K, Ohara T, Nishiwaki N, Kobayashi T, Komoto S, Sato H,
Kashima H, Kato T, Kikuchi S, Tazawa H, Kagawa S, Shirakawa Y, Kobayashi H,
Fujiwara T (2021) Fibroblast activation protein targeted near infrared

photoimmunotherapy (NIR PIT) overcomes therapeutic resistance in human

esophageal cancer. Sci Rep 11:1693. https://doi.org/10.1038/s41598-021-81465-4

Kashima H, Noma K, Ohara T, Kato T, Katsura Y, Komoto S, Sato H, Katsube R,
Ninomiya T, Tazawa H, Shirakawa Y, Fujiwara T (2019) Cancer-associated
fibroblasts (CAFs) promote the lymph node metastasis of esophageal squamous cell

carcinoma. Int J Cancer 144:828-840. https://doi.org/10.1002/ijc.31953

Kato T, Noma K, Ohara T, Kashima H, Katsura Y, Sato H, Komoto S, Katsube R,
Ninomiya T, Tazawa H, Shirakawa Y, Fujiwara T (2018) Cancer-Associated
Fibroblasts Affect Intratumoral CD8(+) and FoxP3(+) T Cells Via IL6 in the Tumor

Microenvironment. Clin Cancer Res 24:4820-4833. https://doi.org/10.1158/1078-

0432.CCR-18-0205



https://doi.org/10.1080/15384047.2019.1617566
https://doi.org/10.1053/j.gastro.2008.02.061
https://doi.org/10.1038/s41598-021-81465-4
https://doi.org/10.1002/ijc.31953
https://doi.org/10.1158/1078-0432.CCR-18-0205
https://doi.org/10.1158/1078-0432.CCR-18-0205

10

11

12

13

14

15

16

17

18

19

20

21

22

13.

14.

15.

16.

17.

18.

19.

20.

Han Y, Liu D, Li L (2020) PD-1/PD-L1 pathway: current researches in cancer. Am J
Cancer Res 10:727-742

Dong P, Xiong Y, Yue J, Hanley SJB, Watari H (2018) Tumor-Intrinsic PD-L1
Signaling in Cancer Initiation, Development and Treatment: Beyond Immune

Evasion. Front Oncol 8:386. https://doi.org/10.3389/fonc.2018.00386

Ohaegbulam KC, Assal A, Lazar-Molnar E, Yao Y, Zang X (2015) Human cancer
immunotherapy with antibodies to the PD-1 and PD-L1 pathway. Trends Mol Med

21:24-33. https://doi.org/10.1016/;.molmed.2014.10.009

Yu W, Guo Y (2018) Prognostic significance of programmed death ligand-1
immunohistochemical expression in esophageal cancer: A meta-analysis of the
literature. Medicine (Baltimore) 97:el1614.

https://doi.org/10.1097/MD.0000000000011614

Qu HX, Zhao LP, Zhan SH, Geng CX, Xu L, Xin YN, Jiang XJ (2016)
Clinicopathological and prognostic significance of programmed cell death ligand 1
(PD-L1) expression in patients with esophageal squamous cell carcinoma: a meta-

analysis. J Thorac Dis 8:3197-3204. https://doi.org/10.21037/jtd.2016.11.01

Shen X, Zhao B (2018) Efficacy of PD-1 or PD-L1 inhibitors and PD-L1 expression

status in cancer: meta-analysis. BMJ 362:k3529. https://doi.org/10.1136/bmj.k3529

Yi M, Jiao D, Xu H, Liu Q, Zhao W, Han X, Wu K (2018) Biomarkers for predicting
efficacy of PD-1/PD-L1 inhibitors. Mol Cancer 17:129.

https://doi.org/10.1186/s12943-018-0864-3

Baba Y, Nomoto D, Okadome K, Ishimoto T, Iwatsuki M, Miyamoto Y, Yoshida N,


https://doi.org/10.3389/fonc.2018.00386
https://doi.org/10.1016/j.molmed.2014.10.009
https://doi.org/10.1097/MD.0000000000011614
https://doi.org/10.21037/jtd.2016.11.01
https://doi.org/10.1136/bmj.k3529
https://doi.org/10.1186/s12943-018-0864-3

10

11

12

13

14

15

16

17

18

19

20

21

22

21.

22.

23.

24.

25.

Baba H (2020) Tumor immune microenvironment and immune checkpoint inhibitors
in esophageal squamous cell carcinoma. Cancer Sci 111:3132-3141.

https://doi.org/10.1111/cas.14541

Gorchs L, Fernandez Moro C, Bankhead P, Kern KP, Sadeak I, Meng Q, Rangelova
E, Kaipe H (2019) Human Pancreatic Carcinoma-Associated Fibroblasts Promote
Expression of Co-inhibitory Markers on CD4(+) and CD8(+) T-Cells. Front Immunol

10:847. https://doi.org/10.3389/fimmu.2019.00847

Freeman P, Mielgo A (2020) Cancer-Associated Fibroblast Mediated Inhibition of
CD8+ Cytotoxic T Cell Accumulation in Tumours: Mechanisms and Therapeutic

Opportunities. Cancers (Basel) 12. https://doi.org/10.3390/cancers12092687

Petrillo A, Smyth EC (2022) Immunotherapy for Squamous Esophageal Cancer: A

Review. J Pers Med 12. https://doi.org/10.3390/jpm12060862

Khalili JS, Liu S, Rodriguez-Cruz TG, Whittington M, Wardell S, Liu C, Zhang M,
Cooper ZA, Frederick DT, Li Y, Zhang M, Joseph RW, Bernatchez C, Ekmekcioglu
S, Grimm E, Radvanyi LG, Davis RE, Davies MA, Wargo JA, Hwu P, Lizée G (2012)
Oncogenic BRAF(V600E) promotes stromal cell-mediated immunosuppression via

induction of interleukin-1 in melanoma. Clin Cancer Res 18:5329-5340.

https://doi.org/10.1158/1078-0432.Ccr-12-1632

Kato T, Okada R, Furusawa A, Inagaki F, Wakiyama H, Furumoto H, Okuyama S,
Fukushima H, Choyke PL, Kobayashi H (2021) Simultaneously Combined Cancer
Cell- and CTLA4-Targeted NIR-PIT Causes a Synergistic Treatment Effect in

Syngeneic Mouse Models. Mol Cancer Ther 20:2262-2273.


https://doi.org/10.1111/cas.14541
https://doi.org/10.3389/fimmu.2019.00847
https://doi.org/10.3390/cancers12092687
https://doi.org/10.3390/jpm12060862
https://doi.org/10.1158/1078-0432.Ccr-12-1632

10

11

12

13

14

15

16

17

18

19

20

21

22

26.

27.

28.

29.

30.

31.

https://doi.org/10.1158/1535-7163.Mct-21-0470

Kanda Y (2013) Investigation of the freely available easy-to-use software 'EZR' for
medical statistics. Bone Marrow Transplant 48:452-458.

https://doi.org/10.1038/bmt.2012.244

Teramoto K, Igarashi T, Kataoka Y, Ishida M, Hanaoka J, Sumimoto H, Daigo Y
(2019) Clinical significance of PD-LI-positive cancer-associated fibroblasts in

pNOMO  non-small cell lung cancer. Lung Cancer 137:56-63.

https://doi.org/10.1016/j.lungcan.2019.09.013

Yoshikawa K, Ishida M, Yanai H, Tsuta K, Sekimoto M, Sugie T (2021) Prognostic
significance of PD-L1-positive cancer-associated fibroblasts in patients with triple-

negative breast cancer. BMC Cancer 21:239. https://doi.org/10.1186/s12885-021-

07970-x

Kang JH, Jung MY, Choudhury M, Leof EB (2020) Transforming growth factor beta
induces fibroblasts to express and release the immunomodulatory protein PD-L1 into
extracellular vesicles. FASEB J 34:2213-2226.

https://doi.org/10.1096/17.201902354R

Li Z, Zhou J, Zhang J, Li S, Wang H, Du J (2019) Cancer-associated fibroblasts
promote PD-L1 expression in mice cancer cells via secreting CXCLS. Int J Cancer

145:1946-1957. https://doi.org/10.1002/ij¢.32278

Inoue C, Miki Y, Saito R, Hata S, Abe J, Sato I, Okada Y, Sasano H (2019) PD-L1
Induction by Cancer-Associated Fibroblast-Derived Factors in  Lung

Adenocarcinoma Cells. Cancers (Basel) 11. https://doi.org/10.3390/cancers11091257



https://doi.org/10.1158/1535-7163.Mct-21-0470
https://doi.org/10.1038/bmt.2012.244
https://doi.org/10.1016/j.lungcan.2019.09.013
https://doi.org/10.1186/s12885-021-07970-x
https://doi.org/10.1186/s12885-021-07970-x
https://doi.org/10.1096/fj.201902354R
https://doi.org/10.1002/ijc.32278
https://doi.org/10.3390/cancers11091257

10

11

12

13

14

15

16

17

18

19

20

21

22

32.

33.

34.

35.

36.

37.

Mu L, Yu W, Su H, Lin Y, Sui W, Yu X, Qin C (2019) Relationship between the
expressions of PD-L1 and tumour-associated fibroblasts in gastric cancer. Artif Cells
Nanomed Biotechnol 47:1036-1042.

https://doi.org/10.1080/21691401.2019.1573741

Zhang M, Shi R, Guo Z, He J (2020) Cancer-associated fibroblasts promote cell
growth by activating ERKS5/PD-L1 signaling axis in colorectal cancer. Pathol Res

Pract 216:152884. https://doi.org/10.1016/1.prp.2020.152884

Peng D, Fu M, Wang M, Wei Y, Wei X (2022) Targeting TGF-f signal transduction

for fibrosis and cancer therapy. Mol Cancer 21:104. https://doi.org/10.1186/s12943-

022-01569-x
Desai S, Kumar A, Laskar S, Pandey BN (2013) Cytokine profile of conditioned
medium from human tumor cell lines after acute and fractionated doses of gamma

radiation and its effect on survival of bystander tumor cells. Cytokine 61:54-62.

https://doi.org/10.1016/j.cyt0.2012.08.022

Kurino T, Matsuda R, Terui A, Suzuki H, Kokubo T, Uehara T, Arano Y, Hisaka A,
Hatakeyama H (2020) Poor outcome with anti-programmed death-ligand 1 (PD-L1)
antibody due to poor pharmacokinetic properties in PD-1/PD-L1 blockade-sensitive

mouse models. J Immunother Cancer 8. https://doi.org/10.1136/jitc-2019-000400

Kato T, Furusawa A, Okada R, Inagaki F, Wakiyama H, Furumoto H, Fukushima H,
Okuyama S, Choyke PL, Kobayashi H (2022) Near-Infrared Photoimmunotherapy
Targeting Podoplanin-Expressing Cancer Cells and Cancer-Associated Fibroblasts.

Mol Cancer Ther. https://doi.org/10.1158/1535-7163.Mct-22-0313



https://doi.org/10.1080/21691401.2019.1573741
https://doi.org/10.1016/j.prp.2020.152884
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1016/j.cyto.2012.08.022
https://doi.org/10.1136/jitc-2019-000400
https://doi.org/10.1158/1535-7163.Mct-22-0313

10

11

12

13

14

15

16

17

18

19

38. Greenlee JD, King MR (2022) A syngeneic MC38 orthotopic mouse model of
colorectal cancer  metastasis. Biol Methods Protoc 7:bpac024.

https://doi.org/10.1093/biomethods/bpac024

Statements and Declarations

Funding Information

This work was supported by JSPS KAKENHI Grant Numbers JP21K08754.

Competing Interests

The authors have no relevant financial or non-financial interests to disclose.

Author Contributions

Conception and design: KK, KN, ST, TO, HT, YS, and TF

Development of methodology: KK, KN

Acquisition of data (provided animals, acquired and managed patients, provided

facilities, etc.): KK, KN, YT, HM, SN, MA, T Kobayashi, NN, HK, T Kato, and NM

Analysis and interpretation of data (e.g., statistical analysis, biostatistics, and

computational analysis): KK and KN

Writing, reviewing, and/or revising the manuscript: KK, KN, T Kato, and TF.


https://doi.org/10.1093/biomethods/bpac024

10

11

12

13

14

15

16

17

18

19

Administrative, technical, or material support (i.e., reporting or organizing data,

constructing databases): KK, KN, YS, SK, HT, and TF.

Study supervision: KN, HT, YS, TF

Data Availability

The datasets generated during and/or analysed during the current study are available from

the corresponding author on reasonable request.

Ethics Statement

This study was conducted following the ethical standards of the Helsinki Declaration and
the ethical guidelines for medical and health research involving human subjects. The
Institutional Review Board of the Okayama University Hospital approved the data
collection and analysis of clinical samples (Approval No. 1801-023). The Ethics Review
Committee for Animal Experiments at Okayama University approved and reviewed all

animal experimental protocols (OKU-2020166, OKU-2021190).

Consent to participate

Informed consent was obtained from subject(s) and/or guardian(s).



10

11

12

13

14

15

16

17

18

19

20

Figure legends:

Figure 1. Immunohistochemistry focused on PD-L1 expression in cancer cells in

clinical specimens for esophageal cancer

(A) Representative figures of each PD-L1 expression in cancer cells for esophageal cancer
patients. Scale bars: 50 um. (B) Survival analyses. (C) Comparison of immune cells
between PD-L1*" cancer cells groups. (D) Comparison of CAFs between PD-L1*" cancer
cell groups. (n = 140, B: Cox regression hazard model; HR, hazard ratio with 95%

confidence intervals; C. D: Mann—-Whitney U test).

Figure 2. Immunohistochemistry focused on PD-L1 expression in CAFs in clinical

specimens for esophageal cancer

(A) Representative figures of PD-L1 expression in the cancer area and stromal area. The
filled arrowhead indicates CAFs, and the open arrowhead indicates cancer cells. Scale bars
= 100 pm. Lower figures are enlarged images. Scare bars = 50 um. (B) Representative
picture of PD-L1* CAFs (filled arrowhead) and PD-L1- CAFs (open arrowhead). Scale bars = 50

um. (C) Survival analyses (n = 140, Cox regression hazard model). (D) Comparison of

CAFs between PD-L1*" groups (C, D; n = 140, Mann-Whitney U test). (E) The variance
of PD-L1 expression was classified into four groups and organized using a Venn diagram.
(F) Survival analysis for CAFs single positive versus double negative group (n = 80, Cox

regression hazard model). (G) Comparison of immune cells between CAFs single positive
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and double negative group in PD-L1 expression (n = 80, Mann-Whitney U test). HR =

hazard ratio with 95% confidence intervals.

Figure 3. PD-L1 expression in fibroblasts and cancer cells in vitro.

(A-D) Flow cytometry analysis of cell surface PD-L1 expression. (A) Histogram of PD-L1
expression and (B) comparison of PD-L1 expression in MEF with versus without
stimulation by CM of MC38 or SCCVII. (C) Histogram of PD-L1 expression and (D)
comparison of PD-L1 expression in FEF3 with versus without stimulation by CM of TE4
or TE8. (E, F) PD-L1 expression in MEF stimulated by TGF- by flow cytometry. (E)
Histogram of PD-L1 expression and (F) comparison of PD-L1 expression with versus
without stimulation by TGF-. (G-J) Flow cytometry analysis of cell surface PD-L1
expression in a co-culture model. (G) Histogram of PD-L1 expression and (H) comparison
of MC38 and MEF co-culture model. (1) Histogram of PD-L1 expression and (J)
comparison of SCCVII and MEF co-culture model. (n = 3, comparative analysis of MFIs

by ratio paired t-test, P < 0.05; “P < 0.01.)

Figure 4. In vivo model of co-inoculation with cancer cells and fibroblasts, PD-L1

expression in both cancer cells and CAFs were evaluated

(A) Tumor growth of subcutaneous MC38 tumors with or without MEF (n = 5; Mean *

SEM. Student’s t-test). (B) Tumor growth of subcutaneous SCCVII tumors with or without
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MEF (n = 5; mean £ SEM. Student’s t-test). (C, D) Dot plot of flow cytometry identifying
cancer cells (Ca.) (CD45/CD31/CD90.2") and CAFs (CD45/CD317/CD90.2%) in the (C)
MC38 and (D) SCCVII models. Dead cells were removal and subsequently gated out CD45
and CD31. The CD90.2 positive cells were identified as CAFs, while the CD90.2 negative
cells were identified as cancer cells. (E, F) Evaluation of the CAF population is shown for
each group [(E) MC38 or (F) SCCVII with or without MEF. n =5, Student’s t-test]. (G—N)
Histogram of PD-L1 expression in cancer cells for (G) MC38 and (1) SCCVII with versus
without MEF tumor. Comparison of PD-L1 expression in cancer cells for (H) MC38 and (J)
SCCVII with versus without MEF tumor. Histogram of PD-L1 expression in CAFs for (K)
MC38 and (M) SCCVII with versus without MEF tumor. Comparison of PD-L1 expression
in CAFs for (L) MC38 and (N) SCCVII with versus without MEF tumor (n =5,
comparative analysis of MFIs using Student’s t-test). (O) Comparison of the area index of
aSMA at 400x magnification quantified using the ImageJ. (P) The average number of
CD8-positive or FoxP3-positive T cells counted (n = 5, Student’s t-test). *P < 0.05; **P <

0.01.

Figure 5. Administration of anti-PD-L1 antibody for co-inoculation model with MC38

cells and MEFs.

(A) Multiple staining immunofluorescence images. The filled arrowhead indicates
CAFs, and the open arrowhead indicates cancer cells. Scale bars = 200 um. Lower figures

are enlarged images. Scare bars = 50 um. (B) Evaluations of PD-L1 expression in cancer
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cells and CAFs are shown in MC38 with MEF tumor after anti-PD-L1 antibody or Isotype
control (n = 6, comparative analysis of MFIs by Student’s t-test). (C) Representative figure
of dot plot by flow-cytometric analysis for dead cells of cancer cells and CAFs. (D, E)
Evaluations of dead cells in cancer cells and CAFs in MC38 with MEF tumor after aPD-L1
or Isotype control (n = 6, comparative analysis of the proportion of dead cells by Student’s
t-test). (E, F) Tumor growth of subcutaneous MC38 tumors (F) with or (E) without MEF
treated by anti-PD-L1 antibody or isotype control (n = 6; mean + SEM., Student’s t-test).
(G) Representative pictures of immunohistochemical staining for CD8 and FoxP3. Scale
bars = 50 um. (H, 1) The average number of CD8" or FoxP3* T cells in MC38 tumors (H)

with or (1) without MEF (n = 6, Student’s t-test). *P < 0.05, ™P < 0.01.

Figure 6. Administration of anti-PD-L1 antibody for co-inoculation model with

SCCVII cells and MEFs.

(A) Multiple staining immunofluorescence images of digoxigenin and aSMA. The
filled arrowhead indicates CAFs, and the open arrowhead indicates cancer cells. Scale bars
= 200 um. Lower figures are enlarged images. Scare bars = 50 um. (B) Evaluations of PD-
L1 expression in cancer cells and CAFs are shown in MC38 with MEF tumor after anti-PD-
L1 antibody or Isotype (n = 6, comparative analysis of MFIs by Student’s t-test,). (C)
Representative figure of dot plot by flow-cytometric analysis for dead cells of cancer cells
and CAFs. (D) Evaluations of dead cells in cancer cells and CAFs in SCCVII with MEF

tumor after aPD-L1 or Isotype control (n =5, comparative analysis of the proportion of
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dead cells by Student’s t-test). (E, F) Tumor growth of subcutaneous SCCVII tumors (F)
with or (E) without MEF treated by anti-PD-L1 antibody or isotype control (n = 5; mean +
SEM. Student’s t-test). (G) Representative pictures of immunohistochemical staining for
CD8 and FoxP3. Scale bars = 50 um. (H, 1) The average number of CD8-positive or
FoxP3-positive T cells in SCCVII tumors (H) with or (1) without MEF (n = 5, Student’s t-

test). *P < 0.05, P < 0.01.
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