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ABSTRACT

Introduction: The interaction between the programmed cell death
protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) is known
to suppress T cell function. The overexpressed PD-L1 in tumor cells
inhibits the antitumor effect of the cytotoxic T cells by binding PD-1
on the tumor-infiltrating cytotoxic T cells, and then creates a
favorable environment for the survival of tumor cells. Although the
pathways involved in the expression of PD-L1 remain unclear,
immunotherapy against PD-1 and PD-L1 has been tried in various
malignant tumors, including renal cell carcinomas. Recent studies
reported that activation of epidermal growth factor receptor (EGFR),
and thereby activation of extracellular signal-regulated kinase (ERK),
resulted in expression of PD-L1 in non-small cell lung cancer.
Previous studies showed EGFR is overexpressed in clear cell renal
cell carcinomas (CCRCC) and other studies showed phosphorylated
extracellular signal-regulated kinase 1/2 (p~ERK1/2) and PD-L1 are
also expressed in CCRCC. It is uncertain however what are roles of
these key molecules in the growth of CCRCC and how they are
regulated. In this study, I evaluated EGFR-ERK1/2-PD-L1 pathway
in CCRCC to elucidate the significance of expression of PD-L1 in the
activation of EGFR and ERKI1/2.

Methods: To study signaling pathways involved in PD-L1 regulation
mediated by p-ERK1/2, I performed western blot analysis for two
human CCRCC cell lines, Caki-1 and Caki-2 after treatment with



stimulant of ERK1/2 pathway, recombinant human epidermal growth
factor or inhibitor of ERKI1/2 pathway, U0126. 1 performed
immunohistochemical staining for PD-L1, EGFR and p-ERKI1/2 for
368 CCRCC surgical samples and analyzed the correlation between
each degree of staining and clinicopathologic factors. To wvalidate the
immunohistochemical results of formalin—fixed paraffin-embedded
(FFPE) samples, I examined 16 fresh frozen CCRCC samples and
analyzed the relationship of PD-L1 and p-ERKI1/2 protein expression
level by western blot analysis.

Results: I identified a change in PD-L1 expression upon artificial
stimulation and inhibition of the ERKI1/2 pathway in the Caki-1
CCRCC cell line by western blot analysis, although this was not
observed in Caki-2 cell line. I also found a positive correlation
between p-ERK1/2 expression and PD-L1 expression by
immunohistochemical staining of FFPE samples. (Pearson r=0.324,
p<0.001) I wvalidated that relationship by western blot analysis of
fresh frozen surgical samples. (Pearson r=0.748, p=0.001)

Conclusions: In this study, the ERKI1/2-PD-L1 pathway was
confirmed by in vitro and in vivo assay as a new mechanism of
PD-L1 upregulation in CCRCC that has not been known until now.
This would contribute to presenting a new mechanism of the
pathogenesis of CCRCC by identifying the pathway involved in
PD-L1 expression, and the combination of p-ERK1/2 and PD-L1
immunohistochemical staining could be used as a therapeutic response

predictor for anti-PD-1/PD-L1 therapy in the future.
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LIST OF ABBREVIATIONS

PD-1: Programmed cell death protein 1

PD-L1: Programmed death-ligand 1

RCC: Renal cell carcinoma

NSCLC: Non-small cell lung cancer

CCRCC: Clear cell renal cell carcinoma

EGFR: Epidermal growth factor receptor

IHC: Immunohistochemistry

ERK: Extracellular signal-regulated kinase

MAPK: Mitogen—activated protein Kkinase

p—ERK: Phosphorylated extracellular signal-regulated kinase
FFPE: Formalin—fixed paraffin—embedded

EGF: Recombinant human epidermal growth factor
TMA: Tissue microarray

OS: Overall survival time

PFS: Progression-free survival time

AUC: Area under the curve

HR: Hazard ratio

CIL: Confidence interval

TKI: Tyrosine kinase inhibitor
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INTRODUCTION

It is known that programmed cell death protein 1 (PD-1), also known
as CD279 (cluster of differentiation 279), is a T cell-inhibitory
receptor that binds with its ligand to inhibit T cell apoptosis,
cytokine secretion, and T cell clonal expansion, and as a result, it
suppresses T cell function. PD-L1 (Programmed death-ligand 1, also
known as B7-H1), which is one of the ligands of PD-1, is aberrantly
expressed in various cancers, including renal cell carcinoma (RCC),
melanoma, non-small cell lung cancer (NSCLC), urothelial carcinoma,
breast carcinoma and ovarian carcinoma, and its high expression has
been reported to be associated with poor prognosis in various
cancers. (1-19) The overexpressed PD-L1 in tumor cells inhibits the
antitumor effect of the cytotoxic T cells by binding PD-1 on the
tumor-infiltrating cytotoxic T cells, and then creates a favorable
environment for the survival of tumor cells. (20)

Recently, treatment using monoclonal antibodies against PD-1 and
PD-L1 has been actively attempted as a new cancer treatment that
targets the immune system rather than directly attacking tumor cells.
(21-29) With inhibition of the interaction between the two by PD-1
and PD-L1 inhibitors, the function of cytotoxic T cells against the
tumor cells is enhanced to treat the tumor. (20)

RCC is the most common carcinoma originating from the kidney, and
clear cell renal cell carcinoma (CCRCC) is the most common subtype.

Since recurrence and metastasis are common, a variety of targeted
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therapies for advanced RCC have recently been tried. (30, 31)
Immunotherapy against PD-1 and PD-L1 has been tried in various
malignant tumors, including RCCs, and positive results are being
reported. (32)

In 2006, it was reported that PD-L1 was overexpressed in many
RCCs associated with poor prognosis. (13) Although its prognostic
effect is still controversial, it has been reported in association with
poor prognosis of RCC patients in most published results. (6, 10, 11,
16, 17) The pathways involved in the expression of PD-L1 remain
unclear, but studies are underway. (33, 34)

Epidermal growth factor receptor (EGFR) has been reported to be
associated with carcinogenesis in many epithelial tumors. In CCRCC,
genetic alterations of EGFR has been rarely reported despite wide
investigations (35-37) while EGFR expression via
immunohistochemistry (IHC) has been reported as a common finding.
(38, 39)

The extracellular signal-regulated kinase (ERK) is a part of the
mitogen—activated protein kinase (MAPK) cascades and includes
ERK1 and ERK2, also known as p44 and p42 MAPK. (40, 41) The
ERK pathway is activated by phosphorylation and is known to be
associated with cell signaling pathways controlling embryogenesis, cell
differentiation, proliferation and death. (40) ERK1 and ERK2 are often
referred to as ERK1/2 due to their high structural and functional
similarities, although the coding genes are different. (42)

Phosphorylated extracellular signal-regulated kinase 1/2 (p~ERK1/2)
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has been demonstrated to be associated with carcinogenesis in many
human cancers. Previous studies showed that the MAPK cascade was
activated in a significant number of RCCs via western blot analysis,
in vitro kinase assays using fresh tissue (43) and IHC using
formalin—fixed paraffin-embedded (FFPE) CCRCC samples. (42, 44)
Previous studies on NSCLC surgical specimens and cell lines have
suggested that PD-L1 expression was associated with the EGFR
pathway.(45-47) A recent study suggested that PD-L1 expression
was induced by EGFR activation through the ERK pathway but not
through AKT pathway in NSCLC cell lines. (48)

Previous studies showed EGFR 1is overexpressed in clear cell renal
cell carcinomas (CCRCC) and other studies showed phosphorylated
extracellular signal-regulated kinase 1/2 (p~ERK1/2) and PD-L1 are
also expressed in CCRCC. It is uncertain however what are roles of
these key molecules in the growth of CCRCC and how they are
regulated. In this study, I evaluated EGFR-ERK1/2-PD-L1 pathway
in CCRCC to elucidate the significance of expression of PD-L1 in the
activation of EGFR and ERK1/2 in CCRCC cell lines and human
CCRCC tissues.



MATERIALS AND METHODS

Cell culture

Two human CCRCC cell lines, Caki-1 and Caki-2, were purchased
from the Korean Cell Line Bank (KCLB, Seoul, Korea) and
maintained in a humidified atmosphere at 37°C with 5% CO2 in

media supplemented with 10% fetal bovine serum.

Stimulant and inhibitor treatment assays

To study signaling pathways involved in PD-L1 regulation mediated
by p-ERK1/2, the following stimulants and inhibitors of ERKI1/2
pathway were used: Caki-1, 2 cells were serum-starved for 2 hours,
then treated with 50 ng/ml EGF (recombinant human epidermal
growth factor; Invitrogen, CA, United States) or treated with 30 mM
U0126 (1,4-diamino-2,3-dicyano—1,4-bis[2—- aminophenylthio] butadiene;
Cell Signaling Technology, Beverly, MA, USA). Cells were harvested
for western blot analysis. After treatment with 30 mM U0126 for 3

or 4 hours, cells treated with 50 ng/ml EGF were also harvested.

Western blot analysis

Cell lysates were resolved using a 10% polyacrylamide gel in a
sodium dodecyl sulfate buffer by electrophoresis and then transferred
onto nitrocellulose membranes. After transfer onto a nitrocellulose

membrane, the blots were incubated with rabbit monoclonal antibody
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for human p~ERK1/2 (Cell Signaling Technology, Beverly, MA, USA)
or rabbit polyclonal antibody for human PD-L1 (Novus Biologicals,
Littleton, CO, USA).

Patients and tissue microarray

I examined 368 CCRCC samples from patients who underwent radical
or partial nephrectomy at Seoul National University Hospital between
2005 and 2008. Tissue microarray (TMA) blocks were made from
representative tumor core sections (2 mm in diameter) from each
formalin—fixed paraffin block (SuperBioChips Laboratories, Seoul,
Korea). I reviewed the hematoxylin and eosin-stained slides for all
samples in order to confirm the adequacy of diagnosis and regraded
tumors as grade 1 to 4 according to the WHO/ISUP grading system.
(49) T collected clinical and pathological information from electronic
medical records and pathologic reports. The follow-up period of the
patients ranged from O to 135 months, and the median follow-up
period was 67.5 months. This study was approved by the Institutional

Review Board of Seoul National University Hospital.

Immunohistochemistry

Immunohistochemical staining for PD-L1, p-ERK1/2 and EGFR
expression was performed on 4-um-thick sections taken from the
TMA. IHC was performed using the Ventana Benchmark XT

automated staining system (Ventana Medical Systems, Tucson, AZ,

USA). Rabbit polyclonal antibody for human PD-L1 (ab58810, Abcam,



Cambridge, UK) was diluted 1:100, rabbit monoclonal antibody for
human p-ERK1/2 (Cell Signaling Technology, Beverly, MA, USA)
was diluted 1:100, and mouse monoclonal antibody for the
extracellular domain of human EGFR protein (Ventana Medical
Systems, Tucson, AZ, USA) was not diluted. Immunohistochemically
stained TMA slides were reviewed separately by two pathologists

who were blinded to the clinicopathologic parameters.

Fresh frozen sample study

To wvalidate the immunohistochemical results of FFPE samples, I
examined 16 fresh frozen CCRCC samples from patients who
underwent radical or partial nephrectomy at Seoul National University
Hospital in 2011. These samples were collected at Seoul National
University Hospital Human Biobank and stored at —-180°C in liquid
nitrogen until use. I analyzed the EGFR and p-ERKI1/2 protein
expression level of each tumor by western blot analysis using the

procedure described above.

Statistical Analysis

Statistical analysis was performed with the statistics program SPSS
ver. 25.0 (IBM Co., Armonk, NY, USA). The Chi-square test was
used to analyze the relationship between the PD-L1 expression level
and treatment with stimulants or inhibitors and between PD-L1I,
p~ERK1/2, EGFR immunohistochemical staining and clinicopathologic

parameters. Correlations were determined by the Pearson correlation
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analysis. Receiver operating characteristic (ROC) curves were used to
obtain optimal cut-off values of each immunohistochemical staining.
Optimal cut-off values with improved sensitivity and specificity were
obtained based on the highest Youden index. (50) Survival curves
were plotted using the Kaplan-Meier method, and differences in
survival were compared using the log-rank test. The importance of
various varlables in predicting survival was analyzed using a
multivariate Cox proportional hazard model. A p-value of less than

0.05 was considered statistically significant.



RESULTS

PD-L1 and p-ERK1/2 expression following

treatment with stimulants and inhibitors

Western blot analysis showed that PD-L1 expression did not change
with EGF treatment in both Caki-1 and Caki-2 CCRCC cell lines.
(Figure 1) Additionally, PD-L1 expression was suppressed by U0126
treatment in the Caki-1 CCRCC cell line but not in Caki-2. (Figure
2A, 2D) After 3 hours of treatment with U0126, Caki-1 cells treated
with EGF for 2 hours showed initially reduced PD-L1 expression,
which then increased again. (Figure 2B) After 4 hours of treatment
with U0126, Caki-1 cells treated with EGF also showed initially

reduced PD-L1 expression, which then increased again. (Figure 2C)

Basic clinicopathologic characteristics

Of the 368 patients in this study, 277 (75.3%) were males and 91
(24.7%) were females. The age at diagnosis was between 20 and 81
years old. The mean age (SD) and median age were 56.5 (11.8) years
and 58 years, respectively. I classified the patients into two groups:
younger than 57 years or older than 57 years. Six cases (1.6%) were
WHO/ISUP grade 1, 174 cases (47.3%) were grade 2, 170 cases
(46.2%) were grade 3 and 18 cases (4.9%) were grade 4. The tumor
size ranged from 0.5 to 150 cm, and the mean size (SD) was 4.3

(3.0) cm. According to the prognostic classification of the American
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Joint Committee on Cancer 8th edition, the T categorization was as
follows: 289 cases were T1 (785%), 22 cases were T2 (6.0%), 47
cases were T3 (12.8%) and 10 cases were T4 (2.7%). Additionally,
the prognostic stages were as follows: 282 cases were stage I
(76.6%), 18 cases were stage II (4.9%), 37 cases were stage III
(10.1%) and 31 cases were stage IV (8.4%). (51) (Table 1)

Immunohistochemical analysis of EGFR and
p—~ERK1/2 and their relationship with PD-L1

expression

I analyzed the percentage of tumor cells showing more than moderate
intensity of membranous staining in EGFR and PD-L1 IHC, and more
than moderate intensity of nuclear staining in p~ERK1/2 IHC among
all tumor cells. I analyzed the correlation between the percentage in
EGFR, p-ERK1/2 and PD-L1, respectively. There was a statistically
significant positive correlation between p-ERK1/2 and PD-L1
(Pearson 1=0.324, p<0.001), while there was no correlation between
EGFR and PD-L1 (Pearson r=0.069, p=0.184) or EGFR and p-ERK1/2
(Pearson r=-0.055, p=0.296). (Figure 3) When analyzed according to
the patients’ stage, there was a positive correlation between
p~ERK1/2 and PD-L1 (Pearson r=0.350, p<0.001) in 282 patients with
stage I, while there was no correlation between EGFR and PD-L1
(Pearson 1=-0.054, p=0.366) or EGFR and p-ERKI1/2 (Pearson
r=-0.044, p=0.460). When 86 patients with stage II-IV were included,



there was a still positive correlation between p-ERK1/2 and PD-L1
(Pearson r=0.306, p=0.004), also EGFR and PD-L1 (Pearson r=0.318,
p=0.003) but EGFR and p-ERK1/2 were not associated (Pearson
r=0.107, p=0.327). Similar results were observed when analyzed for 68
patients with only stage III and IV (Pearson r=0.331, p=0.006, Pearson
r=0.292, p=0.016 and Pearson r=0.070, p=0.570 respectively).

Immunohistochemical analysis of EGFR,
p—ERK1/2, PD-L1 and its relationship with

clinicopathologic characteristics

I performed ROC curve analysis for each immunohistochemical
staining results. For grouping by EGFR staining, the cut-off value of
overall survival time (OS) and progression—free survival time (PFS)
were all 22.5%. The area under the curve (AUC) were 0.694 and
0.697 for OS and PFS (all p<0.001). (Figure 4A, 4B) Among 368
cases, 122 cases (33.2%) showed high expression of EGFR and 246
cases (66.8%) showed low expression. (Figure 5)

For grouping by p-ERK1/2 staining, the cut-off value of OS and
PFS were all 16.25%. The AUC were 0.585 and 0.571 for OS and
PFS (p=0.083 and 0.089 respectively). Although not statistically
significant, the cut-off value was determined to maximize the Youden
index, since the cut-off value for grouping by p-ERKI1/2 staining
was not known. Among 368 cases, 146 cases (39.7%) showed high
expression of p-ERK1/2 and 222 cases (60.3%) showed low
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expression. (Figure 6)

For grouping by PD-L1 staining, the cut-off value of OS and PFS
were all 17.5%. The AUC were 0.500 and 0.526 for OS and PFS
(p=0.998 and 0541 respectively). Although this value was not
statistically significant, I did not have established criteria for PD-L1
expression, so I categorized cases according to this criterion. Among
368 cases, 204 cases (55.4%) showed high expression of PD-L1 and
164 cases (44.6%) showed low expression. (Figure 7)

PD-L1, EGFR and p-ERK1/2 expression by IHC and its relationship
with clinicopathologic parameters is as follows. (Table 1) PD-L1
expression was statistically correlated with young age group (<57)
(p=0.043), male patients (p<0.001), a smaller tumor size (<5 cm)
(p=0.002) and a lower T category (p=0.029), but the presence of node
metastasis (p=0.010). It was also associated with better prognostic
stage, but it was not statistically significant (p=0.060). EGFR
expression was correlated with old age group (=57) (p<0.001), a
higher WHO/ISUP grade (p<0.001), a larger tumor size (=5 cm)
(p<0.001), a higher T category (p<0.001), the presence of distant
metastasis (p=0.002) and worse prognostic stage (p<0.001). P-ERK1/2
expression was also correlated with a lower WHO/ISUP grade
(p<0.001), a smaller tumor size (<5 cm) (p<0.001), a lower T
category (p<0.001), the absence of distant metastasis (p=0.029) and

better prognostic stage (p=0.001).

Survival analysis of CCRCC patients according to
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clinicopathologic parameters

I analyzed the OS and PFS of CCRCC patients according to each
clinicopathologic parameter via the Kaplan—-Meier method. Significantly
poor OS was observed for old age group (=57) (p=0.026), a higher
WHO/ISUP grade (p<0.001), a larger tumor size (=5 cm) (p<0.001),
a higher T category (p<0.001), the presence of node metastasis
(p<0.001), the presence of distant metastasis (p<0.001), and worse
prognostic stage (p<0.001), while there was no difference according to
sex (p=0.946). Additionally, significantly poor PFS was observed in a
higher WHO/ISUP grade (p<0.001), a larger tumor size (=5 cm)
(p<0.001), a higher T category (p<0.001), the presence of node
metastasis (p<0.001), the presence of distant metastasis (p<0.001) and
worse prognostic stage (p<0.001), while there was no difference

according to age (p=0.081) and sex (p=0.960). (Figure &)

Survival analysis of CCRCC patients according to

EGFR, p-ERK1/2 and PD-L1 expression

Survival analysis was performed according to EGFR, p~-ERK1/2 and
PD-L1 expression status. Higher EGFR expression was associated
with poor OS (p<0.001) and PFS (p<0.001) of the patients. Higher
p~ERK1/2 expression was associated with favorable survival of the
patients, although not statistically related to PFS (OS: p=0.024, PFS:
0.061). PD-L1 expression was not associated with patients’ survival

(0S: p=0.342, PFS: 0.238). (Figure 9)
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When analyzed according to the patients’ stage, p-ERK1/2 and
PD-L1 expression was not associated with the survival of stage I
patients (OS: p=0.704, PFS: 0.746 and OS: 0.818, PFS: 0.505,
respectively). Also p-ERK1/2 and PD-L1 expression was not
associated with the survival of stage II-IV patients (OS: p=0.775,
PFS: 0907 and OS: 0.587, PFS: 0.414, respectively). Similar results
were observed when analyzed for the patients with only stage III and

IV (OS: p=0.309, PFS: 0.599 and OS: 0.691, PFS: 0.358, respectively).

Cox regression analysis of patient survival

Univariate cox regression analysis showed significant correlation with
age (<57 or not) (p=0.030), WHO/ISUP grade (p<0.001), tumor size
(<5cm or not) (p<0.001), T -category (p<0.001), node metastasis
(p<0.001), distant metastasis (p<0.001), stage (p<0.001), EGFR
expression (p<0.001), p~ERK1/2 expression (p=0.028) and OS. Also it
showed significant correlation with WHO/ISUP grade (p<0.001),
tumor size (<5cm or not), T category (p<0.001), node metastasis
(p<0.001), distant metastasis (p<0.001), stage (p<0.001), EGFR
expression (p<0.001) and PFS. (Table 2) However, adjusted
multivariate analysis of age, WHO/ISUP grade and stage revealed
that EGFR and p-ERKI1/2 expression was not independently
correlated with OS of the patients (p=0.630 and 0.274, respectively).
Also adjusted multivariate analysis of WHO/ISUP grade and stage
revealed that EGFR expression was not independently correlated with

PFS (p=0.051). (Table 2)
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When analyzed according to the patients’ stage, univariate cox
regression analysis showed no correlation with age (<57 or not)
(p=0.458), sex (p=0.140), WHO/ISUP grade (p=0.354), EGFR
expression  (p=0.135), p-ERK1/2 expression (p=0.707), PD-L1
expression (p=0.819) and OS in 282 patients with stage I. Also it
showed no correlation with age (<57 or not) (p=0.759), sex (p=0.190),
WHO/ISUP grade (p=0.630), p~ERK1/2 expression (p=0.746), PD-L1
expression (p=0.508) and PFS in patients with stage I, except EGFR
expression (Hazard ratio (HR) 6.057, Confidence interval (CI) 1.821 to
20.149, p=0.003). When 86 patients with stage II-IV were included,
there was no correlation with age (<57 or not) (p=0.391), sex
(p=0.604), EGFR expression (p=0.231), p-ERK1/2 expression (p=0.776),
PD-L1 expression (p=0.589) and OS, except WHO/ISUP grade (HR
4.068, CI 1.245 to 13.289, p=0.020). Also it showed no correlation with
age (<57 or not) (p=0.621), sex (p=0.464), EGFR expression (p=0.094),
p~ERK1/2 expression (p=0.909), PD-L1 expression (p=0.421) and PFS
in patients with stage II-IV, except WHO/ISUP grade (HR 5.285, CI
1.630 to 17.136, p=0.006). Similar results were observed when analyzed
for 68 patients with only stage III and IV. It showed no correlation
with age (<57 or not) (p=0.186), sex (p=0.965), WHO/ISUP grade
(p=0.062), EGFR expression (p=0.800), p~ERK1/2 expression (p=0.315),
PD-L1 expression (p=0.693) and OS in patients with stage III and IV.
Also it showed no correlation with age (<57 or not) (p=0.377), sex
(p=0.893), EGFR expression (p=0.314), p~-ERK1/2 expression (p=0.605),
PD-L1 expression (p=0.367) and PFS in patients with stage III and
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IV, except WHO/ISUP grade (HR 4.873, CI 1.172 to 20.261, p=0.029).

The relationship between p-ERK1/2 and PD-L1
expression by western blot analysis using fresh

CCRCC surgical specimens

I analyzed p~ERK1/2 and PD-L1 expression by western blot analysis
to validate the relationship observed in FFPE samples by IHC. I used
16 fresh-frozen CCRCC surgical specimens, and there was a
statistically  significant positive correlation between p-ERKI1/2
expression levels and PD-L1 expression levels (Pearson 1=0.748,

p=0.001). (Figure 10)
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DISCUSSION

The interaction of PD-1 and its ligand PD-L1 inhibits T cell
apoptosis, cytokine secretion, and T cell clonal expansion, and as a
result, it suppresses T cell function. The overexpressed PD-L1 in
tumor cells inhibits the antitumor effect of the cytotoxic T cell by
binding to PD-1 on the tumor-infiltrating cytotoxic T cell, and then
creates a favorable environment for the survival of tumor cells. (20)
As mentioned earlier, PD-L1 is aberrantly expressed in various
cancers including RCC and its high expression has been reported to
be associated with poor prognosis in various cancers due to reducing
the antitumor effect of immune cells. (1-19) Although the pathways
involved in the expression of PD-L1 remain unclear, immunotherapy
has been attempted with favorable results in a variety of malignant
tumors including RCC in a way that treats tumors by blocking the
interaction of PD-1 and PD-L1 to enhance the function of cytotoxic
T cells on the tumor. (20, 32) In 2006, it was reported that PD-L1
was overexpressed in many RCCs associated with poor prognosis.
(13) Although its prognostic effect is still controversial and my data
did not show a significant correlation between PD-L1 expression and
clinicopathologic factors, it has been reported in association with poor
prognosis of RCC patients in most published results. (6, 10, 11, 16,
17)

The EGEFR belongs to the ErbB family of receptor tyrosine kinases.

(52) These trans—membrane proteins are activated following binding
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with peptide growth factors of the EGF-family of proteins. (52) The
physiological function of EGFR 1is to regulate epithelial tissue
development and homeostasis. (53) EGFR is commonly upregulated in
many carcinomas including NSCLC, metastatic colorectal cancer,
glioblastoma, head and neck cancer, pancreatic cancer, and breast
cancer. (54) Various mechanisms mediate the upregulation of EGFR
activity and these EGFR alterations activate downstream oncogenic
pathways, including the RAS-RAF-MEK-ERK-MAPK and
AKT-PIBK-mTOR pathways. (54) This pathway activates many
biological processes involved in tumor formation and progression. (54)
Anti-EGFR therapies, including tyrosine Kkinase inhibitors (TKIs),
have been performed in a variety of carcinomas including NSCLCs,
colorectal carcinomas and head and neck squamous cell carcinomas.
(55) Anti-EGFR therapy has also been tried in RCC patients, but the
effectiveness of the treatment has not been proven. (56, 57) Some
studies have explained this based on the rarity of genetic alteration
of EGFR in RCCs. (39) Although the genetic alteration has been
unproven, EGFR immunoreactivity has been reported in 50-90% of
RCCs compared to non-neoplastic renal tissues in the literature. (35,
39) The mechanism of EGFR expression without specific genetic
alteration is not fully known, some studies have suggested that the
function of von Hippel-Lindau (VHL) tumor suppressor gene, which
i1s a major genetic alteration of CCRCC, is associated with EGFR
signaling. (58, 59) Moreover, immunohistochemically high expression

of EGFR is known to be an unfavorable prognostic factor in CCRCC
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despite its unclear pathogenesis. (38, 39, 60) My result showed that
EGFR was expressed in many CCRCCs, and its expression levels
were correlated with adverse prognostic factors, such as a higher
WHO/ISUP grade, a larger tumor size, a higher stage and poor
clinical outcome by OS and PFS.

As mentioned earlier, ERK1/2 is a part of MAPK cascades and
activated ERK pathway by phosphorylation is known to play an
important role in cell proliferation in mature differentiated eukaryotic
cells (61) and tumorigenesis in many human cancers. (62) A previous
study showed that the ERK pathway was activated in many RCCs
via western blot analysis, in vitro Kkinase assays using fresh tissue.
(43) Other study showed that ERK1/2 activation through p-ERK1/2
IHC was found to be overexpressed in 33% of CCRCC surgical
specimens and was associated with a favorable prognosis in patients.
(42) Conversely, in another study, p~ERK expression was observed in
36% of RCCs and high expression was associated with poor
prognostic factors such as increased tumor size and stage. (44)
Although the clinical implications of ERK1/2 activation are
controversial, my data showed that overexpressed p-ERKI1/2 in
CCRCC samples was correlated with favorable prognostic factors,
such as a lower WHO/ISUP grade, a smaller tumor size, a lower
stage and good clinical outcome by OS and PFS.

The molecular mechanism of PD-L1 expression in tumor cells and its
associated factors have been widely studied; however, it remains

largely unknown. (33, 34) A previous study suggested that PD-L1
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expression was associated with the EGFR pathway on the basis that
PD-L1 expression was elevated in NSCLC surgical specimens and
cell lines with EGFR mutations compared to those with wild-type
EGFR. (45) Similarly, it was reported that the expression of PD-L1
was increased in NSCLC cell lines with EGFR mutations and was
reduced by EGFR inhibitors. (46) It was also reported that the
response rate in NSCLC patients treated with EGFR tyrosine kinase
inhibitors was correlated with the PD-L1 expression of cancer cells.
(47) From this point of view, several clinical trials are in progress to
assess the effectiveness of adding PD-1/PD-L1 blockade therapy in
EGFR-mutated NSCLC cancer patients. (63, 64)

As a downstream pathway of EGFR signaling that is associated with
PD-L1 expression, a recent study suggested that PD-L1 expression
was induced by EGFR activation through the ERK pathway in
NSCLC cell lines. (48) They also explained that EGFR-TKI not only
directly inhibited the wviability of tumor cells but also indirectly
enhanced antitumor immunity through down-regulation of PD-L1. (48)
Similarly, the expression of PD-L1 was increased in BRAF
inhibitor-resistant melanoma cell lines, and the ERK pathway was
involved in the expression of PD-L1, which was confirmed by
observing that the expression of PD-L1 decreased upon treatment
with the MEK inhibitor U0126, which inhibited the ERK pathway.
(65) In addition, various signaling pathways, including IFN-y, NF-kB,
PISK/AKT, and mTOR, have been reported in association with

PD-L1 expression in various human cancers. (33, 34, 66-82)
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Therefore,

PD-L1 expression was associated with many different pathways in
various human cancers. Unlike other cancers, the pathways associated
with PD-L1 expression have rarely been studied in CCRCC.

In this study, I identified a change in PD-L1 expression upon
artificial stimulation and inhibition of the ERKI1/2 pathway in the
Caki-1 CCRCC cell line by western blot analysis, although this was
not observed in Caki-2. I also found a relationship between p-ERK1/2
expression and PD-L1 expression by immunohistochemical staining of
FFPE samples from a number of CCRCC surgical specimens. I
validated that relationship by western blot analysis of fresh frozen
surgical samples. Through a comparative analysis of the results, I
ensured the reliability of the immunohistochemical results in FFPE
samples. I analyzed the interrelation of these expressions and their
relation to the clinicopathologic parameters for a number of CCRCC
surgical specimens. Although my data did not show a significant
correlation between PD-L1 expression and clinicopathologic factors,
the prognosis of CCRCC patients and EGFR expression level, I found
that the ERK pathway might be one of the complex pathways
associated with PD-L1 expression in CCRCC, as in NSCLC or
melanoma, although the role of EGFR mutations was reported to be
different. In addition, I suggested the clinical significance and function
of immunohistochemical staining of PD-L1 and p-ERK1/2 in FFPE
samples, and the combination of p-ERK1/2 and PD-LI1

immunohistochemical results instead of PD-L1 alone would help to
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develop more accurate therapeutic response prediction for
anti-PD-1/PD-L1 therapy.

Anti-PD-1/PD-L1 therapy, which is currently being tried for medical
therapy, 1s expected to be effective in patients with high expression
of PD-L1, but there are exceptional cases so it is difficult to predict
the precise therapeutic response compared to other targeted therapy.
Since the expression level of PD-L1 is assessed by IHC, the
accuracy of this result is important. Several different PD-L1 IHC
assays have been approved by the FDA as companion diagnostics or
complementary diagnostics in NSCLC. Some studies comparing the
equivalence of these tests have been carried out and have produced
satisfactory results. (83-85) Although studies on PD-L1 testing as a
biomarker in RCC are underway, there is no standard test yet. (86) I
tested several PD-L1 antibodies, including clone EIL3N (Cell
Signaling Technologies, Danvers, MA), SP263 (Ventana Medical
Systems, Tucson, AZ), 22C3 (Dako, Carpinteria, CA), and abb83810
(Abcam, Cambridge, MA). PD-L1 expression in CCRCC was not
found to be as high as in NSCLC under the conditions and
equipment used in NSCLC using clone E1L3N, SP263 and 22C3. 1
could achieve comparable expression levels under-modified conditions
using the clone abb8810. Previous studies have shown the desired
results using clone abb8810 in various human cancers, including
NSCLC. (47, 87) These differences of PD-L1 immunohistochemical
results using several antibodies in CCRCC compared to NSCLC

suggested the differences of quantified expression level according to

- 21 - s g kel gy



the difference of associated pathways, such as EGFR mutations. It
will become more apparent in the process of standardizing the assay
along with trying anti-PD-1/PD-L1 therapy in CCRCC patients.

In this study, the ERK1/2-PD-L1 pathway was confirmed by in vitro
and in vivo assay as a new mechanism of PD-L1 upregulation in
CCRCC that has not been known until now. This would contribute to
presenting a new mechanism of the pathogenesis of CCRCC by
identifying the pathway involved in PD-L1 expression, and the
combination of p~ERK1/2 and PD-L1 immunohistochemical staining
could be used as a therapeutic response predictor for

anti-PD-1/PD-L1 therapy in the future.
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Table 1. Immunohistochemical results of PD-L1, EGFR, p-ERKI1/2

and its relationship with clinicopathologic characteristics

PD-L1 EGFR p-ERK1/2
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Table 2. Univariate and multivariate Cox regression analysis of OS

and PFS
Univariate analysis Multivariate analysis
Parameter
HR 95% CI ) HR 95% CI )
Age <57 vs. 57 2095  1.076-4.079 0.030 1679 0858-3288  0.131
Sex Male vs. Female 1025  0.500-2.104 0.946
WI}OQSVEPSQTC‘G 12957 3774-39807  <0.001 3788  1.105-12.983  0.034
Tumor size B
e e 21937  7.794-61.746  <0.001
T category _
L3resy 11233 5884-21.445  <0.001
0S Node mets 10313 4520-23531  <0.001
No vs. Yes ' ) : .
Distant mets ~
No ve To 54850 27.227-110498  <0.001
Stage I, I vs I, IV 41434 16.167-106.189 <0.001 26334 9.933-69.816 <0.001
PD-L1 expression _
Low va Hioh 0739  0.394-1.384 0.345
EGFR expression B B
Tow 78 o 3592 18836852  <0.001 1179  0.604-2299 0630
p-ERK1/2 expression _ _
Low vs High 0435  0.206-0915 0.028 0659 0312-1392 0274
Age <57 vs. 57 1604  0.938-2.743 0.084
Sex Male vs. Female 1016  0.555-1.860 0.960
WI}OQSVLS]PSgZade 5514  2701-11.256  <0.001 2102  0965-4581  0.062
Tumor size B
e e e 12325  6215-24.442  <0.001
T category _
L2 e 883  5208-14991  <0.001
Node mets B
PFS NG e 10577  5.112-21.883  <0.001
Distant mets B
oant e 32177  18.012-57.484  <0.001
Stage I, I vs I, IV 18610 10.250-33.786  <0.001 12797 6.773-24.180  <0.001
PD-L1 expression B
Low vaHioh 0.731 0.433-1.234 0.241
EGFR expression 3900 99686705  <0.001 1777 0996-3.168  0.051
Low wvs. High : : : . : : .
p-ERKL/2 expression  5a0 03251035 0065

T.ow vs. High

HR, hazard ratio; CI, confidence interval; Mets, metastasis
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Figure 1. Western blot analysis of
following stimulants treatment. PD-L1
with EGF 50ng/ml treatment for 30min
Caki-2 (B) CCRCC cell lines.
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D Caki-2

PD-L1

p-ERK

Actin

PD-L1
o
S

Control U 30m U 1br U 2hr Control T 30min U 1hr U 2hr

Figure 2. Western blot analysis of PD-L1 and p-ERK1/2
following treatment with stimulants and inhibitors. PD-L1
expression was suppressed by U0126 treatment with U0126 30mM in
the Caki-1 CCRCC cell line but not in Caki-2. (A, D) After 3 hours
of treatment with U0126 30mM, Caki-1 cells treated with EGF
50ng/ml for 2 hours showed initially reduced PD-L1 expression,
which then increased again. (B) After 4 hours of treatment with
U0126 30mM, Caki-1 cells treated with EGF 50ng/ml also showed

initially reduced PD-L1 expression, which then increased again. (C)
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Figure 3. Immunohistochemical analysis of EGFR and p-ERK1/2
and their relationship with PD-L1 expression. There was a
positive correlation between p-ERK1/2 and PD-L1 (Pearson r=0.324,
p<0.001) (A), while there was no correlation between EGFR and
PD-L1 (Pearson r=0.069, p=0.184) (B) or EGFR and p-ERK1/2
(Pearson r=-0.055, p=0.296) (C).
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Figure 4. ROC curve for EGFR, p-ERK1/2 and PD-L1 staining.
For grouping by EGFR staining, the AUC were 0.694 and 0.697 for
OS and PFS (all p<0.001). (A, B) For grouping by p-ERK1/2
staining, the AUC were 0.585 and 0.571 for OS and PFS (p=0.083 and
0.089 respectively). (C, D) For grouping by PD-L1 staining, the AUC
were 0500 and 0526 for OS and PFS (p=0998 and 0.541

respectively). (E, F)
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Figure 5. EGFR expression in CCRCC. Among 368 cases, 246

cases (66.8%) showed low expression (A, B) and 122 cases (33.2%)

showed high expression. (C, D)
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Figure 6. P-ERK1/2 expression in CCRCC. Among 368 cases, 222

cases (60.3%) showed low expression (A, B) and 146 cases (39.7%)

showed high expression. (C, D)
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Figure 7. PD-L1 expression in CCRCC. Among 368 cases, 164
cases (44.6%) showed low expression (A, B) and 204 cases (55.4%)

showed high expression. (C, D)
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Figure 8. Kaplan—-Meier curves. OS and PFS according to
clinicopathologic parameters. Significantly poor OS was observed
for old age group (=57) (p=0.026), a higher WHO/ISUP grade
(p<0.001), a larger tumor size (=5 cm) (p<0.001), a higher T
category (p<0.001), the presence of node metastasis (p<0.001), the
presence of distant metastasis (p<0.001), and worse prognostic stage
(p<0.001), while there was no difference according to sex (p=0.946).
Additionally, significantly poor PFS was observed in a higher
WHO/ISUP grade (p<0.001), a larger tumor size (=5 cm) (p<0.001),
a higher T category (p<0.001), the presence of node metastasis
(p<0.001), the presence of distant metastasis (p<0.001) and worse
prognostic stage (p<0.001), while there was no difference according to

age (p=0.081) and sex (p=0.960).
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Figure 9. Kaplan—-Meier curves. OS and PFS according to
EGFR, p-ERK1/2 and PD-L1 expression. Higher EGFR expression
was associated with poor OS (p<0.001) and PFS (p<0.001) of the
patients. Higher p~-ERK1/2 expression was associated with favorable
survival of the patients, although not statistically related to PFS (OS:
p=0.024, PFS: 0.061). PD-L1 expression was not associated with
patients’ survival (OS: p=0.342, PFS: 0.238).
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Figure 10. P-ERK1/2 and PD-L1 expression using fresh CCRCC
surgical specimens. There was a positive correlation between
p~ERK1/2 expression levels and PD-L1 expression levels (Pearson

r=0.748, p=0.001). (A) Western blot analysis (B) Scatter plot

- 54 - s g kel gy



e

(PD-D3 =2 Fr=l]

N AEE THE 752 A

X &: Programmed cell death protein 1

programmed death-ligand 1 (PD-L1)2]

st slo=z dyA ok TFAEZAA HTdE PD-L1LS 4% I&4
ME =4 TAXS PD-13 Astste] AlX 54 T Axe g5F a3

44 (EGFR)¢] &4
A% x4 JA4ksta 4 (ERK)Y €437} vl 4
AlEH St A PD-L1 & S7het dagol BuHAtt. FHAXE
#39k (CCRCO)OIAN = EGFRO #H-do] 50-90%el A thebdo] e
, S1AkslEl ERK1/2 (p-ERK1/2) ¥ PD-L1 @& 9A] 247 48 A
Aol CCRCCONA oW 71do=z A5 x8S 3t
A7+ CCRCCellAl EGFR-ERKI1/2
zAbste]l PD-L1¢] 2 o]
A3t o3 FEHEAE Wz &4

- Hojst= AT HE

AVA]

2AH=AE dEA IA dv 2

EGFR¥} ERK1/2¢]
W P-ERK1/27} wi7l&k= PD-L1

A87] 98] A7 CCRCC AEFS
ERK1/2 74 Z9] A=
AL s F

FEHAE

=

o,

Ll

Caki-1 ¥ Caki-2& Ulfo=
A7t s AE A A (BGR)S) ©f
A A Q1 U0126< Pt 3k 3684
¢} CCRCC 43tod PD-L1, EGFR, p-ERK1/2 W19 %7
ser AMe ARSI A7e] A AEsk 9g WA AREe

=4 g3t 94 AnF 7

Al A=

H

western blot £41& A]

- 55 - ___:er _k:i_ -I_-]i



Z3k7] 918l 16709 A4 W% CCRCC A1&S o]43te] western blot

Fo1strh o WMaHE Caki-2 AZFAAE HA5A 2ok =@ 3
el gEe Wy 24 33 AL B9 pERKLZ @@} PD-LL @

A Alole] o] AAAAE e o (Pearson r=0.324, p<0.001) Al
A w4 e 249 western blot A2 1 FAAAE A
(Pearson r=0.748, p=0.001)

AE: o] A7E Sl AS/A deAA Ede CCRCCIA ¢ PD-L1
o]l A2 7oz ERK1/2-PD-LIEZE AMxXAd 2 AAxZ
A4S Fal sttt B AgelA &1E CCRCCel PD-L1 &
#ofsh= ERK1/2 A=+ &% CCRCCO #H 71d9 A= A4S
urel =l o] 82 Flolm, p-ERK1/2 % PD-L1 W =7 33t oA 4

1
o] z3ge 3 3 PD-1/PD-L1 X 5o thal bkg o =0 o] &= A

FRo]: FEHANY AIAMAESY; Programmed Cell Death 1 Ligand 1;
B7-H1 Antigen; ERK Pathway; ¥3 A% <1# 4=84); Blotting,

Western; ® 9 %7 3} 8+ A1

3 2011-21898

s - J’—'! -f.ﬂ- 1_'_” x-ﬁ]l_



	Introduction
	Material and Methods
	Results
	Discussion
	References
	Tables
	Figures
	Abstract in Korean


<startpage>9
Introduction 1
Material and Methods 4
Results 8
Discussion 16
References 23
Tables 35
Figures 38
Abstract in Korean 55
</body>

