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Inhibition of c-MET upregulates
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Xian Sun'?, Chia-Wei Li?, Wei-Jan Wang?3, Mei-Kuang Chen?#, Hui Li?®%, Yun-Ju Lai®, Jennifer L Hsu?, Paul
B Koller?, Li-Chuan Chan?, Pei-Chih Lee?7, Fang-Ju Cheng?’, Clinton Yam?#, Gong-Yan Chen?, Mien-Chie
Hung28°

1Department of Medical Oncology, Harbin Medical University Cancer Hospital, Harbin, People’s Republic of China;
2Department of Molecular and Cellular Oncology, The University of Texas MD Anderson Cancer Center, Houston,
TX 77030, USA; 3Department of Biological Science and Technology, Research Center for Tumor Medical Science,
China Medical University, Taichung 404, Taiwan; “MD Anderson Cancer Center, UTHealth Graduate School of
Biomedical Sciences, Houston, TX 77030, USA; °Department of Liver Surgery and Transplantation, Liver Cancer
Institute, Zhongshan Hospital, Fudan University and Key Laboratory of Carcinogenesis and Cancer Invasion,
Ministry of Education, Shanghai, People’s Republic of China; °Department of Neurology, McGovern Medical
School, The University of Texas Health Science Center at Houston, Houston, Texas, USA; "Graduate Institute

of Biomedical Sciences, China Medical University, Taichung 404, Taiwan; 8Graduate Institute of Biomedical
Sciences, Research Center for Cancer Biology, Center for Molecular Medicine, China Medical University, Taichung
404, Taiwan; °Department of Biotechnology, Asia University, Taichung 413, Taiwan

Received September 10, 2019; Accepted October 12, 2019; Epub February 1, 2020; Published February 15,
2020

Abstract: Non-small cell lung cancer (NSCLC) patients with c-MET dysregulation may benefit from c-MET inhibitors
therapy as inhibition of c-MET activity has emerged as a therapeutic approach against this disease. Although several
¢-MET inhibitors have been evaluated in multiple clinical trials in lung cancer, their benefits so far have been mod-
est. Thus, furthering our understanding of the mechanisms contributing to the lack of success of c-MET inhibitors
in clinical trials is essential toward the development of rational and effective combination strategies. Here we show
that exposure of NCSLC cell lines to c-MET inhibitor tivantinib increases their expression of PD-L1, which in turn
causes cells to become more resistant to T-cell killing. Mechanistically, inhibition of c-MET suppresses p-GSK3p,
leading to the stabilization of PD-L1 similar to that observed in liver cancer cells. Collectively, our findings suggest
a potential crosstalk between c-MET inhibition and immune escape and provide a rationale for the combination
therapy of c-MET inhibitors and immune checkpoint blockade in NSCLC.
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Introduction of NSCLC after EGFR-TKI treatment [3], c-MET

may be an excellent therapeutic target in recur-

Non-small cell lung cancer (NSCLC) is the lead-
ing cause of cancer-related deaths worldwide,
and a large number of NSCLCs, particularly
adenocarcinomas, are found to harbor driver
genes that promote tumor growth [1]. The
receptor tyrosine kinase ¢c-MET (also known as
hepatocyte growth factor receptor) is one of
the oncogenic drivers whose abnormalities
may contribute to the resistance to epidermal
growth factor receptor (EGFR) tyrosine kinase
inhibitors (TKI) [2]. Because dysregulation of
¢c-MET has been reported to occur in up to 26%

rent NSCLC due to EGFR-TKI resistance. For
instance, one of the ¢c-MET inhibitors tivantinib
was evaluated in combination with other tar-
geted therapies, such as EGFR TKI erlotinib, in
NSCLC [4]. However, compared with patients in
the control groups, those who received onartu-
zumab, a monoclonal antibody against c-MET,
plus erlotinib did not show improved clinical
outcomes [5]. In advanced non-small cell lung
cancer, the combination of c-MET inhibition and
other targeted therapies was also unsatisfac-
tory [6]. Moreover, in phase Il randomized dis-
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continuation trial of ¢c-MET inhibitor cabozan-
tinib, the interpretation of efficacy outcomes
were limited by early termination of the ran-
domized portion of the trial for nine tumor
types, including lung cancer [7]. Likewise, alth-
ough preliminary clinical activity was observed
for ¢c-MET inhibitor capmatinib and EGFR TKI
gefitinib in combination in a phase Ib/Il study
(INC280), no significant synergistic effects
were reported [3]. The ¢c-MET inhibitor tivantinib
also failed to meet its primary endpoint of
improving overall survival in phase Ill NSCLC
clinical trial [8]. All of these findings point to the
limited benefits of those inhibitors against
c-MET activities in the clinic. Although the fail-
ure of the combination of ¢-MET and EGFR
inhibitors to overcome EGFR inhibitor resis-
tance may be partially attributed to tumor het-
erogeneity due to activation of different onco-
kinases in different tumor cells within the same
lung tumor [9], it is not yet clear why c-MET
inhibitors in general failed in clinical trials for
NSCLC, which is known to harbor c-MET ampli-
fication and/or overexpression.

Programmed death-ligand 1 (PD-L1), also kn-
own as B7-H1 or CD274, binds to its receptor,
programmed cell death protein-1 (PD-1), which
can suppress tumor-infiltrating lymphocytes in
tumors. Inhibition of the PD-1/PD-L1 pathway
has demonstrated promising results in a num-
ber of cancer types [10], including a small pop-
ulation of NSCLC patients [11]. The improved
response rate of anti-PD-1/PD-L1 in the clinic
is highly encouraging, and preclinical studies
investigating various modifications in breast
and liver cancer and testing combination thera-
pies are actively ongoing to further enhance its
therapeutic efficacy [12, 13]. We recently re-
ported that c-MET inhibitors stabilized PD-L1 in
liver cancer cells and the combination of cap-
matinib, a c-MET inhibitor, and anti-PD-1 signifi-
cantly enhanced the therapeutic efficacy com-
pared with each agent alone in a liver cancer
animal models [14]. This prompted us to inves-
tigate the effect of ¢c-MET inhibitors on PD-L1
regulation in lung cancer cells, and the poten-
tial relationship between c-MET inhibitors and
immune escape to develop more effective ther-
apeutic approaches for c¢c-MET dysregulated
NSCLC. Our findings provide a partial explana-
tion for the lack of success of c-MET inhibitors
in clinical trials for NSCLC and pave the way for
the development of more effective combination
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therapies, such as combining c-MET inhibitors
and anti-PD-1/PD-L1 therapy, to treat NSCLC.

Material and method
Antibodies and reagents

The following antibodies were used in Western
blotting and immunofluorescence microsco-
py: PD-L1 (13684; Cell Signaling Technology,
Danvers, MA, USA), tubulin (B-5-1-2; Sigma-Al-
drich), c-MET (8198; Cell Signaling Technology),
and phosphorylated c-MET (3077; Cell Signaling
Technology). Tivantinib was purchased from
Selleck Chemicals (Houston, TX, USA); Puro-
mycin was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Phospho-specific antibodies
against phosphorylation of GSK3p at Y56 was
generated by EZBiolab (Carmel, IN, USA).

Cell culture, plasmids, and transfection

All cell lines were obtained from the ATCC (Ma-
nassas, VA, USA) and independently validated
by short tandem repeat DNA fingerprinting
using the AmpF_STR Identifiler kit according to
the manufacturer’s instructions (Applied Bio-
systems). The short tandem repeat profiles we-
re compared with and matched to known ATCC
fingerprints (ATCC.org) and to the Cell Line
Integrated Molecular Authentication database
(CLIMA) version 0.1.200808 (http://bioinfor-
matics.istge.it/clima/). Tests for mycoplasma
contamination were negative. Cells were main-
tained in Dulbecco’s modified Eagle’s medium/
F12 medium or RPMI 1640 medium supple-
mented with 10% fetal bovine serum. Lung can-
cer cells were transfected with a pGIPZ shRNA
vector (control; Thermo Fisher Scientific, Ro-
ckford, IL, USA) or pGIPZ shRNA against c-MET
to knockdown its expression. The c-MET shRNA
sequences are as follows (5’ to 3’): shRNA1: &’
CCATCCAGAATGTCATTCT 3’ and shRNA2: 5’ GC-
ATTAAAGCAGCGTATC 3’ (targeting the 3’-un-
translated region).

For the generation of stable NSCLC cells using
retroviral infection, recombinant retroviruses
were produced by co-transfecting HEK 293T
cells (Clontech, Palo Alto, CA, USA) with the
DVPR plasmid and VSV-G plasmids using
Lipofectamine 3000 (Invitrogen). Supernatants
containing viruses were harvested 48 hours
after transfection, centrifuged to eliminate cell
debris, and filtered through 0.22 um filters.
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Lung cancer cells at ~70% confluency were cul-
tured in virus-containing medium for 1 day to
infect cells. Stable clones of different con-
structs were subsequently selected and main-
tained in a culture medium with 2 ug/ml
puromycin.

Real-time PCR

Total RNA was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The first-strand
cDNA was prepared using the PrimeScript 1%
strand cDNA Synthesis Kit (Takara, Japan) ac-
cording to the manufacturer’s protocol with 1
ug of total RNA. All RT-PCR reactions were per-
formed in a 10 pl mixture containing 1 x SYBR
Green Master Mix (Takara Bio USA, Moun-
tainview, CA, USA), 0.2 umol/L of each primer,
and 1 pl of cDNA template. Primers used are as
follows (5’ to 3’): Human PD-L1: 5 TGGCA-
TTTGCTGAACGCATTT 3’ and 5 TGCAGCCAGG-
TCTAATTGTTTT 3'. Human glyceraldehyde 3-ph-
osphate dehydrogenase (GAPDH): 5° GGAGCG-
AGATCCCTCCAAAAT 3" and 5" GCTGTTGTCATA-
CTTCTCATGG 3.

Real-time PCR was performed using the Appli-
ed Biosystem 7500 system (USA) under the fol-
lowing cycling conditions: (step 1) 95°C for 30
sec, (step 2) 40 cycles of 95°C for 5 sec and
60°C for 34 sec, followed by the melting curve
stage. The relative PD-L1 expression level was
normalized to that of GAPDH.

Western blot analysis

Cells were harvested, washed, and lysed in
radioimmunoprecipitation buffer (10 mM Tris-
HCI, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate,
140 mM NaCl, and 1 x protease inhibitor). Sa-
mple buffer was then added to the cell lysates
and proteins were resolved by SDS-polyacry-
lamide gel electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore, Germany). The membranes
were blocked in Tris-buffered saline containing
0.2% Tween 20 and 5% fat-free dry milk and
incubated first with primary antibodies and
then with horseradish peroxidase-conjugated
secondary antibodies. Specific proteins were
visualized with enhanced chemiluminescence
detection reagent according to the manufac-
turer’s instructions (Pierce Biotechnology, Wal-
tham, MA, USA). Image acquisition and band
intensity quantitation was performed using an
Odyssey infrared imaging system.
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Flow cytometric analysis

To detect cell surface PD-L1 expression, single
NSCLC cells were resuspended in phosphate-
buffered saline (PBS) and stained with APC
anti-human PD-L1 (329707, BioLegend, US)
antibody as previously described using stan-
dard protocols for flow cytometry [14]. An iso-
type IgG antibody was used as a ne-
gative control. Stained cells were evaluated
using a BD FACSCanto Il cytometer and data
analyzed using the FlowJo software.

T-cell-mediated tumor cell killing assay

T cells were activated by a CD3 antibody (100
ng/ml) and interleukin-2 (10 ng/ml). After 4
days of tumor cell and T cell co-culturing in
24-well plates, the wells were washed with PBS
twice to remove the T cells, and the surviving
tumor cells were fixed and stained with a crys-
tal violet solution. The dried plates were then
scanned and quantified.

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde for 10
min, permeabilized with 0.5% Triton X-100 for
15 min, and then blocked with 5% BSA for 1
hour. After incubation with primary antibodies
overnight at 4°C, cells were then incubated
with a secondary antibody tagged with fluores-
cein isothiocyanate (Life Technologies, Thermo
Fisher Scientific) for 1 hour at room tempera-
ture followed by staining nuclei with DAPI in the
mounting reagent (Invitrogen). Confocal fluores-
cence images were captured using a Zeiss LSM
710 laser microscope.

Statistical analysis

Statistical analyses were performed using the
SPSS software program (v20.0, IBM, Chicago,
IL). ANOVA was used to evaluate the differenc-
es between groups. P values < 0.05 were con-
sidered statistically significant.

Results

¢c-MET inhibition enhances PD-L1 expression in
NSCLC cells

The failure of c-MET inhibitor tivantinib in phase
Il NSCLC clinical trials and the recent preclini-
cal study on the c-MET inhibitors and PD-L1
relationship prompted us to ask whether c-MET
inhibitors regulate PD-L1 expression in NSCLC
cells. To this end, we first validated ¢c-MET inhib-
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Figure 1. c-MET inhibitor upregulates PD-L1 expression in NSCLC cells. A and B. Western blot analysis of PD-L1
levels in NSCLC cell lines H1975 and H1993 treated with ¢c-MET inhibitor tivantinib (1 uM). C and D. Western blot
analysis of PD-L1 levels in H1975 and H1993 shc-MET cells. E and F. Flow cytometric analysis of cell-surface PD-L1
in H1975 and H1993 shc-MET cells.
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Figure 2. c-MET inhibitor induces PD-L1 expression in NSCLC cells in dose
and time-dependent manner. A and B. Western blot analysis of whole cell
lysates from H1993 and H1975 treated with the indicated concentrations
of ¢-MET inhibitor tivantinib for 24 hours. C and D. Western blot analysis
of whole cell lysates from H1993 and H1975 treated with c-MET inhibitor
tivantinib (1 uM) for the indicated time. E. H1975 cells were treated with
the indicated concentration of tivantinib for 24 hours followed by flow cyto-
metric analysis of cell surface PD-L1 levels. F. H1975 cells were treated with
tivantinib (1 uM) for the indicated time followed by flow cytometric analysis
of cell surface PD-L1 levels.
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itor-mediated upregulation of
PD-L1 in NSCLC cell lines,
including human NSCLC cell
lines H1975 and H1993 by
Western blot analysis (Figure
1A and 1B). To determine
whether tivantinib-mediated
PD-L1 upregulation is c-MET
dependent, we used two inde-
pendent short hairpin RNAs
(shRNAs) to knockdown ¢c-MET
expression in NSCLC cells. As
shown in Figure 1C and 1D,
knocking down ¢c-MET in H19-
75 and H1993 induced PD-L1
expression. Flow cytometric
analysis further validated the
above results in which ¢c-MET
knockdown enhanced the ex-
pression of cell-surface PD-L1
in H1975 and H1993 cells sim-
ilar that of the positive control,
IFNy (Figure 1E and 1F). To cor-
roborate the above findings,
we treated H1975 and H1993
with increasing concentrations
of tivantinib and for different
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Figure 3. c-MET inhibition enhances PD-L1 expression by suppressing GSK3pB. A and B. H1975 and H1993 cells
were treated with tivantinib (1 uM) for 24 hours followed by RT-PCR to measure PD-L1 mRNA levels. Relative fold
ratio of PD-L1 mRNA levels is shown. C and D. H1975 and H1993 shc-MET cells were treated with 20 mM cyclohexi-
mide (CHX) at the indicated intervals and subjected to Western blot analysis to evaluate PD-L1 expression levels. E
and F. Quantification of PD-L1 half-life in the indicated groups. G and H. H1975 and H1993 cells were treated with
tivantinib followed by Western blot analysis with the indicated antibodies. Tubulin served as loading control.

time periods. Our findings indicated that the
PD-L1 expression increased in a dose- and
time-dependent manner (Figure 2A-D). Like-
wise, the expression of PDL1 on the cell sur-
face was also upregulated (Figure 2E, 2F).
Together, these results indicated that inactiva-
tion of ¢c-MET inhibitor upregulates PD-L1 ex-
pression in NSCLC cells.

c-MET inhibition drives PD-L1 expression by
suppressing GSK3[3

Next, we investigated the mechanisms by whi-
ch ¢c-MET inhibitor increases PD-L1 expression
in NSCLC cells and asked whether this occurs
via transcriptional or post-transcriptional regu-
lation. To this end, we first examined PD-L1
MRNA levels in H1975 and H1993 cells treated
with or without tivantinib. Compared with the
untreated cells, tivantinib had no effects on
PD-L1 mRNA expression (Figure 3A and 3B) in
H1975 and H1993 cells, implying that the regu-
lation is not at the transcriptional level. Pulse-
chase analysis using cycloheximide indicated
that knocking down c-MET increased the PD-L1
protein half-life in H1975 and H1993 cells
(Figure 3C and 3D). Previously, we reported
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that glycogen synthase kinase 3 beta (GSK3p)
downregulates PD-L1 protein stability [13], and
¢-MET can phosphorylate and activate GSK3f3
at Y56, which reduced expression of PDL1 by
liver cancer cells [14]. To determine whether
c-MET-mediated PD-L1 upregulation is GSK3f3
dependent in NSCLC cells, we treated the
H1975 and H1993 with ¢c-MET inhibitor tivan-
tinib and evaluated the levels of p-GSK3BY56.
As shown in Figure 3G and 3H, p-GSK3BY56
was abrogated whereas PD-L1 increased under
tivantinib treatment. These results suggested
that c-MET-mediated PD-L1 downregulation
may occur via GSK3f in NSCLC cells similar to
that previously reported in liver cancer cells
[14].

c-MET inhibitor blocks T-cell-mediated cell kill-
ing by stabilizing PD-L1

Given that binding of PD-L1 to PD-1 suppresses
T-cell activation and that c-MET knockdown
upregulates PD-L1 in NSCLC cells, we asked
whether ¢c-MET inhibition enables NSCLC cells
to escape T-cell-mediated cancer cell killing. To
this end, H1975 and H1993 cells were co-incu-
bated with activated T cells in an in vitro co-
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Figure 4. c-MET inhibitor blocks T-cell-mediated cell killing by stabilizing PD-L1. (A and B) H1975 and H1993 shc-
MET cells were co-cultured with or without activated T cells for 4 days followed by crystal violet staining to evaluate
the cancer cell survival. Relative fold change in survival cell intensity is shown. *P < 0.05. (C and D) Quantitation of
panel (A and B). (E and F) H1975 and H1993 cells were treated with or without tivantinib (1 uM) for 24 hours and
then subjected to immunofluorescence assay to evaluate PD-L1 expression and localization.

culture assay. Indeed, knocking down c-MET
blocked T-cell killing of H1975 and H1993 cells
(Figure 4A-D). Those findings are consistent
with the observed increase in PD-L1 expres-
sion under tivantinib treatment by confocal
microscopy (Figure 4E and 4F). Together, these
results suggested that c-MET inhibition stabi-
lizes PD-L1 expression and allows NSCLC cells
to escape from T-cell Kkilling.

Discussion

Recent studies reported a regulatory mecha-
nism underlying the ineffectiveness of c-MET
inhibitor in HCC treatment through PD-L1 up-
regulation [14]. However, it is not clear whether
and how c-MET directly regulates PD-L1 expres-
sion in NSCLC. It has been proposed that PD-L1
may be regulated by multiple factors and acti-
vated in a complex process in different types of
cancer cells [15]. Therefore, understanding the
role of c-MET in immunotherapy in lung cancer
may identify additional combination therapies
to increase therapeutic efficacy. Here, we re-
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vealed a mechanism to explain the adverse
reactions of c-MET inhibitors in clinical trials for
lung cancer. Similar to HCC, ¢-MET inhibition
reduced p-GSK3BY56, leading to the stabiliza-
tion of PD-L1, which enabled tumor cells to
evade immune surveillance. The addition of
immunotherapy to ¢c-MET inhibitors has the
potential to eliminate cancer cell immunosup-
pressive activity of c-MET inhibitorsto NSCLC pa-
tients. Recently, Glodde et al. reported that
anti-PD-1 immunotherapy consistently led to
c-MET-positive neutrophil recruitment in the
tumors and regional lymph nodes and that
¢-MET inhibition could enhance the efficacy
of anti-PD-1 immunotherapy [16]. Moreover,
Zhang et al. demonstrated that the cyclin D-
CDK4 axis upregulates PD-L1 stability through
the ubiquitin E3 ligase Cullin 3SPOP, which pro-
vides a complementary molecular rationale for
combining CDK4/6 inhibitor treatment with
anti-PD-1/PD-L1 immunotherapy to enhance
tumor regression [17]. These findings lend addi-
tional support to our findings that anti-PD-1
therapy combined with ¢c-MET inhibitors can
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overcome the expression of PD-L1 induced by
c-MET inhibitors in lung cancer. Posttranslation-
al modifications of PD-L1 that stabilize its
expression have emerged as important regula-
tory mechanisms that modulate immunosup-
pression in patients with cancer [18-20]. In this
study, we found that c-MET inhibition also stabi-
lizes PD-L1 in NSCLC, providing a rationale to
combine ¢c-MET inhibitor and anti-PD-1/-PD-L1
therapy to treat lung cancer.

In summary, our findings that inhibition of
c-MET activity stabilizes PD-L1 and allows
tumor cells to escape from T-cell killing partially
explain the failure of ¢c-MET inhibitors NSCLC in
clinical trials. Together with the prior studies,
our findings suggested that the combination of
anti-PD-L1 with ¢c-MET inhibitors may be an
effective therapeutic strategy against NSCLC
worthwhile to explore in the future.
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