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Abstract: The expression of programmed death ligand-1 (PD-L1) is controlled by complex mech-
anisms. The elucidation of the molecular mechanisms of PD-L1 expression is important for the
exploration of new insights into PD-1 blockade therapy. Detailed mechanisms of the in situ expres-
sion of PD-L1 in tissues of oral squamous cell carcinomas (OSCCs) have not yet been clarified. We
examined the mechanisms of PD-L1 expression focusing on the phosphorylation of downstream
molecules of epidermal growth factor (EGF) and interferon gamma (IFN-γ) signaling in vitro and
in vivo by immunoblotting and multi-fluorescence immunohistochemistry (MF-IHC), respectively.
The in vitro experiments demonstrated that PD-L1 expression in OSCC cell lines is upregulated
by EGF via the EGF receptor (EGFR)/PI3K/AKT pathway, the EGFR/STAT1 pathway, and the
EGFR/MEK/ERK pathway, and by IFN-γ via the JAK2/STAT1 pathway. MF-IHC demonstrated
that STAT1 and EGFR phosphorylation was frequently shown in PD-L1-positive cases and STAT1
phosphorylation was correlated with lymphocyte infiltration and EGFR phosphorylation. Moreover,
the phosphorylation pattern of the related molecules in PD-L1-positive cells differed among the
cases investigated. These findings indicate that PD-L1 expression mechanisms differ depending on
the tissue environment and suggest that the examination of the tissue environment and molecular
alterations of cancer cells affecting PD-L1 expression make it necessary for each patient to choose the
appropriate combination drugs for PD-1 blockade cancer treatment.

Keywords: OSCC; oral squamous cell carcinoma; EGF; epidermal growth factor; IFN-γ; interferon
gamma; PD-L1; programmed death ligand-1

1. Introduction

Many types of cells, such as lymphocytes, macrophages, myeloid-derived suppressive
cells, and fibroblasts, infiltrate into cancer tissues and release many kinds of cytokines and
create a complex microenvironment called the tumor microenvironment (TME), which
influences tumor development and progression and interferes with the efficacy of im-
munotherapy [1,2]. Programmed death ligand-1 (PD-L1) expressed in the TME is known to
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be an important molecule for effector T-cell suppression and PD-L1 in cancer cells, and stro-
mal cells interact with programmed death-1 (PD-1) in effector T-cells, which results in the
suppression of cancer immunity [3,4]. We previously reported that PD-L1 was expressed
in head and neck cancer (HNC) with a high frequency [5]. Therefore, the elucidation of
the PD-L1 expression mechanisms is important in developing new PD-1 blockade HNC
immunotherapy.

Oral squamous cell carcinoma (OSCC) is the most common type of HNC, and anti-
PD-1 inhibitors, such as nivolumab and pembrolizumab, have shown efficacy for HNC
immunotherapy [6,7]. However, limited cases have shown this efficacy, and more in-
vestigation is needed regarding the mechanism of the expression of PD-L1, a ligand for
PD-1.

The expression mechanisms of PD-L1 have been reported mainly as oncogenic stim-
uli, inflammatory cytokines, and mutated cancer-driver genes [8–11]. The expression of
PD-L1 in tumors with abundant immune cell infiltration is thought to be due to exoge-
nous stimulation through the Janus kinase–signal transducer activator of the transcription
(JAK/STAT) pathway by the stimulation of interferon gamma (IFN-γ) [8,10,12,13]. In these
types of tumors, the reactivation of exhausted lymphocytes by anti-PD-L1/PD-1 therapy is
expected to be effective [8,14,15]. However, PD-L1 expression is also found in tumors with
a poor infiltration of immune cells [14–16]. In these types of tumors, effects of endogenous
oncogenic stimuli or genetic mutations can occur. The expression of PD-L1 in HNCs is
thought to be related to endogenous stimulation by epidermal growth factor (EGF) and
exogenous stimulation by IFN-γ [10]. Since EGF receptors (EGFRs) are overexpressed in
most OSCCs [17], EGFR activation may be an important factor in regulating the expression
of PD-L1 as well as IFN-γ. The downstream of EGFR is mainly composed of the STAT,
Ras/Raf/mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK), and phosphatidylinositol 3-kinase (PI3K)/Akt pathways [18]; however, there is still
no unified view as to which pathway is the key regulator of PD-L1 expression [9,10,19–21].
Furthermore, there are few reports from immunohistochemical studies regarding the het-
erogeneity of PD-L1 expression mechanisms in OSCC tissues.

In this study, we examined the mechanisms of PD-L1 expression using OSCC cell
lines focused on EGF and IFN-γ signaling. Furthermore, in PD-L1-positive OSCC tissues,
the pattern of phosphorylation of PD-L1 expression-related molecules differed among
the different cases. These findings indicate that the PD-L1 expression mechanisms are
heterogeneous depending on the tissue environment and might provide new insights for
OSCC immunotherapy.

2. Results
2.1. Upregulation of PD-L1 Expression in OSCC Cell Lines by EGF through the EGFR/PI3K/AKT,
EGFR/MEK/ERK, and/or EGFR/STAT1 Pathways

The PD-L1 expression level in HSC3, HSC4, and SAS increased by EGF in a dose-
dependent manner (Figure 1A). EGFR and its downstream molecules, STAT1, AKT, and
ERK, were phosphorylated for 10 to 120 min after stimulation with EGF (Figure 1B).
These inductions and phosphorylation were inhibited by the EGFR inhibitors, cetuximab,
and gefitinib, which suggests that EGF upregulates PD-L1 expression in OSCC cell lines
(Figure 1C,D). The upregulation of PD-L1 by EGF was inhibited by PI3Ki (Omipalisib)
and MEKi (GSK1120212), accompanied by the inhibition of phosphorylation of AKT and
ERK, respectively, in HSC3 (Figure 1E). Interestingly, PD-L1 upregulation was inhibited
only by PI3Ki, but not by MEKi in HSC4, and, contrarily, it was inhibited only by MEKi
but not PI3Ki in SAS. JAK2i (AZD1480) suppressed PD-L1 expression at high concentra-
tions (10 µM) only in HSC3. However, it was not suppressed at low concentrations, and
phosphorylation of STAT1 was not inhibited, suggesting the occurrence of non-specific
inhibition. These findings suggest that PD-L1 expression was upregulated by EGF through
the EGFR/PI3K/AKT, EGFR/MEK/ERK, and/or EGFR/STAT1 pathways. However, the
pathways utilized were dependent on the cells (Figure 2D).
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Figure 1. Expression of PD-L1 and phosphorylation of EGFR downstream proteins by EGF. (A) OSCC
cell lines were treated with EGF at the indicated dose. PD-L1 expression was tested by flow cytometry.
Statistical analysis was performed on the results of EGF 0 ng/mL. (B) Cells were treated with EGF
(50 ng/mL) each time, and the phosphorylation of EGFR downstream proteins was evaluated by
Western blotting. (C,D) Cetuximab and gefitinib were added into the OSCC cell culture at the
indicated dose 60 min before EGF treatment (50 ng/mL). PD-L1 expression and the phosphorylation
of EGFR downstream proteins were evaluated after 24 h and 60 min, respectively. (E) Omipalisib,
AZD1480, and GSK1120212 were added into the OSCC cell culture at the indicated dose 60 min before
EGF treatment (50 ng/mL). PD-L1 expression and phosphorylation of EGFR downstream proteins
were evaluated after 24 h and 60 min, respectively. Statistical analysis was performed for the addition
of EGF alone. * p < 0.05, ** p < 0.01.
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Figure 2. Expression of PD-L1 and phosphorylation of downstream proteins by IFN-γ. (A) OSCC
cell lines were treated with IFN-γ at the indicated dose. PD-L1 expression was tested using flow
cytometry. Statistical analysis was performed on the results of IFN-γ 0 ng/mL. (B) Cells were treated
with IFN-γ (25 ng/mL) each time, and the phosphorylation of downstream proteins was evaluated
by Western blotting. (C) AZD1480 was added into the OSCC cell culture at the indicated dose 60 min
before IFN-γ treatment (25 ng/mL). PD-L1 expression and the phosphorylation of EGFR downstream
proteins were evaluated after 24 h and 60 min, respectively. (D) A graphic summary of in vitro assays.
* p < 0.05, ** p < 0.01.

2.2. Upregulation of PD-L1 Expression in OSCC Cell Lines by IFN-γ through the
JAK2/STAT1 Pathway

The PD-L1 expression levels in HSC3, HSC4, and SAS increased with IFN-γ in a dose-
dependent manner (Figure 2A), and the phosphorylation of IFN-γ downstream molecules,
STAT1, was induced at 10 to 120 min after the stimulation with IFN-γ; however, the
EGFR downstream molecules AKT and ERK were not phosphorylated (Figure 2B). PD-L1
induction and STAT1 phosphorylation were inhibited by JAK2i (AZD1480) (Figure 2C),
which suggests that IFN-γ upregulates PD-L1 expression in OSCC cell lines through the
JAK2/STAT1 pathway (Figure 2D).

2.3. MF-IHC Staining of HSC3 Cells and OSCC Tissues

We detected PD-L1 expression and phosphorylation of the downstream molecules,
i.e., EGFR, AKT, and STAT1, at 24 h after stimulation with EGF or IFN-γ by MF-IHC using
HSC3 paraffin-embedded sections (Figure 3). The phosphorylation pattern was compared
with the results of the Western blot. PD-L1 upregulation was observed after the stimulation
of EGF or IFN-γ. Only STAT1 phosphorylation was observed in the stimulation with IFN-γ.
In contrast, phosphorylation of all the investigated molecules, i.e., EGFR, AKT, and STAT1,
was observed in the stimulation of EGF. These results on phosphorylation patterns were
consistent with those of the Western blot, indicating that the analysis of the phosphorylation
pattern by MF-IHC can deduce the in situ pathway. Furthermore, the EGF pathway or the
IFN-γ pathway was used for PD-L1 expression.
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Figure 3. Changes in MF-IHC staining for PD-L1, p-EGFR, p-AKT, and p-STAT1 by EGF and IFN-
γ stimulation of HSC3. HSC3 was stimulated with EGF or IFN-γ for 24 h, and we investigated
changes in the MF-IHC staining for PD-L1, p-EGFR, p-AKT, and p-STAT1. Scale bars are indicated in
each image.

Representative MF-IHC staining images of clinical tissues are shown in Figure 4.
Phosphorylation of AKT was undetectable in all of samples (data not shown), despite AKT
phosphorylation being unable to be detected in the model case using HSC3 (Figure 3).
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Figure 4. Representative MF-IHC staining results for PD-L1, p-EGFR, p-STAT1, and lymphocytes.
Positive cases of PD-L1 (A), p-EGFR, (B) and p-STAT1 (C) in tumor cells. Representative case of
(D) “Desert” (very few T-cells infiltrated into cancer tissues), (E) “Excluded” (T-cells infiltrated into
stromal areas but not into the nest), and (F) “Inflamed” (T-cells infiltrated into the nest and stroma).
Scale bars are indicated in each image.

Anti-PD-L1 and anti-p-EGFR stained the plasma membrane, and anti-p-STAT1 stained
the nucleus (Figure 4A–C). Lymphocyte infiltration, as a source of IFN-γ, was determined by
tumor immune microenvironment (TIME) classification: “Desert” (Figure 4D), “Excluded”
(Figure 4E), and “Inflamed” (Figure 4F), according to previous reports [14,15].



Int. J. Mol. Sci. 2022, 23, 4077 6 of 12

2.4. Relationship between PD-L1 Expression, Phosphorylation of EGFR and STAT1, and
Lymphocyte Infiltration in OSCC Tissues

We examined the relationship between PD-L1 expression, phosphorylation of EGFR
and STAT1, and lymphocyte infiltration in OSCC tissues. PD-L1 expression was observed
in 23 of 50 patients (46%). The p-STAT1 score increased significantly in the PD-L1-positive
group (Figure 5A), and the p-EGFR score showed an increasing trend, although this was not
significant (Figure 5B). Moreover, the p-STAT1 score was increased in the “Inflamed” group
compared to the “Desert” group (Figure 5C). Increased PD-L1 expression was observed
in the “Inflamed” group compared to that in the “Desert” group, suggesting that PD-L1
expression by IFN-γ derived from infiltrated lymphocytes (Figure 5D).
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Figure 5. Relationship between PD-L1 expression, phosphorylation of PD-L1-related proteins, and
lymphocyte infiltration in OSCC tissues. (A) Comparison of the p-STAT1 scores in PD-L1-positive
and -negative cases. (B) Comparison of the p-EGFR scores in PD-L1-positive and -negative cases.
(C) Comparison of the p-STAT1 scores for each TIME classification. (D) Comparison of PD-L1
positivity for each TIME classification. (E) Relationship between p-EGFR and p-STAT1 scores, PD-L1
expression, and TIME classification.
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In Figure 5E, the relationship between the p-EGFR and p-STAT1 scores, PD-L1 expres-
sion, and lymphocyte infiltration is shown. The p-EGFR and p-STAT1 scores showed a
positive correlation, suggesting EGFR activation-induced phosphorylation of STAT1 in the
OSCC tissues. When the samples were divided to four regions, the following was observed:
a p-STAT1 score of 0–1 and a p-EGFR score of 0–1 (I); a p-STAT1 score of 0–1 and a p-EGFR
score of 2–4 (II); a p-STAT1 score of 2–4 and a p-EGFR score of 0–1 (III); a p-STAT1 score
of 2–4 and a p-EGFR score of 2–4 (IV); and PD-L1-positive (>1%) cases were observed in
20.0% of I (3/15), 0% of II (0/0), 59.1% of III (13/22), and 53.8% of IV (7/13). Most of the
PD-L1-positive cases were observed in regions III and IV. The cases in region III and IV
were further divided to “Inflamed” cases and “Excluded+Desert” cases. The “Inflamed”
cases in region IV indicate that PD-L1 expression is affected by both EGF and IFN-γ. The
“Excluded+Desert” cases in region IV indicate that PD-L1 expression is affected by EGF
more than IFN-γ, and the “Inflamed” cases in region III indicate that PD-L1 expression is
affected by IFN-γ more than EGF. PD-L1-positive cases were observed in all the “Inflamed”
cases in region IV (5/5), in 25% of the “Excluded+Desert” cases in region IV (2/8), and in
54% of the “Inflamed” cases in region III (6/11). These results suggest that IFN-γ is more
effective than EGF for PD-L1 expression, and EGF might enhance IFN-γ-induced PD-L1
expression. Referring to the TCGA HNSC tumor dataset, we found a positive correlation
between IFN-γ-related genes (IFN-γ, CD8A, and STAT1) and PD-L1 (CD274), but not
between EGF-related genes (EGFR, AKT1, and MAP2K7), which seems to support the
results of this study (Figure 6).
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It is known that PD-L1 expression in cancer cells is controlled by both oncogenic 

pathways (OncoPath) and immunologic pathways (ImmunoPath) in OSCCs [10]. We con-

firmed previous findings using OSCC cell lines, i.e., HSC3, HSC4, and SAS in vitro (Fig-

ures 1 and 2). EGF is a representative factor driving the OncoPath, and IFN-γ is a repre-

sentative factor driving ImmunoPath-induced PD-L1 expression via the signaling cascade 

of EGFR/PI3K/AKT, EGFR/STAT1, or EGFR/MEK/ERK for EGF and of JAK2/STAT1 for 

IFN-γ, respectively. However, the EGFR downstream cascade differed among the cell 

lines. The phosphorylation pattern of the downstream cascade molecules in the HSC3 cells 

stimulated with EGF or IFN-γ using MF-IHC analysis (Figure 3) was consistent with the 

results of the Western blot, suggesting that phosphorylation analysis in situ using MF-

IHC is feasible. 
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Figure 6. Correlation between IFN-γ-related genes, EGF-related genes, and PD-L1 expression in the
TCGA HNSC dataset. Referring to the TCGA HNSC tumor dataset, we investigated the correlation
between IFN-γ-related genes (IFN-γ, CD8A, and STAT1), EGF-related genes (EGFR, AKT1, and
MAP2K7), and PD-L1 (CD274).

3. Discussion

It is known that PD-L1 expression in cancer cells is controlled by both oncogenic
pathways (OncoPath) and immunologic pathways (ImmunoPath) in OSCCs [10]. We
confirmed previous findings using OSCC cell lines, i.e., HSC3, HSC4, and SAS in vitro
(Figures 1 and 2). EGF is a representative factor driving the OncoPath, and IFN-γ is a repre-
sentative factor driving ImmunoPath-induced PD-L1 expression via the signaling cascade
of EGFR/PI3K/AKT, EGFR/STAT1, or EGFR/MEK/ERK for EGF and of JAK2/STAT1
for IFN-γ, respectively. However, the EGFR downstream cascade differed among the cell
lines. The phosphorylation pattern of the downstream cascade molecules in the HSC3 cells
stimulated with EGF or IFN-γ using MF-IHC analysis (Figure 3) was consistent with the
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results of the Western blot, suggesting that phosphorylation analysis in situ using MF-IHC
is feasible.

Our findings (Figure 5) suggest that the ImmunoPath is important for PD-L1 expres-
sion in OSCC tissues, more so than the EGF-induced OncoPath (EGF OncoPath). More than
90% of HNCs overexpress EGFR [22]; this may be related to PD-L1 expression. However,
there was a difference between EGFR expression and its activation in HNCs [23,24], as
the actual number of cases in which EGFR activation increases PD-L1 may be less than
expected. Additionally, our findings also suggest that the PD-L1 expression mechanisms in
OSCC tissues are heterogenous and can be classified into five types: both the ImmunoPath
and EGF OncoPath are inactive (Type 1, Region I in Figure 5E); the ImmunoPath is dom-
inantly active (Type 2, “Inflamed” cases of Region III in Figure 5E); the EGF OncoPath
is dominantly active (Type 3, “Excluded+Desert” cases of Region IV in Figure 5E); both
the ImmunoPath and EGF OncoPath are active (Type 4, “Inflamed” cases of Region IV
in Figure 5E); and the remaining types (Type 5, “Excluded+Desert” cases of Region III in
Figure 5E). The OncoPath excluding EGF is thought to affect PD-L1 expression in Type 1
and Type 5. For example, c-MET activation, PTEN loss, and PI3KCA mutations are can-
didates [25,26]. Elucidating the mechanism of PD-L1 expression in these types will be a
future subject of investigation.

It is known that TME affects the response to immune checkpoint therapies, including
PD-1 blockade [14,15,27]. Our classification above may contribute to predictions for PD-1
blockade therapies and the development of combination therapies using the PD-1 blockade
and novel immune-checkpoint therapies. Our findings indicate that Type 2 and 4 are
effective, but therapeutic effects are not expected in Type 1, 3, and 5. It is reported that
EGFR-mutated NSCLC forms an immunosuppressive TME by suppressing effector T-cell
infiltration and inducing Treg via the EGFR downstream molecules AKT1 and JNK [28].
The regulation of the EGF OncoPath is thought to be necessary in Type 3 for effector
T-cell infiltration [29], and also in Type 4 because the EGF OncoPath might involve the
enhancement of ImmunoPath-induced PD-L1 expression. For example, pembrolizumab
used in combination with cetuximab has shown great efficacy in a Phase II trial of recurrent
or metastatic HNCs and is considered a good candidate [30]. Neither the EGF OncoPath
nor ImmunoPath are active in Type 1 and 5; therefore, other therapeutic strategies might be
necessary.

There are several limitations to this study. First, this was a retrospective study with a
small number of cases. In addition, since we used tissues that were as fresh as possible in
consideration of antibody staining, we were not be able to examine the relationship with
prognosis. A prospective study with a larger number of cases is necessary in the future.
Furthermore, many mechanisms for the regulation of PD-L1 expression are already known,
but we investigated the regulation of PD-L1 only at the transcriptional level focused on
the EGF and IFN-γ downstream cascade, and we only investigated the phosphorylation
of EGFR and STAT1 in situ. Finally, in this study, we only investigated PD-L1 expression
in tumor cells. PD-L1 expression in OSCCs is found in stromal immune cells, such as
macrophages and tumor cells [5]. Furthermore, in contrast to tumor cells, PD-L1 expression
in macrophages has been reported to have a favorable prognosis [31,32]. Further compre-
hensive research is needed to better understand the expression mechanism and function of
PD-L1 in both cancer cells and immune cells.

In conclusion, understanding OncoPath and ImmunoPath which regulate PD-L1
expression in OSCCs is critical for prognostic biomarkers and patient selection for PD-1
blockade therapy.

4. Materials and Methods
4.1. OSCC Cell Lines

Human OSCC cell lines (HSC3, HSC4, and SAS) were preserved at the Research
Creation Support Center of Aichi Medical University, in Nagakute, Japan. Cells were
maintained in DMEM (Gibco, Paisley, UK) and supplemented with 10% fetal bovine serum
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(FBS; HyClone Laboratories, Inc., South Logan, UT, USA) and 1% penicillin–streptomycin
(Gibco, Grand Island, NY, USA) in 75 mL flasks at 37 ◦C and 5% CO2 humidified air.

4.2. Clinical Samples

Fifty OSCC patients who underwent surgical resection at the Department of Max-
illofacial Surgery, Aichi Gakuin University (Nagoya, Japan) and who had not received
neoadjuvant chemotherapy or radiation therapy were included in the study. Demineralized
samples were analyzed using preoperative biopsy tissue. This study was conducted in
accordance with the Declaration of Helsinki and approved by the Ethical Committee of
Aichi Gakuin University (approval number: 82, approval date: 24 June 2019) and Aichi
Medical University (approval number: 2020-H033, approval date: 25 May 2020).

4.3. Cell Treatment and Reagents

OSCC cell lines were cultured in 6-well plates (2 × 105 cells/well) for 2 days and
starved for 5 days to exclude the potential effect of cytokines in the serum. To measure
PD-L1 expression, cells were treated with EGF and IFN-γ at the indicated dose for 24 h in
the presence of following inhibitors: cetuximab (Merck, Kenilworth, NJ, USA), gefitinib
(Tocris Bioscience, Avonmouth, Bristol, UK), AZD1480 (JAK2i, Selleckchem, Houston,
TX, USA), Omipalisib (PI3Ki, Selleckchem), and GSK1120212 (MEKi, Selleckchem). Then,
PD-L1 expression in OSCC cell lines was measured by flow cytometry.

4.4. Flow Cytometry

Cells were harvested with Accutase (Innovative Cell Technologies, Inc., San Diego,
CA, USA) after cell treatment and stained for 20 min at 4 ◦C with mouse anti-human CD274
(PD-L1) mAb, followed by incubation with FITC-conjugated anti-mouse IgG (MBL, Tokyo,
Japan) for 20 min at 4 ◦C. Normal mouse IgG was used as a negative control. Then, the
cells were analyzed on a FACS CantoII (BD Biosciences, San Jose, CA, USA) with the aid of
Flow Jo software (Tree Star, Inc., Ashland, OR, USA). PD-L1 expression was calculated as
follows: [anti-human PD-L1 mAb mean fluorescence intensity (MFI)—normal mouse IgG
MFI].

4.5. Western Blotting

Aliquots of 1 × 106 cells were lysed in 50 µL of ice-cold protein extraction buffer
(2% Triton X in 10 mM Tris-HCl, 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid
(EDTA), and 2 mM 2-mercaptoethanol (pH 7.4)) for 30 min. The cell lysates were resolved
on SDS-PAGE gels (105 cells/lane) and transferred to nitrocellulose membranes. After
blocking with tris-buffered saline (TBS) with 1% skim milk for 1 h at room temperature, the
membranes were incubated with primary antibodies. The following primary antibodies
were used: EGFR (1:1000 dilution, MBL), p-EGFR (Y1068, 1:1000 dilution, Cell Signaling
Technology, Danvers, MA, USA), p-AKT (S473, 1:2000 dilution, Cell Signaling Technology),
p-STAT1 (Y701, 1:1000 dilution, Cell Signaling Technology), p-ERK(1/2) (Thr202/Try204,
1:1000 dilution, Cell Signaling Technology), and β-actin (1:1000 dilution, MBL). β-actin was
used as an internal control. Then, they were washed with TBS four times, incubated with
peroxidase polymer anti-mouse IgG or anti-rabbit IgG (Vector Laboratories, Burlingame,
CA, USA) at a 1:100 dilution for 30 min at room temperature. After washing with TBS four
times, the protein signal was detected using ECL Prime Western blotting Detection Reagent
(GE Healthcare Systems, Chicago, IL, USA) and imaged using an Amersham Imager 600
(GE Healthcare Systems).

4.6. Multi-Color Immunofluorescence Histochemistry (MF-IHC)

MF-IHC was performed on formalin-fixed paraffin-embedded OSCC tissue sections
using the same procedure as that in our previous report [33]. The following primary
antibodies were used: CD3 (clone M4622, Spring Biosciences, Pleasanton, CA, USA), CD8
(clone 1A5, Biogenex, Fremont, CA, USA), cytokeratin (AE1+AE3, Biogenex, Fremont, CA,
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USA), PD-L1 (Abcam, Cambridge, UK), p-STAT1 (Ser727, Cell Signaling Technology), and
p-EGFR (Y1068+Y1092, Cell Signaling Technology). The multi-color staining images were
captured using an Aperio CS2 (Leica Microsystems, Wetzlar, Germany) for the HSC3 cells
or the Vectra system (PerkinElmer, Waltham, MA, USA) for the OSCC tissues.

4.7. Image Analysis

The slides were scanned with Vectra at a low resolution, and a region of interest
(ROI) was set at the invasive front of the tumor where lymphocytes were accumulated
with Phenochart software (PerkinElmer). Then, at least three ROIs were captured with a
20× objective, and the reconstructed multispectral images were obtained and the number
of marker-positive cells was counted using Inform software (PerkinElmer). For PD-L1,
p-STAT1- and p-EGFR-positive tumor cells were counted as double-positive cells with
cytokeratin. To analyze the IHC results, a semi-quantitative method was employed based
on previous reports [34,35]. Specifically, the IHC scores for p-EGFR and p-STAT1 were
evaluated on a scale of 0–4 (0, <5%; 1, 5–25%; 2, 25–50%; 3, 50–75%; 4, >75%). For PD-L1, a
positivity rate of 1% or higher was considered positive.

4.8. Database Analysis

Gene expression in OSCC was analyzed using the Gene Expression Profiling Interac-
tive Analysis (GEPIA) online database (http://gepia.cancer-pku.cn accessed on
10 December 2021) [36]. The Cancer Genome Atlas (TCGA) HNSC tumor data were
used as the basis for the correlation analysis.

4.9. Statistical Analysis

The numerical data were presented as the mean (±SE: standard error) of independent
experiments, and differences were examined using the Tukey’s test. The Mann–Whitney U
test and the Steel–Dwass test were performed to determine the significance of the IHC anal-
ysis. The correlation analysis data were determined using the Spearman’s rank correlation
coefficient. Statistical analyses were performed using the R Statistical Software (version
3.6.3; Foundation for Statistical Computing, Vienna, Austria). p < 0.05 was considered
statistically significant.

Author Contributions: Study concept and design: S.S., M.G., T.O. and T.N. Collection of surgical
samples: Y.K., S.O., S.M., M.G. and T.N. Acquisition and interpretation of data: Y.K., S.S. and H.T.
Analysis and interpretation data of pathology: Y.K., H.I., T.T. (Taishi Takahara), A.S. and T.T. (Toyonori
Tsuzuki). Drafting of the manuscript: Y.K. Statistical analysis: Y.K. Critical revision of the manuscript
for important intellectual content: S.S., S.O., T.O., H.I., T.T. (Taishi Takahara), A.S., T.T. (Toyonori
Tsuzuki), K.Y. and R.U. Obtained funding: S.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by grants-in-aid for scientific research (C, No. 18K07277) from
the Ministry of Education of Japan.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
oh Helsinki and was approved by Ethical Committee of Aichi Gakuin University (approval number:
82, approval date: 24 June 2019) and Aichi Medical University (approval number: 2020-H033,
approval date: 25 May 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, S.S., upon reasonable request.

Acknowledgments: We thank Akiko Shimada for their excellent technical assistance and Kyoko
Okumura for her excellent secretarial assistance. We thank Makoto Naruse and Natsumi Kodama
(Aichi Medical University, Institute of Comprehensive Medical Research, Division of Advanced
Research Promotion) for the maintenance of the BD FACS Canto II and Amersham Imager 600.

http://gepia.cancer-pku.cn


Int. J. Mol. Sci. 2022, 23, 4077 11 of 12

Conflicts of Interest: R.U. received research funding from Chugai Pharmaceutical Co., Ltd., Tokyo,
Japan; Ono Pharmaceutical Co., Ltd., Osaka, Japan; and Kyowa Kirin Co., Ltd., Tokyo, Japan.
T.T.(Toyonori Tsuzuki) received remuneration from Chugai Pharmaceutical Co., Ltd., Tokyo, Japan
and AstraZeneca plc, Cambridge, UK as advisors. The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results. The other authors declare no conflict of interest.

References
1. Balkwill, F.R.; Capasso, M.; Hagemann, T. The Tumor Microenvironment at a Glance. J. Cell Sci. 2012, 125, 5591–5596. [CrossRef]

[PubMed]
2. Whiteside, T.L. The Tumor Microenvironment and Its Role in Promoting Tumor Growth. Oncogene 2008, 27, 5904–5912. [CrossRef]

[PubMed]
3. Pardoll, D.M. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]

[PubMed]
4. Okazaki, T.; Honjo, T. PD-1 and PD-1 Ligands: From Discovery to Clinical Application. Int. Immunol. 2007, 19, 813–824. [CrossRef]

[PubMed]
5. Suzuki, S.; Ogawa, T.; Sano, R.; Takahara, T.; Inukai, D.; Akira, S.; Tsuchida, H.; Yoshikawa, K.; Ueda, R.; Tsuzuki, T. Immune-

Checkpoint Molecules on Regulatory T-Cells as a Potential Therapeutic Target in Head and Neck Squamous Cell Cancers. Cancer
Sci. 2020, 111, 1943–1957. [CrossRef]

6. Ferris, R.L.; Blumenschein, G.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.; Vokes, E.E.; Even, C.;
et al. Nivolumab for Recurrent Squamous-Cell Carcinoma of the Head and Neck. N. Engl. J. Med. 2016, 375, 1856–1867. [CrossRef]

7. Burtness, B.; Harrington, K.J.; Greil, R.; Soulières, D.; Tahara, M.; de Castro, G.; Psyrri, A.; Basté, N.; Neupane, P.; Bratland, Å.;
et al. Pembrolizumab Alone or with Chemotherapy versus Cetuximab with Chemotherapy for Recurrent or Metastatic Squamous
Cell Carcinoma of the Head and Neck (KEYNOTE-048): A Randomised, Open-Label, Phase 3 Study. Lancet 2019, 394, 1915–1928.
[CrossRef]

8. Mandai, M.; Hamanishi, J.; Abiko, K.; Matsumura, N.; Konishi, I. Dual Faces of IFNγ in Cancer Progression: A Role of PD-L1
Induction in the Determination of Pro- and Antitumor Immunity. Clin. Cancer Res. 2016, 22, 2329–2334. [CrossRef]

9. Chen, J.; Jiang, C.C.; Jin, L.; Zhang, X.D. Regulation of PD-L1: A Novel Role of pro-Survival Signalling in Cancer. Ann. Oncol.
2016, 27, 409–416. [CrossRef]

10. Concha-Benavente, F.; Srivastava, R.M.; Trivedi, S.; Lei, Y.; Chandran, U.; Seethala, R.R.; Freeman, G.J.; Ferris, R.L. Identification
of the Cell-Intrinsic and -Extrinsic Pathways Downstream of EGFR and IFNγ That Induce PD-L1 Expression in Head and Neck
Cancer. Cancer Res. 2016, 76, 1031–1043. [CrossRef]

11. Kalbasi, A.; Ribas, A. Tumour-Intrinsic Resistance to Immune Checkpoint Blockade. Nat. Rev. Immunol. 2020, 20, 25–39. [CrossRef]
[PubMed]

12. Mimura, K.; Teh, J.L.; Okayama, H.; Shiraishi, K.; Kua, L.-F.; Koh, V.; Smoot, D.T.; Ashktorab, H.; Oike, T.; Suzuki, Y.; et al. PD-L1
Expression Is Mainly Regulated by Interferon Gamma Associated with JAK-STAT Pathway in Gastric Cancer. Cancer Sci. 2018,
109, 43. [CrossRef] [PubMed]

13. Chen, S.; Crabill, G.A.; Pritchard, T.S.; McMiller, T.L.; Wei, P.; Pardoll, D.M.; Pan, F.; Topalian, S.L. Mechanisms Regulating PD-L1
Expression on Tumor and Immune Cells. J. Immunother. Cancer 2019, 7, 305. [CrossRef] [PubMed]

14. Hegde, P.S.; Karanikas, V.; Evers, S. The Where, the When, and the How of Immune Monitoring for Cancer Immunotherapies in
the Era of Checkpoint Inhibition. Clin. Cancer Res. 2016, 22, 1865–1874. [CrossRef]

15. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,
S.; Hedrick, C.C.; et al. Understanding the Tumor Immune Microenvironment (TIME) for Effective Therapy. Nat. Med. 2018, 24,
541–550. [CrossRef]

16. Teng, M.W.L.; Ngiow, S.F.; Ribas, A.; Smyth, M.J. Classifying Cancers Based on T Cell Infiltration and PD-L1. Cancer Res. 2015, 75,
2139–2145. [CrossRef]

17. Leemans, C.R.; Braakhuis, B.J.M.; Brakenhoff, R.H. The Molecular Biology of Head and Neck Cancer. Nat. Rev. Cancer 2011, 11,
9–22. [CrossRef]

18. Scaltriti, M.; Baselga, J. The Epidermal Growth Factor Receptor Pathway: A Model for Targeted Therapy. Clin Cancer Res. 2006,
12, 5268–5272. [CrossRef]

19. Zhang, W.; Pang, Q.; Zhang, X.; Yan, C.; Wang, Q.; Yang, J.; Yu, S.; Liu, X.; Pan, Y.; Yuan, Z.; et al. Programmed Death-Ligand 1 Is
Prognostic Factor in Esophageal Squamous Cell Carcinoma and Is Associated with Epidermal Growth Factor Receptor. Cancer
Sci. 2017, 108, 590–597. [CrossRef]

20. Stutvoet, T.S.; Kol, A.; de Vries, E.G.; de Bruyn, M.; Fehrmann, R.S.; van Scheltinga, A.G.T.; de Jong, S. MAPK Pathway Activity
Plays a Key Role in PD-L1 Expression of Lung Adenocarcinoma Cells. J. Pathol. 2019, 249, 52–64. [CrossRef]

21. Chen, N.; Fang, W.; Zhan, J.; Hong, S.; Tang, Y.; Kang, S.; Zhang, Y.; He, X.; Zhou, T.; Qin, T.; et al. Upregulation of PD-L1 by
EGFR Activation Mediates the Immune Escape in EGFR-Driven NSCLC: Implication for Optional Immune Targeted Therapy for
NSCLC Patients with EGFR Mutation. J. Thorac. Oncol. 2015, 10, 910–923. [CrossRef] [PubMed]

http://doi.org/10.1242/jcs.116392
http://www.ncbi.nlm.nih.gov/pubmed/23420197
http://doi.org/10.1038/onc.2008.271
http://www.ncbi.nlm.nih.gov/pubmed/18836471
http://doi.org/10.1038/nrc3239
http://www.ncbi.nlm.nih.gov/pubmed/22437870
http://doi.org/10.1093/intimm/dxm057
http://www.ncbi.nlm.nih.gov/pubmed/17606980
http://doi.org/10.1111/cas.14422
http://doi.org/10.1056/NEJMoa1602252
http://doi.org/10.1016/S0140-6736(19)32591-7
http://doi.org/10.1158/1078-0432.CCR-16-0224
http://doi.org/10.1093/annonc/mdv615
http://doi.org/10.1158/0008-5472.CAN-15-2001
http://doi.org/10.1038/s41577-019-0218-4
http://www.ncbi.nlm.nih.gov/pubmed/31570880
http://doi.org/10.1111/cas.13424
http://www.ncbi.nlm.nih.gov/pubmed/29034543
http://doi.org/10.1186/s40425-019-0770-2
http://www.ncbi.nlm.nih.gov/pubmed/31730010
http://doi.org/10.1158/1078-0432.CCR-15-1507
http://doi.org/10.1038/s41591-018-0014-x
http://doi.org/10.1158/0008-5472.CAN-15-0255
http://doi.org/10.1038/nrc2982
http://doi.org/10.1158/1078-0432.CCR-05-1554
http://doi.org/10.1111/cas.13197
http://doi.org/10.1002/path.5280
http://doi.org/10.1097/JTO.0000000000000500
http://www.ncbi.nlm.nih.gov/pubmed/25658629


Int. J. Mol. Sci. 2022, 23, 4077 12 of 12

22. Grandis, J.R.; Tweardy, D.J. Elevated Levels of Transforming Growth Factor α and Epidermal Growth Factor Receptor Messenger
RNA Are Early Markers of Carcinogenesis in Head and Neck Cancer. Cancer Res. 1993, 53, 3579–3584. [PubMed]

23. Kriegs, M.; Clauditz, T.S.; Hoffer, K.; Bartels, J.; Buhs, S.; Gerull, H.; Zech, H.B.; Bußmann, L.; Struve, N.; Rieckmann, T.; et al.
Analyzing Expression and Phosphorylation of the EGF Receptor in HNSCC. Sci. Rep. 2019, 9, 13564. [CrossRef] [PubMed]

24. Hama, T.; Yuza, Y.; Saito, Y.; O-uchi, J.; Kondo, S.; Okabe, M.; Yamada, H.; Kato, T.; Moriyama, H.; Kurihara, S.; et al. Prognostic
Significance of Epidermal Growth Factor Receptor Phosphorylation and Mutation in Head and Neck Squamous Cell Carcinoma.
Oncologist 2009, 14, 900–908. [CrossRef]

25. Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.; Lawrence, M.S.; Sougnez,
C.; McKenna, A.; et al. The Mutational Landscape of Head and Neck Squamous Cell Carcinoma. Science 2011, 333, 1157–1160.
[CrossRef]

26. Arnold, L.; Enders, J.; Thomas, S. Activated HGF-c-Met Axis in Head and Neck Cancer. Cancers 2017, 9, 169. [CrossRef]
27. Tauriello, D.V.F.; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;

Cañellas, A.; Hernando-Momblona, X.; et al. TGFβ Drives Immune Evasion in Genetically Reconstituted Colon Cancer Metastasis.
Nature 2018, 554, 538–543. [CrossRef]

28. Sugiyama, E.; Togashi, Y.; Takeuchi, Y.; Shinya, S.; Tada, Y.; Kataoka, K.; Tane, K.; Sato, E.; Ishii, G.; Goto, K.; et al. Blockade
of EGFR Improves Responsiveness to PD-1 Blockade in EGFR-Mutated Non-Small Cell Lung Cancer. Sci. Immunol. 2020, 5,
eaav3937. [CrossRef]

29. Cheng, C.-C.; Lin, H.-C.; Tsai, K.-J.; Chiang, Y.-W.; Lim, K.-H.; Chen, C.G.-S.; Su, Y.-W.; Peng, C.-L.; Ho, A.-S.; Huang, L.; et al.
Epidermal Growth Factor Induces STAT1 Expression to Exacerbate the IFNr-Mediated PD-L1 Axis in Epidermal Growth Factor
Receptor-Positive Cancers. Mol. Carcinog. 2018, 57, 1588–1598. [CrossRef]

30. Sacco, A.G.; Chen, R.; Worden, F.P.; Wong, D.J.L.; Adkins, D.; Swiecicki, P.; Chai-Ho, W.; Oppelt, P.; Ghosh, D.; Bykowski, J.;
et al. Pembrolizumab plus Cetuximab in Patients with Recurrent or Metastatic Head and Neck Squamous Cell Carcinoma: An
Open-Label, Multi-Arm, Non-Randomised, Multicentre, Phase 2 Trial. Lancet Oncol. 2021, 22, 883–892. [CrossRef]

31. Liu, C.-Q.; Xu, J.; Zhou, Z.-G.; Jin, L.-L.; Yu, X.-J.; Xiao, G.; Lin, J.; Zhuang, S.-M.; Zhang, Y.-J.; Zheng, L. Expression Patterns of
Programmed Death Ligand 1 Correlate with Different Microenvironments and Patient Prognosis in Hepatocellular Carcinoma.
Br. J. Cancer 2018, 119, 80–88. [CrossRef] [PubMed]

32. Liu, Y.; Zugazagoitia, J.; Ahmed, F.S.; Henick, B.S.; Gettinger, S.N.; Herbst, R.S.; Schalper, K.A.; Rimm, D.L. Immune Cell PD-L1
Colocalizes with Macrophages and Is Associated with Outcome in PD-1 Pathway Blockade Therapy. Clin. Cancer Res. 2020, 26,
970–977. [CrossRef] [PubMed]

33. Kondo, Y.; Suzuki, S.; Takahara, T.; Ono, S.; Goto, M.; Miyabe, S.; Sugita, Y.; Ogawa, T.; Ito, H.; Satou, A.; et al. Improving Function
of Cytotoxic T-lymphocytes by Transforming Growth Factor-β Inhibitor in Oral Squamous Cell Carcinoma. Cancer Sci. 2021, 112,
4037–4049. [CrossRef] [PubMed]

34. Zeng, X.; Baba, T.; Hamanishi, J.; Matsumura, N.; Kharma, B.; Mise, Y.; Abiko, K.; Yamaguchi, K.; Horikawa, N.; Hunstman, D.G.;
et al. Phosphorylation of STAT1 Serine 727 Enhances Platinum Resistance in Uterine Serous Carcinoma. Int. J. Cancer 2019, 145,
1635–1647. [CrossRef]

35. Feng, H.; Lopez, G.Y.; Kim, C.K.; Alvarez, A.; Duncan, C.G.; Nishikawa, R.; Nagane, M.; Su, A.-J.A.; Auron, P.E.; Hedberg, M.L.;
et al. EGFR Phosphorylation of DCBLD2 Recruits TRAF6 and Stimulates AKT-Promoted Tumorigenesis. J. Clin. Investig. 2014,
124, 3741–3756. [CrossRef]

36. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A Web Server for Cancer and Normal Gene Expression Profiling and
Interactive Analyses. Nucleic Acids Res. 2017, 45, W98–W102. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8339264
http://doi.org/10.1038/s41598-019-49885-5
http://www.ncbi.nlm.nih.gov/pubmed/31537844
http://doi.org/10.1634/theoncologist.2009-0058
http://doi.org/10.1126/science.1208130
http://doi.org/10.3390/cancers9120169
http://doi.org/10.1038/nature25492
http://doi.org/10.1126/sciimmunol.aav3937
http://doi.org/10.1002/mc.22881
http://doi.org/10.1016/S1470-2045(21)00136-4
http://doi.org/10.1038/s41416-018-0144-4
http://www.ncbi.nlm.nih.gov/pubmed/29921949
http://doi.org/10.1158/1078-0432.CCR-19-1040
http://www.ncbi.nlm.nih.gov/pubmed/31615933
http://doi.org/10.1111/cas.15081
http://www.ncbi.nlm.nih.gov/pubmed/34309966
http://doi.org/10.1002/ijc.32501
http://doi.org/10.1172/JCI73093
http://doi.org/10.1093/nar/gkx247

	Introduction 
	Results 
	Upregulation of PD-L1 Expression in OSCC Cell Lines by EGF through the EGFR/PI3K/AKT, EGFR/MEK/ERK, and/or EGFR/STAT1 Pathways 
	Upregulation of PD-L1 Expression in OSCC Cell Lines by IFN- through the JAK2/STAT1 Pathway 
	MF-IHC Staining of HSC3 Cells and OSCC Tissues 
	Relationship between PD-L1 Expression, Phosphorylation of EGFR and STAT1, and Lymphocyte Infiltration in OSCC Tissues 

	Discussion 
	Materials and Methods 
	OSCC Cell Lines 
	Clinical Samples 
	Cell Treatment and Reagents 
	Flow Cytometry 
	Western Blotting 
	Multi-Color Immunofluorescence Histochemistry (MF-IHC) 
	Image Analysis 
	Database Analysis 
	Statistical Analysis 

	References

