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Abstract
The current study reveals the clinicopathological association of PD-L1 in Hong Kong esophageal squamous cell
carcinoma (ESCC) patients and the differential regulation of PD-L1 by standard first-line chemotherapy in ESCC.
Immunohistochemical analysis of tissue microarray data from 84 Hong Kong ESCC patients shows that PD-L1 was
expressed in 21% of the tumors. Positive PD-L1 staining was significantly associated with later disease stage
(stages III and IV) (P value = .0379) and lymph node metastasis (P value = .0466) in the Hong Kong cohort.
Furthermore, PD-L1 expression was significantly induced in ESCC cell lines after standard chemotherapy
treatments, along with EGFR and ERK activation in both in vitro studies and the in vivo esophageal orthotopic
model. The endogenous expression of PD-L1 was reduced by treatment with an EGFR inhibitor (erlotinib) or by the
knockdown of EGFR. Moreover, the upregulation of PD-L1 by chemotherapy was also attenuated by the treatment
with erlotinib and a MAPK/MEK inhibitor (AZD6244), suggesting that PD-L1 is regulated by the EGFR/ERK pathway
in ESCC. The regulation of PD-L1 by the EGFR pathway was further supported by the correlation of PD-L1 and
EGFR expression observed in the commercially available tissue microarray set (P value = .028). Taken together,
the current study was the first to demonstrate the upregulation of PD-L1 by chemotherapy in ESCC and its
regulation through the EGFR/ERK pathway. The results suggest the potential usefulness of combined conventional
chemotherapy together with anti–PD-L1 immunotherapy to achieve better treatment outcome.
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Introduction
Esophageal squamous cell carcinoma (ESCC) is one of the most
aggressive and lethal cancers with a poor prognosis and a dismal survival
rate [1]. Preoperative chemotherapy or chemoradiotherapy followed by
surgery is widely utilized for patients with esophageal cancer.
Unfortunately, 20% of patients do not respond to the treatment, while
50%of patients do not respond satisfactorily [2]. Resistance of cancer cells
to chemotherapy remains a main obstacle for cancer treatment [3].
Development of combined treatment along with conventional chemo-
therapy may be useful to eradicate cancer cells that are unresponsive to
chemotherapy and are expected to enhance the prognosis of patients. In
recent years, the advancement in immunotherapy has shed the light on
combining chemotherapy and immunotherapy and resulted in successful
identification of immune checkpoints, such as cytotoxic T-lymphocyte
antigen 4 (CTLA4) and programmed death 1 (PD-1) receptor. PD-1
functions as an immunoinhibitory receptor in T cells and, along with its
ligand PD-L1, plays an important role in evasion from the host
immunosurveillance of cancer cells. By expressing PD-L1 at the surface,
cancer cells engage with tumor-infiltrating lymphocytes and activate PD-
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1–mediated inhibitory effects on lymphocyte activity [4]. PD-L1 is
overexpressed in various solid cancers, including breast, colon, gastric,
lung, ovarian, and pancreatic cancers, and is generally categorized as a
poor prognostic marker [5,6]. By exploiting the interaction between PD-
1 and PD-L1, antibodies targeting PD-L1 have been developed to
interrupt the activation of the inhibitory signal of immune cells, which is
triggered by the binding with PD-L1 located on cancer cells.
MPDL3280A, which is a human anti–PD-L1 monoclonal antibody,
has now been approved by the FDA for treating PD-L1–positive
urothelial bladder cancer and non–small cell lung cancer [7].

The possibility of improving treatment outcomes by combining
immunotherapy with conventional chemotherapy or radiotherapy is
supported by the studies showing that PD-L1 expression is induced by
chemotherapy. For example, it is demonstrated that PD-L1 expression
increased after the treatment with cisplatin/carboplatin in urothelial
carcinoma [8]. Also, paclitaxel induced PD-L1 in the human colon
adenocarcinoma cell line SW480 and the hepatocellular carcinoma cell
line HepG2 [9]. There are only few studies that investigate the
dysregulation of PD-L1 in response to chemotherapy in different cancer
types. Thus, the mechanism for how ESCC responds to chemotherapy in
terms of PD-L1 expression and, in particular, to see whether the PD-L1
level will increase in response to chemotherapy, as observed in other
cancer types, remains to be further elucidated. Whether any genetic
alterations in ESCC cause dysregulation of PD-L1 and how this affects
PD-L1 expression are still unclear.

To seek the answers to the above questions, we investigated the PD-L1
expression in ESCC patients to evaluate the significance of PD-L1 in
ESCC. To scrutinize the differential regulation of PD-L1 expression by
chemotherapy agents in ESCC, both an in vitro ESCC cell culture model
and in vivo esophageal orthotopic model were utilized. The change in
PD-L1 expression level in response to carboplatin plus paclitaxel and 5-
FU with cisplatin, which are two regimens that are currently used
clinically for ESCC patients, was evaluated. The regulatory mechanism of
the endogenous PD-L1, as well as the mechanism that is responsible for
the differential regulation of PD-L1 by chemotherapy in ESCC, was
studied using pathway inhibitors.
Table 1. Correlation of PD-L1 Expression and Clinicopathologic Features

PD-L1

Negative
n=66

Positive
n=18

P Value

Age (years old) b=62 34 8 .595
N62 32 10

Sex Male 55 17 .447
Female 11 1

Stage Early (I, II) 28 3 .0379
Late (III, IV) 38 15

Differentiation Well 19 6 .718
Middle 29 6
Poor 18 6

Location Cervical 4 0 .592
Upper 6 3
Middle 28 8
Lower 28 7

LN metastasis Negative 33 5 .0466
Positive 33 13

Distant metastasis Negative 61 17 .6193
Positive 5 1
Materials and Methods

Cell Lines and Cell Culture
Two ESCC cell lines, KYSE150, which originated from a Japanese

patient [10], and SLMT, which originated from a Hong Kong patient
[11], were used in the in vitro studies. For the in vivo drug treatment
experiment, KYSE150Luc, which was labeled with firefly luciferase,
was used. The cell lines were cultured as described previously and
were checked for mycoplasma contamination prior to usage [12].

In Vitro Drug Treatment
The concentrations of drugs used in the in vitro drug experiment were

determined by IC50 experiments. The concentration that kills half of the
cells was chosen for the subsequent in vitro assays. For the carboplatin
with paclitaxel experiment, 350 μM carboplatin with 35 μM paclitaxel
was used in KYSE150, and 25 μM carboplatin with 1 μMpaclitaxel was
used in SLMT. For the 5-FU with cisplatin study, 500 μM5-FU and 30
μM cisplatin were used for KYSE150, while 25 μM 5-FU and 5 μM
cisplatin were used for SLMT. To study the effect on EGFR and ERK
activation on PD-L1 expression, 500 μM erlotinib was used to inhibit
EGFR activation [13], and 10 μM AZD6244 was used to inhibit the
MEK pathway [14] in both cell lines.
Knockdown of EGFR by CRISPR/Cas9 Gene Editing
The lentiCRISPR genome (Addgene plasmid 49535) was used for

the knockdown assay of EGFR in cell line as previously described
[15]. Target genomic sequences and cloning primers were designed
using CRISPR Design (http://crispr.mit.edu). Nontarget scrambled
sequence (sequence: GTTCCGCGTTACATAACTTA) was used as
negative control. The sequences for sgRNA are listed in Supplemen-
tary Table S1.

Tissue Microarray (TMA) Analysis
Commercially available tissue microarrays (US Biomax; HEso-

Squ180Sur-01 and HEso-Squ180Sur-02) consisting of specimens
from 188 ESCC patients with 180 matched nonneoplastic and tumor
samples were used to compare PD-L1 expression between ESCC
tissue and the nonneoplastic esophageal tissue. It was also used to
investigate the correlation between PD-L1 and EGFR expression. To
study the association of PD-L1 expression level with clinicopatho-
logical parameters among the Chinese population, an in-house ESCC
TMA consisting of 84 tumor samples from Chinese patients recruited
in Queen Mary Hospital, Hong Kong was constructed. The
clinicopathological information of this TMA is summarized in
Table 1. The sample was considered as PD-L1 or EGFR positive
when more than 5% of the tumor cells were positively stained.

Western Blotting
Western blot analyses were performed as described previously [12].

Briefly, cells were seeded and treated with chemotherapeutic drugs or
erlotinib. After drug treatment, the cells were lysed with radio-
immunoprecipitation assay buffer with protease inhibitors and
phosphatase inhibitors added. All the experiments were performed
in triplicate, and the representative figures are presented. Antibodies
used in this study are summarized in Supplementary Table S2.

Orthotopic In Vivo Mouse Model
The assay was performed as previously described [16]. Briefly,

8×105 cells of luciferase-labeled KYSE150luc cells were injected into
the esophagus of BALB/cAnN-nu (nude) mice. The growth of the
tumor was monitored by measuring the bioluminescent signal every
week using the Xenogen IVIS 100 In vivo Imaging System
(PerkinElmer). Mice were randomized to treatment group and
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control group for each treatment experiment. Drugs were administered to
the mice after the tumors reached the signal of 1×105 p/s/cm2/sr. For the
carboplatin with paclitaxel study, 25 mg/kg carboplatin with 10 mg/kg
paclitaxel was administered to the mice intraperitoneally three times per
week. For the 5-FU with cisplatin study, 25 mg/kg 5-FU and 3 mg/kg
cisplatin were administered to the mice intraperitoneally three times per
week. For the erlotinib study, 200 mg/kg erlotinib (epidermal growth
factor receptor inhibitor) was given via the oral route three times a week.
The body weight of the mice was measured regularly, and the health of
the mice was monitored continuously. Mice were sacrificed and the
orthotopic tumors were excised for the evaluation of PD-L1 expression
level byWestern blotting and immunohistochemical (IHC) staining after
one week of drug treatment.

Paraffin Embedding and Immunohistochemical Staining
Excised mouse tumors were paraffin embedded as previously

described [17]. For immunohistochemical staining, antigen retrieval
was performed by heat-induced epitope retrieval with Tris EDTA
buffer. PD-L1 staining was performed with anti–PD-L1 antibody at a
1:100 dilution. Detection was performed with SIGMAFAST 3,3′-
diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA). The
positivity of the IHC staining was represented by the percentage of
positively stained cells using an intensity score with grade 0 b5%,
grade 1 5%-≤25%, grade 2 25%-≤50%, and grade 3 N50%, as
evaluated by a pathologist as has been previously described [18].

Statistical Analysis
The chi-square or Fisher exact test was used to determine the

associations between PD-L1 expression and clinicopathologic
parameters. The Student’s t test was used for cell line experiments,
and Kaplan-Meier analysis was performed for the survival study. A
P value less than .05 was considered as statistically significant. All
statistical analyses were carried out using IBM SPSS Statistics 24
(New York, USA).
Results

PD-L1 Is Expressed in ESCC Tumors and Its Expression Was
CorrelatedwithAdvancedDisease Stage andLymphNodeMetastasis
The dysregulation of PD-L1 in ESCC was determined with a set of

commercially available ESCC microarray slides containing both the
Figure 1. PD-L1 was overexpressed in ESCC tumors compared to th
PD-L1 in ESCC tumors and their matched nonneoplastic esophageal
antibody, and each sample was scored with the scale of 0, 1, 2, or 3 ac
PD-L1 was demonstrated to be significantly higher in the tumors by ch
L1 immunochemical staining in tumor and its adjacent nonneoplastic
tumor tissues and their matched nonneoplastic esophageal tissue.
Remarkably, the expression level of PD-L1 is significantly higher in
the tumor compared to the nonneoplastic tissues, which show little or
no PD-L1 staining in most of the patients, indicating that PD-L1 was
upregulated during tumorigenesis in ESCC (Figure 1; P value =
.00001). Since there was insufficient clinicopathological information
available with this commercial TMA for further analysis, a set of in-
house ESCC TMA slides including 84 tumor samples from Chinese
ESCC patients was utilized in order to address the correlation of PD-
L1 expression level with clinicopathological parameters among the
Chinese population (Figure 2). IHC staining indicates that the PD-
L1–positive rate was 21% (18/84). Furthermore, positive PD-L1
staining were associated with advanced disease state (stages III and IV;
P value = .0379) and lymph node metastasis (P value = .0466) as
determined by chi-square analysis (Table 1).

Chemotherapy Induces PD-L1 Expression in ESCC Cell Lines
in Both In Vitro and In Vivo Orthotopic Models

To study the differential expression of PD-L1 induced by standard
chemotherapy treatments in ESCC, two ESCC cell lines, KYSE150
and SLMT, were treated with two chemotherapy regimens, 5-FU
plus cisplatin and carboplatin plus paclitaxel, which are frequently
used as standard chemotherapy for ESCC clinically. After exposing to
the chemotherapeutic agents, the expression level of PD-L1 in both
cell lines increased drastically for both carboplatin plus paclitaxel and
5-FU plus cisplatin treatment (Figure 3A).

In clinical settings, patients are given chemotherapy usually in
cycles, which may be given on a single day or several consecutive days,
rather than a continuous exposure to the chemotherapeutic agents.
To study whether the elevated PD-L1 triggered by drug exposure is
maintained after the treatment is suspended, ESCC cells were treated
with carboplatin plus paclitaxel or 5-FU plus cisplatin for 2 days
followed by the removal of drug and a recovery period of 2 days.
Surprisingly, instead of a drop, the elevated level of PD-L1 in
response to chemotherapy was sustained or even further increased
after drug removal (Figure 3B), indicating that the rise in PD-L1 by
chemotherapy could be maintained at a high level even after the cells
are no longer exposed to the chemotherapy.

The induction of PD-L1 by chemotherapeutic agents was further
tested by the in vivo study. An orthotopic in vivo nude mouse animal
model was used to more closely resemble the tumor microenvironment
e matched nonneoplastic esophageal tissue. (A) The expression of
tissues for 188 patients was detected by staining with anti–PD-L1
cording to the staining intensity and abundance. The expression of
i-square test. *** indicates P value = .00001 (B) Representative PD-
esophageal mucosa. Scale bar represents 200 μm.



Figure 2. Representative images of PD-L1 staining of ESCC tumors with (A) grade 0, (B) grade 1, (C) grade 2, and (D) grade 3 in the Hong
Kong patients used for TMA analysis. Scale bar represents 50 μm.

Figure 3. Chemotherapy induced PD-L1 expression in ESCC cell lines in vitro. (A) Two ESCC cell lines, KYSE150 and SLMT, were treated
with carboplatin plus paclitaxel (C+P) or 5-FU plus cisplatin (5FU+CDDP) in vitro. PD-L1 expression increased in both cell lines after the
treatment with both chemotherapeutic treatment regimens. (B) Elevated level of PD-L1 induced by chemotherapy was sustained even
after drug removal in both KYSE150 and SLMT in vitro. Cells were first treated with chemotherapeutic drugs for 2 days. The drugs were
then removed, and the cells were permitted to recover 2 days more prior to lysate preparation. p84 was used as the loading control in all
Western blotting experiments.
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for the study of the response to drug treatment. Carboplatin plus
paclitaxel and 5-FU plus cisplatin treatments were administered to the
mice after the orthotopic tumors were established. After 1 week of
treatment, the mice were sacrificed and the orthotopic tumors were
excised for the determination of PD-L1 by Western blotting and IHC
staining. Expectedly, there was a statistically significant reduction of
tumor size in the treatment group of both carboplatin plus paclitaxel
Figure 4. Chemotherapy induced PD-L1 expression in esophageal
esophagus to form solid tumors, and the mice were randomized to t
were sacrificed, and PD-L1 expression was evaluated by Western blo
reduced (A) tumor size and (B) tumor weight. PD-L1 expression in the
compared to the control group (ctrl), as demonstrated by (C) Western
also reduced (E) tumor size and (F) tumor weight. PD-L1 expression w
Western blotting and (H) IHC staining. Each lane in C and G represent
in D and H represent 25 μm. * indicates a P value b .05.
(Figure 4,A andB) and 5-FU plus cisplatin (Figure 4,E and F) compared
to the control, which indicates the effectiveness of the drug treatment. In
concordance with our results using the in vitromodel, the PD-L1 protein
level was considerably higher in the treatment group compared to the
control group for both treatments (Figure 4,C andD andG andH). The
results further support the conclusion that the expression of PD-L1 is
induced by chemotherapy in ESCC.
orthotopic tumors. KYSE150 cells were injected into the mouse
reatment and control groups. After 1 week of treatment, the mice
tting and IHC staining. Carboplatin plus paclitaxel treatment (C+P)
KYSE150 orthotopic tumors was higher in the C+P-treated group

blotting and (D) IHC staining. Similarly, 5-FU plus cisplatin treatment
as also induced by 5-FU plus cisplatin treatment as detected in (G)
s an individual orthotopic tumor from different mice. The scale bars
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PD-L1 Expression Was Regulated by EGFR and Its Down-
stream Modulator ERK

The finding that PD-L1 is upregulated by an activating mutation
in EGFR in non–small cell lung cancer (NSCLC) links the
association of PD-L1 expression with the EGFR pathway and
prompted us to study the regulation of PD-L1 by EGFR signaling
pathway in ESCC [19]. Erlotinib, which is an FDA-approved EGFR
inhibitor for NSCLC, was used in this study to evaluate the influence
of inhibiting EGFR activation on PD-L1 expression level. After
Figure 5. EGFR and its downstream ERK pathway regulate endogen
chemotherapy. (A) Western blotting results showed that the inhibit
endogenous PD-L1 level in KYSE150 in vitro. (B) The expression of P
CRISPR-Cas9 gene editing. Nontargeting scrambled sequence (sc
demonstrated that PD-L1 expression was lower in the erlotinib-treated
Western blotting and (D) IHC staining. Each lane in C represents a
represents 25 μm. (E) The addition of erlotinib (Erl) attenuated the upr
(C+P) and 5-FU plus cisplatin treatment (5-FU+CDDP) in both KYSE1
increase in PD-L1 level in response to chemotherapy treatment in KY
KYSE150 cells were treated with erlotinib, the expression of PD-L1
was reduced notably (Figure 5A), suggesting that the expression of
PD-L1 is regulated by the EGFR pathway. Moreover, the reduction
of PD-L1 expression was also observed when EGFR expression was
knocked down by CRISPR-Cas9 gene editing (Figure 5B). To further
support this notion, the effect of EGFR inhibitor on PD-L1
expression level was further tested in the in vivo orthotopic mouse
model. Erlotinib treatment was administered to the mice, and the
change in PD-L1 level in the orthotopic tumors was evaluated. In
ous PD-L1 expression and the upregulation of PD-L1 induced by
ion of the EGFR activation by the treatment of erlotinib reduced
D-L1 was significantly reduced when EGFR was knocked down by
r) was used as control. In vivo orthotopic mouse results also
group compared to the control (ctrl) group, as demonstrated by (C)
n individual orthotopic tumor from different mice. Scale bar in D
egulation of PD-L1 induced by carboplatin plus paclitaxel treatment
50 and SLMT. (F) Inhibition of ERK by AZD6244 (AZD) reduced the
SE150 and SLMT.



Figure 5. (continued.)
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agreement with the in vitro study, the expression of PD-L1, along
with the phosphorylation status of EGFR, was lower in the erlotinib-
treated group compared to the control group (Figure 5, C and D),
although the treatment did not affect the tumor size (Supplementary
Figure 3). The ESCC cell line, SLMT, was not used for this
experiment, as the endogenous level of PD-L1 in SLMT cells was
only barely detectable byWestern blotting and, therefore, SLMT cells
were not suitable for the demonstration of the reduction effect of
erlotinib on PD-L1 level.
The concurrent upregulation of phospho-EGFR and PD-L1 by

chemotherapy further suggests the regulation of PD-L1 by EGFR. To
investigate whether the increase in PD-L1 level induced by
chemotherapeutic agents is also regulated by the EGFR pathway,
erlotinib was used to suppress the upregulation of EGFR activation
triggered by chemotherapy. After the cells were exposed to erlotinib,
the upregulation in PD-L1 induced by 5-FU plus cisplatin or
carboplatin plus paclitaxel treatment was attenuated when the EGFR
activation was inhibited in both KYSE150 and SLMT cell lines
(Figure 5E). The EGFR pathway impacts several downstream
signaling pathways, including PI3K/AKT, MEK/ERK, and Src/
STAT effector pathways. The upregulation of phospho-ERK in
response to chemotherapy provides us the hint to investigate the effect
of ERK activation in PD-L1 expression. AZD6244 (selumetinib),
which is a MEK inhibitor, was used to suppress the activation of ERK
induced by the chemotherapeutic treatments. The upregulation of
PD-L1 by chemotherapy was attenuated when the activation of ERK
was inhibited (Figure 5F), indicating that the upregulation of PD-L1
by chemotherapy is regulated by the ERK pathway.

The regulation of PD-L1 by EGFR expression is further supported
by the TMA analysis showing that the expression of PD-L1 was
positively correlated with EGFR in ESCC patients samples (P value =
.028), as 43% of the EGFR-positive samples are PD-L1 positive
compared to only 9% of the EGFR-negative PD-L1–positive samples
(Figure 6B). Taken together with the in vitro and in vivo results, these
observations suggest that PD-L1 expression is controlled by the
EGFR pathway in ESCC.

Discussion
Currently, chemotherapy remains as the adjuvant therapy for patients
with ESCC. However, the development of chemoresistance remains



Figure 6. The expression of PD-L1 was correlated with the expression of EGFR in the commercial TMA set of 188 ESCC samples. The
TMA set was stained with anti–PD-L1 and anti-EGFR antibodies. (A) Representative images of different grades anti–PD-L1 and anti-EGFR
staining scores in the TMA analysis. The scale bar represents 200 μm. (B) Chi-square analysis shows that the expression of PD-L1 was
significantly correlated with the EGFR expression. * indicates P value b .05.
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the main obstacle for successful treatment outcome. Therefore, it is
crucial to understand the biological changes in response to
chemotherapy that lead to chemoresistance for designing the optimal
treatment regimen. To the best of our knowledge, this is the first
study that scrutinizes the differential regulation of PD-L1 by
chemotherapy and that determines its regulatory mechanism in
ESCC. The discovery of PD-L1 as an immune checkpoint and a
druggable target is one of the major breakthroughs in oncology in the
past decade. Specifically, the anti–PD-1/PD-L1 therapy has generated
excitement in a number of clinical trials for various cancers such as
melanoma [20]. The importance of PD-L1 in tumor development is
demonstrated by its overexpression in a wide range of solid tumors. In
ESCC, it has previously been reported that 18.9% to 79.7% of ESCC
tumors are PD-L1 positive [21–25]. In this study, we demonstrate
that 21% of the tumors are PD-L1 positive among the patients with
ESCC in Hong Kong. The differences observed in the positivity rate
of PD-L1 in ESCC may be attributed to the antibodies used in the
IHC staining and the scoring criteria for the staining. The positivity
rate of PD-L1 is also dependent on whether the patients received any
treatment before sample collection since chemotherapy and radio-
therapy induce PD-L1 expression, as demonstrated by our current
study and other reports [8,26,27]. Previous studies demonstrate that
high PD-L1 expression is associated with advanced disease and lymph
node metastasis in various cancers [28–30]. It is uncertain whether
such association is also observed in ESCC. Our results show that PD-
L1 expression is correlated with disease stage and lymph node
metastasis, as previously reported [22,23]. Although other reports
suggest that PD-L1 positivity is correlated with poor survival, our
results did not show any significant correlation between PD-L1 and
survival (Supplementary Figure 1). Interestingly, there is another
ESCC study reporting the opposite correlation, as patients with PD-
L1 expression had a longer disease-free survival than the patients
without PD-1 expression [24]. Further studies are needed to elucidate
the correlation between PD-L1 and other clinical parameters in
different populations.

Studies illustrate that the upregulation of the PD-1/PD-L1 axis
promotes chemoresistance in various cancers, such as gastric cancer
and B-cell lymphoma [31–34]. One possible explanation is that PD-
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L1–expressing cells have a survival advantage against chemotherapy
[35], and this selected population increases after chemotherapy,
leading to the development of chemoresistance. Whether PD-L1 is
differentially regulated by chemotherapy and facilitates chemoresis-
tance in ESCC remains unclear. To address this, in this study, we
investigated the change in PD-L1 level after exposing the cells or
animal model to chemotherapy. Two chemotherapy treatment
regimens, carboplatin plus paclitaxel and 5-FU plus cisplatin, were
used in this study since they are currently the major treatment ESCC
regimens in Hong Kong public hospitals. In contrast to previous
reports, which mostly consider the effect of a single chemotherapeutic
agent, a combination of chemotherapeutic agents was used in this
study, which more closely resembles the clinical situation. Our results
reveal that PD-L1 expression increases after the cells were exposed to
both chemotherapeutic agents for the ESCC KYSE150 and SLMT
cell lines, as observed in other cancer types. Intriguingly, although the
two cell lines contain a huge difference in the endogenous level of PD-
L1, with KYSE150, which contains a significantly higher level of
endogenous PD-L1 than SLMT, both cell lines respond similarly to
chemotherapy by upregulating the PD-L1 expression. This indicates
that the response in the increased level of PD-L1 induced by
chemotherapy is independent of the endogenous PD-L1 level and is
not constrained in cells with high endogenous PD-L1 level. To
validate the results observed in vitro, our esophageal orthotopic
mouse model was utilized to study the change of PD-L1 expression by
chemotherapy in vivo. To the extent of our knowledge, this is the first
study employing such a model to study the change of PD-L1 to drug
response. Compared to conventional subcutaneous nude mouse
tumorigenicity model, the orthotopic ESCC model recapitulates
more closely the microenvironment of the tumor in its organ of origin
and is more reflective of the actual response observed in the
esophageal tumor. Thus, the ESCC orthotopic model was used as it is
a better choice for drug response study due to the unique tumor
microenvironment [16,36]. Consistent with the in vitro study, the in
vivo study also shows that the treatment of carboplatin plus paclitaxel
and 5-FU plus cisplatin caused an induction of PD-L1 level in the
ESCC orthotopic tumors, as demonstrated by the Western blotting
and IHC staining results. In a clinical setting, patients received
chemotherapy in a cyclical manner rather than by continuous
exposure. This study demonstrates that the elevated level of PD-L1
on cancer cells induced by chemotherapy is sustained at a high level
even after the removal of the chemotherapeutic agents, indicating that
the increase of PD-L1 is long-lasting and may still be present for the
action of the immune checkpoint inhibitors. Thus, clearly, the
exposure to the inhibitors may remain beneficial to the patient even
after termination of the chemotherapy.
There is accumulating knowledge regarding the regulation of PD-

L1 by various oncogenic pathways, including the EGFR pathway.
Studies demonstrate that the EGFR activation, by EGF stimulation
or mutation, upregulates PD-L1 in lung cancer [19,37]. However,
whether PD-L1 is regulated by the EGFR pathway in ESCC, as well
as the regulatory mechanism of the change in PD-L1 expression by
chemotherapy, is unexplored. The simultaneous upregulation of
EGFR phosphorylation with PD-L1 observed in our chemotherapy
experiments leads to the postulation that PD-L1 is regulated by the
EGFR pathway in ESCC. This postulation was tested by treating
KYSE150 cells, having high endogenous PD-L1 levels, with an EGFR
inhibitor, erlotinib, to inhibit EGFR activation. As demonstrated in
both in vitro and in vivo models, erlotinib treatment reduced PD-L1
expression level, as observed in an earlier study using a lung cancer cell
line [38]. The regulation of PD-L1 by EGFR in ESCC is further
supported by the reduction of PD-L1 expression observed in EGFR
knockdown cells. Apart from the endogenous expression, erlotinib
also attenuated the increase in PD-L1 induced by chemotherapy in
both KYSE150 and SLMT cell lines. Our finding suggests that with
both the endogenous PD-L1 level as well as the induction of PD-L1
by chemotherapy, PD-L1 is regulated by the EGFR activation in
ESCC. Recently, various reports have shown that the phospho-
MAPK/ERK kinase upregulation along with PD-L1 upregulation
after chemotherapy and the inhibition of MEK pathway attenuated
PD-L1 upregulation in lung cancer and head and neck cancer
[39–41]. In concordance with this, our results illustrate an increase in
the ERK phosphorylation along with the induction of PD-L1, after
chemotherapy treatment, and its inhibition by AZD6244 attenuated
the upregulation of PD-L1 in ESCC cells, indicating the regulation of
PD-L1 expression by the MAPK/ERK pathway, likely as a
downstream effector of EGFR activation.

Our study provides novel evidence that links PD-L1 expression
with chemotherapy in ESCC. In conclusion, we demonstrate that
PD-L1 is induced by chemotherapy and is regulated by the EGFR/
ERK pathway in ESCC. Further studies are prompted to gain a
better understanding of how PD-L1 regulates chemoresistance in
ESCC. For instance, whether the increase in PD-L1 induced by
chemotherapy affects the tumor behavior, such as metastasis, or
the sensitivity to chemotherapy is of interest, as there are reports
showing that PD-L1 affects tumor metastasis and chemosensitivity
[32,42]. The results from both in vitro and in vivo experiments
suggest that use of a combination of conventional chemotherapy
with immune checkpoint inhibitors may be more beneficial than
using a single therapy, as the chemotherapy induces PD-L1
expression, which may render the cancer cells more susceptible to
immunotherapy. Accumulating evidence indicates that conven-
tional chemotherapy modulates the composition and functionality
of the immune infiltrates and affects its outcome [43]. The
upregulation of PD-L1 by chemotherapy may allow the tumor
escape from immune surveillance, as tumor PD-L1 plays critical
roles in immunosuppression by inhibiting CD8 T-cell cytotoxicity
[44]. This may be a contributing factor to the failure of
conventional chemotherapy. Furthermore, our results suggest
that the induction of PD-L1 by chemotherapy is independent of
the endogenous level of PD-L1. Unlike the use of anti–PD-L1
treatment, whose effectiveness depends on the endogenous level of
PD-L1 in the tumor [45], the combinational treatment may be
applicable to a larger proportion of patients regardless of the initial PD-
L1 level before treatment. Moreover, this current study provides greater
insight regarding the mechanistic regulation of PD-L1 by the EGFR/
ERK pathway in ESCC, which was not reported previously. Further
study is needed to demonstrate the effectiveness of combining the use of
the anti–PD-L1 with pathway inhibitors in treating ESCC. This current
study now provides foundational evidence to support the use of
combinational treatment of immunotherapy with conventional chemo-
therapy or an oncogenic pathway inhibitor to achieve enhanced treatment
outcome.
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