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Simple Summary: Here, we describe a previously unreported mechanism of PD-1/MET interaction
and PD-1 induction of epithelial-to-mesenchymal transition (EMT), which is observed early in pan-
creatic cancer development and progression. This oncogenic mechanism is distinct from established
immune functions of PD-1 and presents a new paradigm of oncogenic functionality of PD-1 in
cancer cells. Our studies demonstrate the foundation and rationale for testing combination therapies
targeting PD-1 and MET in pancreatic cancer patients.

Abstract: We recently demonstrated that immune checkpoint PD-1 was endogenously expressed
in pancreatic ductal adenocarcinoma (PDAC) cells. Our data indicated that PD-1 proteins are not
exclusive to immune cells and have unrecognized signal transduction cascades intrinsic to cancer
cells. Building on this paradigm shift, we sought to further characterize PD-1 expression in PDAC.
We utilized a phospho-explorer array to identify pathways upregulated by PD-1 signaling. We dis-
covered PD-1-mediated activation of the proto-oncogene MET in PDAC cells, which was dependent
on hepatocyte growth factor (MET ligand) and not secondary to direct protein interaction. We then
discovered that the PD-1/MET axis in PDAC cells regulated growth, migration, and invasion. Impor-
tantly, the PD-1/MET axis induced epithelial-to-mesenchymal transition (EMT), a well-established
early oncogenic process in PDAC. We observed that combined targeting of PDAC cell PD-1 and MET
resulted in substantial direct tumor cell cytotoxicity and growth inhibition in PDAC cell lines, patient-
derived organoids, and patient-derived xenografts independent of cytotoxic immune responses. This
is the first report of PDAC-endogenous PD-1 expression regulating MET signaling, which builds
upon our growing body of work showing the oncogenic phenotype of PD-1 expression in PDAC cells
is distinct from its immunogenic role. These results highlight a paradigm shift that the tumor-specific
PD-1 axis is a novel target to effectively kill PDAC cells by antagonizing previously unrecognized
PD-1-dependent oncogenic pathways.

Keywords: programmed cell death 1 receptor; proto-oncogene protein c-met; epithelial-mesenchymal
transition; pancreatic neoplasm; immune checkpoint inhibitors

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains a deadly disease due to a multitude
of factors, including frequently late clinical presentation and a limited number of first-line
therapeutic regimens that are only moderately effective [1]. Despite clinical activity in
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multiple cancers, immune-oncology (IO) drugs have had limited efficacy in PDAC [1].
Examining potential mechanisms of PDAC resistance to IO drugs, our group was the
first to report tumor-endogenous programmed cell death protein 1 (PD-1) expression in
PDAC cells [2]. Our findings challenge traditional IO dogma, which states that cancers
express immune checkpoints exclusively to evade immune surveillance [3–5]. In this
established paradigm, cancer cells express programmed death ligand 1 (PD-L1, the PD-
1 ligand), which upon binding to T-cell-specific PD-1, promotes immune self-tolerance
through T-cell inactivation and apoptosis [3–5]. However, our studies showed that PDAC
cells exposed to PD-L1 activated the mitogen-activated protein kinase (MAPK) pathway.
The MAPK pathway has been known to be triggered in immune cells leading to cellular
energy and apoptosis [4]. However, we discovered that the PD-1/MAPK axis in PDAC cells
promoted PDAC cell growth and proliferation, demonstrating a previously unrecognized
PD-1-specific oncogenic phenotype that is distinct from its role in immune tolerance.

Other groups have corroborated our findings and reported other cancer cell-specific
PD-1 activation of oncogenic signaling cascades [3,4,6–8], which appear to be dependent
on the cancer histology [4,6]. Building upon our body of work showing an oncogenic role
for endogenous PD-1 expression in PDAC, we discovered that highly activated c-MET
(MET, mesenchymal-epithelial transition factor) was regulated by PD-1/PD-L1 signaling
in PDAC cells. Classically, the tyrosine kinase receptor MET is activated when its sole
ligand hepatocyte growth factor (HGF) binds, leading to receptor dimerization and tyrosine
phosphorylation [9]. Although MET is normally expressed on various epithelial cells and is
essential for embryonic development, organogenesis, and wound healing, MET is overex-
pressed and activated in 28–61% of PDACs, leading to subsequent activation of oncogenic
pathways [9–11]. MET is also critical for intercellular signaling between epithelial and
mesenchymal cells and promotes epithelial-to-mesenchymal transition (EMT), leading
to decreased cell–cell adhesions and increased tumor proliferation, invasiveness, dissem-
ination, and metastasis [9–11]. Based on what is known about MET, we hypothesized
that tumor-endogenous PD-1 induces EMT through activation of MET to promote PDAC
progression. Here, we discovered that the PDAC-endogenous PD-1/MET axis increased
growth, migration, and invasion. These outcomes appear to be dependent on HGF, the
ligand of MET, rather than direct protein interactions between PD-1 and/or PD-L1 and
MET. Importantly, we also discovered that the PD-1/MET axis induced EMT. Altogether,
our studies revealed a novel and immune-independent mechanism for tumor-intrinsic
PD-1/MET to enhance an invasive PDAC phenotype.

Since our studies revealed potential PDAC dependence of PD-1/MET oncogenic sig-
naling, we sought to determine whether therapeutic targeting of this axis could block tumor
growth. In order to minimize the time from bench-to-bedside and promote rapid develop-
ment of new clinical trials and improve survival of this deadly disease, we preferentially
utilized current clinical drugs to investigate this unexplored PD-1/MET mechanism in
PDAC. Our assays revealed that direct targeting of the PD-1/MET axis with a combination
of drugs resulted in synergistic and direct PDAC cell cytotoxicity and inhibited tumor
growth independent of the immune system. These results have important implications
suggesting that disruption of PD-1-specific oncogenic dependence in PDAC may lead to
effective killing of PDAC cells. Our findings establish the basis for combined anti-PD-
1/anti-MET therapies in PDAC and provide a promising novel therapeutic approach to
improve survival for current PDAC patients with this devastating disease.

2. Materials and Methods

Additional details are listed in Supplementary File S1.

2.1. Drugs

Anti-PD-1 monoclonal antibody (mAb) pembrolizumab (PEM), cabozantinib (CABO,
small molecule anti-MET, -VEGFR2, -AXL, and -RET), and tivantinib (TIV, small molecule
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anti-MET) were utilized given their current clinical indications. Additional information is
listed in Table S1.

2.2. Cell Culture

MIAPaCa-2 and PANC-1 cells were obtained from and validated by American Type
Culture Collection (ATCC). Cells were maintained as described [2]. Testing for Mycoplasma
contamination, which can cause chromosomal mutations and genetic drift from parental
cell lines, is recommended after 10 passages to ensure. All experiments utilized early
passage (<P10) cells. However, given the time between receiving the P0 cells from ATCC,
cell banking, and subsequent use of early passage cells, we validated the genomic integrity
of our cell lines through ATCC. Validation of genomic integrity mitigates the concern
for mycoplasma contamination. PD-1 knockdown (KD) PDAC cells were generated as
reported [2].

2.3. Ethics Approval and Patient Tumor Acquisition

The University of Kentucky (UK) Institutional Review Board approval and written
informed patient consent were obtained prior to obtaining tissue samples in accordance
with the Declaration of Helsinki. Excess cancer tissues were processed to create patient-
derived organoids (PDOs) and xenografts (PDXs) as described [2,12,13].

2.4. Western Blots

Cell and PDO lysates were collected and analyzed by western blot as described [2,13].
For EMT studies, cells were grown to 60–80% confluence to capture mesenchymal processes.
Cells were serum-starved overnight prior to treatment with PD-L1 (1 µg/mL), vehicle-
control (0.1% BSA), or when evaluating EMT and phosphorylated proteins. When noted,
cells were treated with PEM (250 µg/mL) or TIV (0.25 µM) 30 min before PD-L1 stimulation.
Blots were probed independently with antibodies listed in Table S1. Blots were visualized
with ECL solution. Quantified expression values were normalized to controls from the
same blot and from at least two separate experiments. Original western blot images can be
found in Supplemental File S2.

2.5. Co-Immunoprecipitation

Co-immunoprecipitation (co-IP) assays were performed per the manufacturer’s in-
structions. One milligram of pre-cleared lysates was incubated overnight at 4 ◦C with 75 µg
polyclonal anti-PD-1, anti-PD-L1, or IgG antibodies.

2.6. Quantitative PCR

Cells were treated with recombinant-human PD-L1 (1 µg/mL) or solvent-control
(0.1% BSA) for 2 h. Cells were lysed, total RNA extracted, and reverse transcription
performed per the manufacturers’ instructions. Quantitative real-time PCR (qRT-PCR) was
performed in quadruplicate using TaqMan reagents per the manufacturer’s instructions.
Data were analyzed using the 2−∆∆CT method with results normalized to β-actin.

2.7. Wound Healing

Due to the different sizes of the PDAC cells utilized, 7.5 × 105 cells/well of MIAPaCa-2 cells
and 5 × 105 cells/well of PANC-1 cells were initially plated in 6-well plates. Scratches were
made in confluent cell monolayers on the 2nd day after plating. Cells were treated in tripli-
cate with solvent-control (0.1% BSA), TIV (0.25 µM), PEM (250 µg/mL), recombinant-human
HGF (100 ng/mL; positive-control), PD-L1 (1.5 µg/mL), PD-L1 + TIV, or PD-L1 + PEM. Three
representative images were taken immediately after and 24 h after treatment.

2.8. Transwell Cell Migration

Upper chambers of 24-well transwell inserts (8 µm pores, Costar) contained 5 × 104 PDAC
cells resuspended in 100 µL serum-free media. Bottom chambers included 600 µL of
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medium + 2% FBS with the above treatments. MIAPaCa-2 and PANC-1 cells were incubated for
12 h and 18 h, respectively [14]. Cells were fixed and permeabilized in ice-cold 100% methanol
and stained with 1% crystal violet solution. The stained transwell membranes were imaged with
a Nikon Ts2 microscope. Cell densities were analyzed using 3 representative images for each
well with ImageJ software (v1.53) and graphed with GraphPad Prism (v9).

2.9. Drug Cytotoxicity Assays

Cytotoxicity assays were performed as described [2,12,13]. Cells and PDOs were
seeded in 96-well plates at 4 × 103 cells/well and 2 × 103 cells/10 µL BME/well, re-
spectively. Results are representative of three experiments in triplicate. Combination
treatments were performed using the lowest IC50 values for each drug. Cells were treated
with IgG4 (PEM negative-control), solvent (CABO/TIV negative-control), CABO, TIV, PEM
(1 mg/mL), CABO + PEM, or TIV + PEM for 48 h.

2.10. In Vivo Drug Testing

The UK Institutional Animal Care and Use Committee approved the described murine
studies. ARRIVE guidelines were followed (Supplementary File S1, Table S2). PDX mice
were randomly divided into the following treatment groups (N = 6 per group) and treated
for four weeks: control, TIV (150 mg/kg, oral gavage every 5 d + 2 d holiday), PEM
(30 mg/kg, intraperitoneal injection twice weekly), TIV + PEM [15]. Researchers were not
blinded to treatment groups.

2.11. Immunohistochemical (IHC) Staining

Excised PDX tumors were fixed in 10% formalin and submitted to the UK Biospecimen
Procurement and Translational Pathology (BPTP) Shared Resource Facility (SRF), which
performed all histological sectioning and staining (Supplementary File S1).

2.12. Statistical Analysis

Experiments were performed at least twice. Statistical analyses were performed using
GraphPad Prism software (v9). For two-group analysis, two-tailed Student’s t-tests were
used. One- and two-way ANOVA with post-hoc Tukey tests were used for multi-group
comparisons. Differences were considered significant at p < 0.05. Results were graphed
as mean ± standard error. For multi-treatment studies, percent and fold-changes were
calculated compared to controls to enable easier comparison across all data.

3. Results
3.1. Identification of PD-1/PD-L1 Activated Pathways

We identified proteins and signaling pathways enhanced by PD-1/PD-L1 signaling.
After PANC-1 cells were exposed to PD-L1, our phospho-protein array demonstrated upreg-
ulated expression changes (fold-change > 2) in histone deacetylase (HDAC)-1 (28.98-fold),
MET (13.65-fold) [16], and EGFR (6.4-fold) (Figure S1). Since anti-HDAC therapies are non-
selective and target epigenetic alterations [17] and anti-EGFR therapies such as erlotinib
have failed to show clinically meaningful benefit in PDAC [18,19], we chose to investigate
MET, which is a promising therapeutic target for various cancers and is overexpressed,
upregulated, and inversely associated with prognosis in PDAC [9–11]. Interestingly, MET
therapies have been shown to overcome anti-EGFR monotherapy and gemcitabine resis-
tance in non-small cell lung cancer (NSCLC) and PDAC [9]. Furthermore, MET regulates
EMT, tumor growth, metastases, and interacts with numerous oncogenic pathways in
PDAC [9]. These features provided a strong rationale to focus on MET for our studies.

3.2. PD-1 and MET Expression in PDAC Cells and PDOs

We detected the expression of PD-1, PD-L1, and MET in PDAC cells and PDO lines by
western blot assays. Consistent with the Cancer Cell Line Encyclopedia (CCLE) data [20],
our results showed that MIAPaCa-2 and PANC-1 cell lines expressed all three proteins
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(Figure 1A). However, the highest levels of PD-1 and total-MET expression were observed
in PDO lines hPT1 and hPT4, respectively. Following exposure to recombinant-human
PD-L1, MIAPaCa-2 and PANC-1 cells both demonstrated time-dependent alterations in
MET activation, which peaked at 1 h with 481% and 399% increases, respectively, in
phosphorylated-MET (pMET) compared to baseline (p < 0.01 vs. 0 min for all) (Figure 1B).
In blocking assays, PD-L1 treatment alone resulted in 177% and 314% increased pMET
levels for MIAPaCa-2 and PANC-1, respectively. Pretreatment with PEM and TIV abrogated
PD-L1-induced pMET levels by 83% and 103%, respectively, for MIA-PaCa-2 and 117% and
219%, respectively, for PANC-1 (Figure 1C). These results demonstrated that PD-L1-induced
MET activation is dependent on both MET and PD-1.
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Figure 1. PD-1/PD-L1 axis induces MET activation. (A) Innate PD-1, PD-L1, and total MET ex-
pression in PDAC cells and PDOs. B-actin was used as an internal control. (B) PD-L1-induced
MET activation (pMET) was time-dependent and peaked after 1 h of treatment, increasing 481%
for MIAPaCa-2 and 399% for PANC-1 cells. pMET levels were compared to total MET (C) TIV and
PEM both blocked PD-L1-induced MET activation at 1 h in PDAC cells. Total MET was used as a
loading control. ** p < 0.01, *** p < 0.001 vs. 0 min; **** p < 0.0001 vs. control; # p < 0.05, ## p < 0.01,
### p < 0.001 vs. PD-L1.

3.3. PD-1 and MET Regulate Cell Motility and Migration

Given that MET induces EMT, we sought to determine if the PD-1/PD-L1-axis regu-
lates this process to promote motility and migration. To assess cell motility, we performed
wound healing assays in PDAC cells. We observed that PD-L1 treatment significantly in-
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creased motility in MIAPaCa-2 and PANC-1 cells compared to negative-controls (132% and
201%, respectively; p < 0.01) (Figure 2A,B). These motility increases were consistent with
HGF positive-control results (237% and 242% for MIAPaCa-2 and PANC-1, respectively),
demonstrating that the PD-1/PD-L1-axis induces PDAC cell motility similar to direct
MET activation. Additionally, both PD-1 and MET antagonism completely blocked PD-L1-
induced cell motility in MIAPaCa-2 cells. In PANC-1 cells, compared to negative-control,
PD-L1-induced cell motility decreased by 106% and 98% following PD-1 or MET antago-
nism, respectively (all p < 0.0001 vs. control). This further supported that PD-L1-induced
cell motility is dependent on both PD-1 and MET.

To evaluate PD-1/PD-L1/MET activity on cell migration, we next performed tran-
swell migration assays. In both MIAPaCa-2 and PANC-1 cells, PD-L1 treatment alone
increased cell migration (138% and 470%, respectively, vs. negative-control). These results
were comparable to the increased migration observed with HGF positive-controls (153%
and 881% for MIAPaCa-2 and PANC-1, respectively, vs. negative-control). Conversely,
compared to the negative control, when PD-L1 treatment was combined with PD-1 or MET
inhibition, cell migration was nearly completely blocked for MIAPaCa-2, and decreased
by 366% and 220%, respectively, for PANC-1 (all p < 0.01 vs. no treatment) (Figure 2C,D).
The above assays showed that PD-L1-induced motility/growth and migration are both
dependent on PD-1 and MET.

3.4. The PD-1/PD-L1 Axis Induces EMT

We hypothesized that the PD-1/PD-L1 axis regulates EMT. We used PANC-1 cells
for these assays, given their epithelial phenotype compared to the baseline mesenchymal
phenotype of MIAPaCa-2 cells. After 48 h of PD-L1 stimulation, PANC-1 cells demonstrated
EMT features with increased expression of mesenchymal markers MMP9 (49%), N-cadherin
(85%), vimentin (16%), and Snai2 (44%) compared to untreated controls (Figure 3). E-
cadherin increased following treatment with PD-L1 (35%), which is likely due to the
increased formation of cell-to-cell adhesions in the interior of cell colonies observed during
rapid cell growth [21–23]. These interior cells appear to express EMT factors that are
unrelated to cell-to-cell interactions. In comparison, N-cadherin is expressed only on cells
along the periphery of colonies without cell-to-cell interactions, thus representing the
minority of cells.

To corroborate that PD-L1 stimulation increased EMT marker expression through
PD-1, we utilized PD-1 KD cells. With PD-1 knockdown, we observed E-cadherin/N-
cadherin pattern switching, where E-cadherin increased 30% and N-cadherin decreased
40% vs. untreated controls. Furthermore, mesenchymal-related proteins MMP9, vimentin,
and Snai2 decreased in PD-1 KD cells (41%, 26%, and 32%, respectively). These results
demonstrate that induction of mesenchymal protein expression is dependent on PD-1,
supporting our results showing that PD-L1-induced migration and motility are dependent
on PD-1. Taken together, these data demonstrate a novel mechanism for the regulation of
EMT by the PD-1/PD-L1 axis.

3.5. PD-1 and PD-L1 Do Not Directly Interact with MET

We next sought to investigate if the mechanism for PD-L1-induced MET activation
involved a direct PD-1–MET protein interaction. We performed co-IP assays utilizing PD-1
as the “bait” in PDAC cells. Co-IP protein complex samples were analyzed by western blot
with anti-MET and anti-PD-1 mAbs (“prey”). We observed no difference in MET nor PD-1
expression between IgG control and co-IP samples (Figure S2A), indicating there is likely
no direct protein interaction between MET and PD-1 in PDAC cells.

To evaluate if PD-L1-induced MET activation is due to exogenous PD-L1 directly
binding to and stimulating MET, we performed additional co-IP assays with PD-L1 as the
“bait.” Cells were treated with PD-L1 for 1 h prior to lysate collection. PD-L1 pull-down
did not show increased levels of MET compared to IgG controls, demonstrating there is
likely no direct PD-L1–MET interaction and PD-L1 likely does not act as a ligand for MET
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(Figure S2B). These findings suggest an alternative, indirect pathway for PD-1/PD-L1-
induced MET activation.
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Figure 2. MET inhibition can block PD-L1-induced cell motility and migration. (A) Representative
images of scratch assays after 24 h in PDAC cells. (B) Quantification showing the percent of wound
closure after 24 h. (C) Representative images and (D) quantification of transwell migration assays.
** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control, ## p < 0.01, #### p < 0.0001 vs. PD-L1.
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Figure 3. PD-1/PD-L1 axis controls EMT in PDAC cells. (A) Representative blots and (B) quantifi-
cation of EMT expression patterns in PANC-1 cells. PD-L1 treatment increased mesenchymal markers
MMP9, vimentin, and Snai2 expression. PD-1 knockdown cells showed E-cadherin/N-cadherin
expression pattern switching and decreased mesenchymal-associated protein expression (MMP9,
vimentin, and Snai2). PD-L1 treatment is compared against no treatment. PD-1 KD is compared
against PD-1 KD control. Dashed vertical lines are used to distinguish the comparison arms for clarity.
* p < 0.05, *** p < 0.001, **** p < 0.0001 vs. no treatment; ### p < 0.001, #### p < 0.0001 vs. KD control.

3.6. PD-1/PD-L1 Axis Upregulates HGF mRNA Expression

We hypothesized that PD-1/PD-L1 indirectly activates MET through HGF expression.
We assessed HGF mRNA expression following PD-L1 stimulation in PD-1 KD PDAC cells
by qPCR (Figure 4). Following exposure to PD-L1, MIAPaCa-2 and PANC-1 PD-1 control
cells demonstrated 64% and 84% increased HGF mRNA, respectively (p < 0.05 vs. KD
control for all). To determine if PD-1 is a requisite for PD-L1-mediated HGF expression,
we evaluated HGF mRNA levels in PD-1 KD cells. We detected minimal expression of
HGF mRNA in PD-1 KD cells compared to control cells. Furthermore, PD-L1 exposure
in PD-1 KD cells did not alter HGF expression levels, indicating that HGF expression is
dependent on both PD-1 and PD-L1. These findings support our earlier data showing that
PD-L1-induced MET activation is dependent on PD-1.

3.7. PD-1 and MET Inhibitors Have Synergistic Cytotoxicity in PDAC Cells and PDOs

Next, we examined the direct cytotoxic effects of anti-PD-1 and anti-MET drugs
in vitro. We treated MIAPaCa-2 and PANC-1 cells with the MET inhibitors TIV and
CABO and calculated IC50 for each cell line (TIV: 0.487 and 0.456 µM, respectively; CABO:
3.78 and 2.12 µM, respectively) (Figure 5). For subsequent assays, we used the lowest IC50
concentration for each drug (TIV: 0.5 µM, CABO: 2 µM). We then performed single and
combination drug sensitivity testing and found the highest cytotoxicity with combined TIV
+ PEM (MIAPaCa-2: 69% vs. TIV 46%, PEM 29%; PANC-1: 70% vs. TIV 50%, PEM 25%)
and CABO + PEM (MIAPaCa-2: 60% vs. CABO 37%, PEM 23%; PANC-1: 65% vs. CABO
43%, PEM 25%) (p < 0.0001).
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Figure 4. PD-L1 increases HGF mRNA expression. HGF mRNA expression in MIAPaCa-2 and
PANC-1 PD-1 KD control cells increased by 64% and 84%, respectively, following PD-L1 treatment.
Knockdown of PD-1 decreased baseline HGF mRNA expression by 499% and 1532% compared to KD
controls, respectively. Treatment with PD-L1 was unable to overcome this reduction in HGF in PD-1
KD cells, signaling PD-1 is required for PD-L1-induced HGF mRNA production. * p < 0.05, ** p < 0.01
vs. untreated KD controls.

In order to evaluate the potential synergistic antagonism of PD-1 and MET in a
more clinically relevant model with a tumor microenvironment mirroring the original
tumor [24–28], we next performed drug testing in PD-1+/MET+ PDAC PDOs hPT1 and
hPT4. IC50 values for TIV and CABO were determined for each line (TIV: 2.75 and 2.09 µM,
respectively; CABO: 10.4 and 6.15 µM, respectively) (Figure 5). We utilized the lowest IC50
concentration for each drug from PDAC cell and PDO testing (TIV: 0.5 µM, CABO: 2 µM)
for subsequent drug sensitivity testing. As in PDAC cells, PDOs demonstrated the highest
cytotoxicity with combined TIV + PEM (hPT1: 57% vs. TIV 34%, PEM 20%; hPT4: 58%
vs. TIV 34%, PEM 21%) and CABO + PEM (hPT1: 66% vs. CABO 34%, PEM 27%; hPT4:
69% vs. CABO 30%, PEM 27%) (p < 0.0001). Altogether, our in vitro drug testing results
demonstrate that combined PD-1/MET antagonism enhances direct tumor cytotoxicity
compared to monotherapy regimens.

3.8. PD-1 and MET Inhibition Effectively Slows Tumor Growth in PDXs

We next sought to test our mechanism-based regimen in vivo. We established PDX tu-
mors generated from hPT1. PDX mice were given vehicle-control, TIV, PEM, or TIV + PEM
as described earlier. We utilized TIV for these studies given its selective MET antagonism,
thereby enabling evaluation of the in vivo PD-1/MET axis mechanism without the influ-
ence of off-target effects. We observed the slowest tumor growth with combined TIV + PEM
treatment (Figure 6A). Furthermore, IHC staining of cell proliferation marker protein Ki67
(Figure 6B) and cell apoptosis marker cleaved caspase-3 (Figure 6C) showed that TIV and
PEM monotherapy cohorts inhibited tumor cell proliferation (decreased 0.65-fold and
0.51-fold vs. control, respectively) and promoted tumor cell apoptosis (increased 14.1-fold
and 13.3-fold vs. control, respectively). However, this effect was greatest with combined
PD-1/MET antagonism (decreased proliferation 0.82% and increased apoptosis 25.3-fold
vs. control) (Figure 6D,E, all p < 0.05). These data demonstrate in vivo synergistic efficacy
with combined PD-1/MET antagonism that inhibits tumor growth, decreases proliferation,
and promotes direct tumor cytotoxicity. Importantly, our in vivo studies show direct tumor
cell targeting, similar to that observed in our in vitro results, in the presence of a complex
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tumor microenvironment. Furthermore, these results demonstrate a novel mechanism of
action for anti-cancer IO therapies apart from immune reactivation.
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Figure 6. Combined PD-1 and MET antagonism acts synergistically in vivo to decrease tumor
burden, decrease proliferation, and increase direct tumor cytotoxicity. (A) Relative tumor volume
of each group revealed the slowest tumor growth occurred in mice treated with TIV + PEM. IHC
staining (B,C) and quantification (D,E) of PDX tumors using proliferation marker ki67 (B,D) and
cell apoptosis marker cleaved caspase-3 (D,E). ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control;
# p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. TIV + PEM.



Cancers 2022, 14, 3051 13 of 16

4. Discussion

Our current studies demonstrated endogenous PD-1 expression in PDAC cells and tis-
sues and revealed that PD-1 signaling upregulated oncogenic MET activity to subsequently
induce EMT. The dependence of PDAC growth on the PD-1/MET axis was substantiated
by high levels of cytotoxicity when both PD-1 and MET were therapeutically targeted.
These data, along with our prior report [2], continue to challenge the paradigm that PD-1
expression is exclusive to T-cells and cytotoxic immune responses. Instead, our results
involving the PD-1/MET axis in PDAC cells underscore the growing body of work showing
that the tumor-endogenous immune checkpoint PD-1 has oncogenic properties supporting
cancer progression. Examples of such dual functionality of proteins are evident even from
our prior studies on chemokine receptors [29–31]. G-protein coupled receptor expression in
immune cells has physiologic roles in organogenesis, development, and inflammation [32].
In cancer cells, however, chemokine receptors (e.g., CXCR4) have been shown to support
an invasive phenotype [29–31,33].

PD-1 regulation of MET, which is an important proto-oncogene for many cancers,
underlies how this axis supports PDAC progression. MET is well-known to activate
numerous downstream oncogenic pathways, induce EMT signals, and promote cancer
growth, invasion and metastases [9,10]. In fact, MET overexpression has been detected in
nearly two-thirds of PDACs and has been associated with worse clinical outcomes [11].
Interestingly, other recent studies have shown that activated MET and EMT pathways
increase tumor-endogenous PD-L1 production [34,35]. These studies, along with our results,
identify a potential positive feedback loop and will be explored in future investigations.
Nevertheless, in this report, we are the first to demonstrate that tumor-endogenous PD-1
promotes oncogenic MET signaling to induce EMT and promote PDAC progression.

Given that our data demonstrated that the PD-1/MET axis supported PDAC growth,
we sought to test whether therapeutic targeting would substantiate PDAC growth de-
pendency on this pathway. Indeed, our results revealed that combined anti-PD-1/-MET
antagonism resulted in high levels of PDAC cytotoxicity in both in vitro and in vivo cancer
models. There are important implications from these results. First, our assays revealed
that single-agent regimens were suboptimal and that combination regimens yielded higher
synergistic cytotoxic responses. These results may suggest that alternate or escape signaling
pathways are not attenuated with single-agent regimens. Second, our drug treatment assays
were performed in immune-deficient PDAC models, and the high levels of cytotoxicity
challenge the concept that IO anti-cancer efficacy is derived only from immune reactivation.
Notwithstanding, it is reasonable to deduce that in the clinical management of PDAC
patients, therapeutic regimens that incorporate IO drugs combined with targeted therapies
may produce optimal cytotoxicity from both harnessing adaptive immune responses as
well as from direct cytotoxic killing. Our group is developing immune-competent PDAC
models to examine both avenues of cytotoxicity in our future studies.

Our study results are of particular clinical importance given that there has been slow
progress on the development of novel effective therapeutic regimens for metastatic PDAC
since FDA approval of first-line regimens FOLFIRINOX and Gemcitabine/nab-Paclitaxel
in 2010 and 2013, respectively, and second-line regimen NALFIRIFOX in 2015 [36–38].
Regimens that provide durable improvements in the long-term survival of this disease are
lacking, creating an urgent need for innovative therapeutics. The CheckMate 9ER trial was
a landmark study combining an IO drug (nivolumab, anti-PD-1 mAb) and multi-kinase
inhibitor with anti-MET properties (CABO) and has resulted in a new standard-of-care first-
line therapy for advanced renal cell carcinoma (RCC) [39]. Trials such as CheckMate 9ER
provide foundational support to investigate combined anti-PD-1/anti-MET therapies in
PDAC patients. Consequently, we have organized a clinical trial evaluating CABO + PEM
in advanced PDAC (NCT05052723). This is the first clinical evaluation of combined PD-
1/MET antagonism in PDAC.
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5. Conclusions

Our data challenges the current paradigm of immune checkpoints and immune tol-
erance by showing that tumor-intrinsic PD-1 supports an oncogenic phenotype in PDAC
apart from its role in the inhibition of cytotoxic immune responses. Our studies revealed a
novel mechanism wherein tumor-endogenous PD-1 increased MET activation and induced
EMT in PDAC. This oncogenic signaling axis was targeted to effectively promote direct
tumor cytotoxicity in PDAC cells and tissues. These study results served as the basis for
a current clinical trial testing the combination of PEM and CABO in metastatic PDAC
(NCT05052723).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers14133051/s1, Figure S1: Phospho-protein array
results. Figure S2: MET does not directly interact with PD-1 or PD-L1. Table S1: Drugs and reagents.
Table S2: Descriptive statistics of PDX studies. File S1: Supplemental materials & methods. File S2:
Original western blot images.

Author Contributions: Conceptualization, supervision: J.K.; methodology, formal analysis: M.M.H.,
M.G. and J.K.; data acquisition: M.M.H., M.L. and M.G.; clinical efforts: S.A.Q., R.A.P., M.J.C.,
P.K.P. and J.K.; writing—original draft: M.M.H. and M.G.; writing—review and editing: all authors;
visualization: M.M.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Biospecimen Procurement and Translational Pathology
(BPTP) Shared Resource Facility (SRF) of the University of Kentucky (UK), Markey Cancer Center
(NIH P30CA177558), and NIH training grant T32CA160003 (M.M.H.).

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki and approved by the Institutional Review Board of the University of Kentucky
(protocol 48495, approved 17 January 2019). The animal study protocol was approved by the In-
stitutional Animal Care and Use Committee at the University of Kentucky (protocol 2018-3116,
approved 16 May 2019).

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

Data Availability Statement: Data presented within the scope of this article are available upon
request from the corresponding author.

Conflicts of Interest: J.K. received funding from Merck and Exelixis to conduct clinical trial NCT05052723.
No financial support was received from Merck or Exelixis for any of the current research studies. 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 remaining authors declare no potential conflicts
of interest.

References
1. Mucciolo, G.; Roux, C.; Scagliotti, A.; Brugiapaglia, S.; Novelli, F.; Cappello, P. The dark side of immunotherapy: Pancreatic

cancer. Cancer Drug Resist. 2020, 3, 491–520. [CrossRef] [PubMed]
2. Gao, M.; Lin, M.; Moffitt, R.A.; Salazar, M.A.; Park, J.; Vacirca, J.; Huang, C.; Shroyer, K.R.; Choi, M.; Georgakis, G.V.; et al. Direct

therapeutic targeting of immune checkpoint PD-1 in pancreatic cancer. Br. J. Cancer 2019, 120, 88–96. [CrossRef]
3. Eso, Y.; Seno, H. Current status of treatment with immune checkpoint inhibitors for gastrointestinal, hepatobiliary, and pancreatic

cancers. Therap. Adv. Gastroenterol. 2020, 13, 1756284820948773. [CrossRef] [PubMed]
4. Hudson, K.; Cross, N.; Jordan-Mahy, N.; Leyland, R. The Extrinsic and Intrinsic Roles of PD-L1 and Its Receptor PD-1: Implications

for Immunotherapy Treatment. Front. Immunol. 2020, 11, 568931. [CrossRef] [PubMed]
5. Singh, R.R.; O’Reilly, E.M. New Treatment Strategies for Metastatic Pancreatic Ductal Adenocarcinoma. Drugs 2020, 80, 647–669.

[CrossRef]
6. Davern, M.; RM, O.B.; McGrath, J.; Donlon, N.E.; Melo, A.M.; Buckley, C.E.; Sheppard, A.D.; Reynolds, J.V.; Lynam-Lennon,

N.; Maher, S.G.; et al. PD-1 blockade enhances chemotherapy toxicity in oesophageal adenocarcinoma. Sci. Rep. 2022, 12, 3259.
[CrossRef]

7. Pu, N.; Gao, S.; Yin, H.; Li, J.-A.; Wu, W.; Fang, Y.; Zhang, L.; Rong, Y.; Xu, X.; Wang, D.; et al. Cell-intrinsic PD-1 promotes
proliferation in pancreatic cancer by targeting CYR61/CTGF via the hippo pathway. Cancer Lett. 2019, 460, 42–53. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers14133051/s1
http://doi.org/10.20517/cdr.2020.13
http://www.ncbi.nlm.nih.gov/pubmed/35582441
http://doi.org/10.1038/s41416-018-0298-0
http://doi.org/10.1177/1756284820948773
http://www.ncbi.nlm.nih.gov/pubmed/32913444
http://doi.org/10.3389/fimmu.2020.568931
http://www.ncbi.nlm.nih.gov/pubmed/33193345
http://doi.org/10.1007/s40265-020-01304-0
http://doi.org/10.1038/s41598-022-07228-x
http://doi.org/10.1016/j.canlet.2019.06.013


Cancers 2022, 14, 3051 15 of 16

8. Varayathu, H.; Sarathy, V.; Thomas, B.E.; Mufti, S.S.; Naik, R. Combination Strategies to Augment Immune Check Point Inhibitors
Efficacy-Implications for Translational Research. Front. Oncol. 2021, 11, 559161. [CrossRef]

9. Shao, Z.; Pan, H.; Tu, S.; Zhang, J.; Yan, S.; Shao, A. HGF/c-Met Axis: The Advanced Development in Digestive System Cancer.
Front. Cell Dev. Biol. 2020, 8, 801. [CrossRef]

10. Faiella, A.; Riccardi, F.; Carteni, G.; Chiurazzi, M.; Onofrio, L. The Emerging Role of c-Met in Carcinogenesis and Clinical
Implications as a Possible Therapeutic Target. J. Oncol. 2022, 2022, 5179182. [CrossRef]

11. Kim, J.H.; Kim, H.S.; Kim, B.J.; Lee, J.; Jang, H.J. Prognostic value of c-Met overexpression in pancreatic adenocarcinoma: A
meta-analysis. Oncotarget 2017, 8, 73098–73104. [CrossRef] [PubMed]

12. Gao, M.; Lin, M.; Rao, M.; Thompson, H.; Hirai, K.; Choi, M.; Georgakis, G.V.; Sasson, A.R.; Bucobo, J.C.; Tzimas, D.; et al.
Development of Patient-Derived Gastric Cancer Organoids from Endoscopic Biopsies and Surgical Tissues. Ann. Surg. Oncol.
2018, 25, 2767–2775. [CrossRef] [PubMed]

13. Gao, M.; Harper, M.M.; Lin, M.; Qasem, S.A.; Patel, R.A.; Mardini, S.H.; Gabr, M.M.; Cavnar, M.J.; Pandalai, P.K.; Kim, J.
Development of a Single-Cell Technique to Increase Yield and Use of Gastrointestinal Cancer Organoids for Personalized
Medicine Application. J. Am. Coll. Surg. 2021, 232, 504–514. [CrossRef] [PubMed]

14. Nguyen, A.V.; Nyberg, K.D.; Scott, M.B.; Welsh, A.M.; Nguyen, A.H.; Wu, N.; Hohlbauch, S.V.; Geisse, N.A.; Gibb, E.A.; Robertson,
A.G.; et al. Stiffness of pancreatic cancer cells is associated with increased invasive potential. Integr. Biol. 2016, 8, 1232–1245.
[CrossRef]

15. Liston, D.R.; Davis, M. Clinically Relevant Concentrations of Anticancer Drugs: A Guide for Nonclinical Studies. Clin. Cancer Res
2017, 23, 3489–3498. [CrossRef]

16. Harper, M.M.; Lin, M.; Pandalai, P.; Cavnar, M.J.; Gao, M.; Kim, J. Programmed Cell Death-1 Induces MET Activation and Dual
Inhibition Synergistically Blocks Pancreatic Cancer Progression. J. Am. Coll. Surg. 2021, 233, S240. [CrossRef]

17. Eckschlager, T.; Plch, J.; Stiborova, M.; Hrabeta, J. Histone Deacetylase Inhibitors as Anticancer Drugs. Int. J. Mol. Sci. 2017, 18,
1414. [CrossRef]

18. Halfdanarson, T.R.; Foster, N.R.; Kim, G.P.; Meyers, J.P.; Smyrk, T.C.; McCullough, A.E.; Ames, M.M.; Jaffe, J.P.; Alberts, S.R.
A Phase II Randomized Trial of Panitumumab, Erlotinib, and Gemcitabine Versus Erlotinib and Gemcitabine in Patients with
Untreated, Metastatic Pancreatic Adenocarcinoma: North Central Cancer Treatment Group Trial N064B (Alliance). Oncologist
2019, 24, 589-e160. [CrossRef]

19. Hammel, P.; Huguet, F.; van Laethem, J.L.; Goldstein, D.; Glimelius, B.; Artru, P.; Borbath, I.; Bouche, O.; Shannon, J.; Andre,
T.; et al. Effect of Chemoradiotherapy vs Chemotherapy on Survival in Patients With Locally Advanced Pancreatic Cancer
Controlled After 4 Months of Gemcitabine With or Without Erlotinib: The LAP07 Randomized Clinical Trial. JAMA 2016, 315,
1844–1853. [CrossRef]

20. Ghandi, M.; Huang, F.W.; Jané-Valbuena, J.; Kryukov, G.V.; Lo, C.C.; McDonald, E.R., 3rd; Barretina, J.; Gelfand, E.T.; Bielski,
C.M.; Li, H.; et al. Next-generation characterization of the Cancer Cell Line Encyclopedia. Nature 2019, 569, 503–508. [CrossRef]

21. Gagliano, N.; Volpari, T.; Clerici, M.; Pettinari, L.; Barajon, I.; Portinaro, N.; Colombo, G.; Milzani, A.; Dalle-Donne, I.; Martinelli,
C. Pancreatic cancer cells retain the epithelial-related phenotype and modify mitotic spindle microtubules after the administration
of ukrain in vitro. Anticancer. Drugs 2012, 23, 935–946. [CrossRef] [PubMed]

22. Gagliano, N.; Celesti, G.; Tacchini, L.; Pluchino, S.; Sforza, C.; Rasile, M.; Valerio, V.; Laghi, L.; Conte, V.; Procacci, P. Epithelial-to-
mesenchymal transition in pancreatic ductal adenocarcinoma: Characterization in a 3D-cell culture model. World J. Gastroenterol.
2016, 22, 4466–4483. [CrossRef] [PubMed]

23. Hotz, B.; Arndt, M.; Dullat, S.; Bhargava, S.; Buhr, H.J.; Hotz, H.G. Epithelial to mesenchymal transition: Expression of the
regulators snail, slug, and twist in pancreatic cancer. Clin. Cancer Res. 2007, 13, 4769–4776. [CrossRef] [PubMed]

24. Boj, S.F.; Hwang, C.I.; Baker, L.A.; Chio, I.I.C.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al.
Organoid models of human and mouse ductal pancreatic cancer. Cell 2015, 160, 324–338. [CrossRef]

25. Grünwald, B.T.; Devisme, A.; Andrieux, G.; Vyas, F.; Aliar, K.; McCloskey, C.W.; Macklin, A.; Jang, G.H.; Denroche, R.; Romero,
J.M.; et al. Spatially confined sub-tumor microenvironments in pancreatic cancer. Cell 2021, 184, 5577–5592.e18. [CrossRef]

26. Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.;
et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell
2020, 180, 188–204.e22. [CrossRef]

27. Neal, J.T.; Li, X.; Zhu, J.; Giangarra, V.; Grzeskowiak, C.L.; Ju, J.; Liu, I.H.; Chiou, S.H.; Salahudeen, A.A.; Smith, A.R.; et al.
Organoid Modeling of the Tumor Immune Microenvironment. Cell 2018, 175, 1972–1988.e16. [CrossRef]

28. Tsai, S.; McOlash, L.; Palen, K.; Johnson, B.; Duris, C.; Yang, Q.; Dwinell, M.B.; Hunt, B.; Evans, D.B.; Gershan, J.; et al.
Development of primary human pancreatic cancer organoids, matched stromal and immune cells and 3D tumor microenvironment
models. BMC Cancer 2018, 18, 335. [CrossRef]

29. Heinrich, E.L.; Lee, W.; Lu, J.; Lowy, A.M.; Kim, J. Chemokine CXCL12 activates dual CXCR4 and CXCR7-mediated signaling
pathways in pancreatic cancer cells. J. Transl. Med. 2012, 10, 68. [CrossRef]

30. Kim, J.; Yip, M.L.; Shen, X.; Li, H.; Hsin, L.Y.; Labarge, S.; Heinrich, E.L.; Lee, W.; Lu, J.; Vaidehi, N. Identification of anti-malarial
compounds as novel antagonists to chemokine receptor CXCR4 in pancreatic cancer cells. PLoS ONE 2012, 7, e31004. [CrossRef]

31. Shen, X.; Artinyan, A.; Jackson, D.; Thomas, R.M.; Lowy, A.M.; Kim, J. Chemokine receptor CXCR4 enhances proliferation in
pancreatic cancer cells through AKT and ERK dependent pathways. Pancreas 2010, 39, 81–87. [CrossRef] [PubMed]

http://doi.org/10.3389/fonc.2021.559161
http://doi.org/10.3389/fcell.2020.00801
http://doi.org/10.1155/2022/5179182
http://doi.org/10.18632/oncotarget.20392
http://www.ncbi.nlm.nih.gov/pubmed/29069852
http://doi.org/10.1245/s10434-018-6662-8
http://www.ncbi.nlm.nih.gov/pubmed/30003451
http://doi.org/10.1016/j.jamcollsurg.2020.11.009
http://www.ncbi.nlm.nih.gov/pubmed/33253861
http://doi.org/10.1039/C6IB00135A
http://doi.org/10.1158/1078-0432.CCR-16-3083
http://doi.org/10.1016/j.jamcollsurg.2021.07.496
http://doi.org/10.3390/ijms18071414
http://doi.org/10.1634/theoncologist.2018-0878
http://doi.org/10.1001/jama.2016.4324
http://doi.org/10.1038/s41586-019-1186-3
http://doi.org/10.1097/CAD.0b013e32835507bc
http://www.ncbi.nlm.nih.gov/pubmed/22700003
http://doi.org/10.3748/wjg.v22.i18.4466
http://www.ncbi.nlm.nih.gov/pubmed/27182158
http://doi.org/10.1158/1078-0432.CCR-06-2926
http://www.ncbi.nlm.nih.gov/pubmed/17699854
http://doi.org/10.1016/j.cell.2014.12.021
http://doi.org/10.1016/j.cell.2021.09.022
http://doi.org/10.1016/j.cell.2019.11.036
http://doi.org/10.1016/j.cell.2018.11.021
http://doi.org/10.1186/s12885-018-4238-4
http://doi.org/10.1186/1479-5876-10-68
http://doi.org/10.1371/journal.pone.0031004
http://doi.org/10.1097/MPA.0b013e3181bb2ab7
http://www.ncbi.nlm.nih.gov/pubmed/19820417


Cancers 2022, 14, 3051 16 of 16

32. Francisco, L.M.; Sage, P.T.; Sharpe, A.H. The PD-1 pathway in tolerance and autoimmunity. Immunol. Rev. 2010, 236, 219–242.
[CrossRef] [PubMed]

33. Lee, S.; Heinrich, E.L.; Li, L.; Lu, J.; Choi, A.H.; Levy, R.A.; Wagner, J.E.; Yip, M.L.; Vaidehi, N.; Kim, J. CCR9-mediated signaling
through β-catenin and identification of a novel CCR9 antagonist. Mol. Oncol. 2015, 9, 1599–1611. [CrossRef] [PubMed]

34. Jiang, Y.; Zhan, H. Communication between EMT and PD-L1 signaling: New insights into tumor immune evasion. Cancer Lett.
2020, 468, 72–81. [CrossRef]

35. Wang, Q.-W.; Sun, L.-H.; Zhang, Y.; Wang, Z.; Zhao, Z.; Wang, Z.-L.; Wang, K.-Y.; Li, G.-Z.; Xu, J.-B.; Ren, C.-Y.; et al. MET
overexpression contributes to STAT4-PD-L1 signaling activation associated with tumor-associated, macrophages-mediated
immunosuppression in primary glioblastomas. J. Immunother. Cancer 2021, 9, e002451. [CrossRef]

36. Conroy, T.; Desseigne, F.; Ychou, M.; Bouche, O.; Guimbaud, R.; Becouarn, Y.; Adenis, A.; Raoul, J.L.; Gourgou-Bourgade, S.;
de la Fouchardiere, C.; et al. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. J. Med. 2011, 364,
1817–1825. [CrossRef]

37. Von Hoff, D.D.; Ervin, T.; Arena, F.P.; Chiorean, E.G.; Infante, J.; Moore, M.; Seay, T.; Tjulandin, S.A.; Ma, W.W.; Saleh, M.N.; et al.
Increased survival in pancreatic cancer with nab-paclitaxel plus gemcitabine. N. Engl. J. Med. 2013, 369, 1691–1703. [CrossRef]

38. Wang-Gillam, A.; Li, C.P.; Bodoky, G.; Dean, A.; Shan, Y.S.; Jameson, G.; Macarulla, T.; Lee, K.H.; Cunningham, D.; Blanc, J.F.; et al.
Nanoliposomal irinotecan with fluorouracil and folinic acid in metastatic pancreatic cancer after previous gemcitabine-based
therapy (NAPOLI-1): A global, randomised, open-label, phase 3 trial. Lancet 2016, 387, 545–557. [CrossRef]

39. Choueiri, T.K.; Powles, T.; Burotto, M.; Escudier, B.; Bourlon, M.T.; Zurawski, B.; Oyervides Juárez, V.M.; Hsieh, J.J.; Basso, U.;
Shah, A.Y.; et al. Nivolumab plus Cabozantinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2021, 384,
829–841. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1600-065X.2010.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/20636820
http://doi.org/10.1016/j.molonc.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/26003048
http://doi.org/10.1016/j.canlet.2019.10.013
http://doi.org/10.1136/jitc-2021-002451
http://doi.org/10.1056/NEJMoa1011923
http://doi.org/10.1056/NEJMoa1304369
http://doi.org/10.1016/S0140-6736(15)00986-1
http://doi.org/10.1056/NEJMoa2026982
http://www.ncbi.nlm.nih.gov/pubmed/33657295

	Introduction 
	Materials and Methods 
	Drugs 
	Cell Culture 
	Ethics Approval and Patient Tumor Acquisition 
	Western Blots 
	Co-Immunoprecipitation 
	Quantitative PCR 
	Wound Healing 
	Transwell Cell Migration 
	Drug Cytotoxicity Assays 
	In Vivo Drug Testing 
	Immunohistochemical (IHC) Staining 
	Statistical Analysis 

	Results 
	Identification of PD-1/PD-L1 Activated Pathways 
	PD-1 and MET Expression in PDAC Cells and PDOs 
	PD-1 and MET Regulate Cell Motility and Migration 
	The PD-1/PD-L1 Axis Induces EMT 
	PD-1 and PD-L1 Do Not Directly Interact with MET 
	PD-1/PD-L1 Axis Upregulates HGF mRNA Expression 
	PD-1 and MET Inhibitors Have Synergistic Cytotoxicity in PDAC Cells and PDOs 
	PD-1 and MET Inhibition Effectively Slows Tumor Growth in PDXs 

	Discussion 
	Conclusions 
	References

