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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) remains a refractory disease. Programmed cell death protein-1 (PD-1)
monotherapy has shown strong performance in targeting several malignancies. However, the effect and me-
chanism of intrinsic PD-1 in pancreatic cancer cells is still unknown. In this study, associations between clin-
icopathological characteristics and stained tissue microarrays of PDAC specimens were analyzed along with
profiling and functional analyses. The results showed that cell-intrinsic PD-1 was significantly correlated with
overall survival (OS). Independently of adaptive immunity, intrinsic PD-1 promoted tumor growth in PDAC.
Concomitantly, the overexpression of intrinsic PD-1 enhanced cancer proliferation and inhibited cell apoptosis in
vitro and in vivo. Mechanistically, PD-1 binds to the downstream MOB1, thereby inhibiting its phosphorylation.
Moreover, greater synergistic tumor suppression in vitro resulted from combining Hippo inhibitors with anti-PD-1
treatment compared with the suppression achieved by either single agent alone. Additionally, Hippo down-
stream targets, CYR61 (CCN1) and CTGF (CCN2), were directly affected by PD-1 mediated Hippo signaling
activation in concert with survival outcomes. Finally, the formulated nomogram showed superior predictive
accuracy for OS in comparison with the TNM stage alone. Therefore, PD-1 immunotherapy in combination with
Hippo pathway inhibitors may optimize the anti-tumor efficacy in PDAC patients via targeting cell-intrinsic PD-
1.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most fatal
and refractory malignant cancers with a low 5-year survival of less than
8% [1,2]. For PDAC patients, surgery is considered to be the only
curative treatment in concert with chemotherapy and/or radiotherapy
[3]. Although the validity of immunotherapy has been evaluated in
several solid tumors [4,5], its efficacy remains poor in PDAC probably
due to the protective stromal barriers and inhibitory immune micro-
environment [6–8].

Immune checkpoint inhibitors (ICIs) are newer, immunotherapy-
based drugs that have been verified to improve survival in several
malignant cancers, including melanoma, renal cancer, and nonsmall

cell lung cancer (NSCLC) [9–11]. Programmed cell death protein-1 (PD-
1) is commonly known as one of the inhibitory immune checkpoints on
activated T cells, NK cells, and B cells, which interacts with the pro-
grammed death ligand 1 (PD-L1) on cancer cells to create second in-
hibitory signaling [12–14]. PD-1/PD-L1 mutual interaction suppresses
the cytotoxic T cell activity and drives T cell dysfunction [15,16]. In-
triguingly, PD-1 expression has been reported to be detected on mela-
noma [17], hepatocellular carcinoma [18], and NSCLC [19] cells.
Kleffel et al. [17] and Li et al. [18] demonstrated that cancer cell-in-
trinsic PD-1 promoted cancer proliferation and growth in melanoma
and hepatocellular carcinoma, respectively; however, intrinsic PD-1
presented as a protective factor in NSCLC [19]. Nevertheless, the ex-
pression of cell-intrinsic PD-1 in PDAC is still not well understood.
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Since Yao et al. [20] reviewed that tumor intrinsic PD-1 mRNA
expression was correctly detected in PDAC from the Cancer Genomic
Atlas (TCGA) project and that it showed significantly different expres-
sion in pancreatic cancer cell lines from the Cancer Cell Line En-
cyclopedia (CCLE), cell-intrinsic PD-1 may be similarly expressed in
PDAC. However, the function and mechanism of cell-intrinsic PD-1
regulation remain unclear.

Here, we report that cell-intrinsic PD-1 is positively expressed in
PDAC cell lines and higher content is correlated with poorer overall
survival (OS) in PDAC patients undergoing radical resection. PD-1
overexpression (PD-1 OE) in pancreatic cancer cells promotes tumor
growth and suppresses cell apoptosis required for PD-L1 independently
of the immunological environment. In contrast, PD-1 knockdown (PD-1
KD) or blockade eliminates this impact. A potential mechanism is that
cell-intrinsic PD-1 interacts with Mps1-One binder (MOB1) to inhibit its
phosphorylation, and then promotes the Hippo signal pathway to ac-
tivate its downstream targets, cysteine-rich angiogenic inducer 61
(CYR6, CCN1) and connective tissue growth factor (CTGF, CCN2). More
importantly, Hippo pathway inhibitors, together with anti-PD-1 im-
munotherapy, show superior synergistic tumor inhibition, and the for-
mulated nomogram containing CYR61, CTGF, and AJCC 8th staging
provides a robust prognostic model for resected PDAC patients.

2. Materials and methods

2.1. Clinical specimens and follow-up

The clinical samples for tissue microarray (TMA) were taken from
90 resected PDAC patients in Zhongshan Hospital, Fudan University
from September 2012 to May 2016, coupled with detailed information
as previously described [13]. Following surgery, all patients were
monitored until December 2016 in the Department of General Surgery,
Zhongshan Hospital, Fudan University, Shanghai, China. The use of
tumor specimens was approved by the Ethics and Research Committees
of Zhongshan Hospital, Fudan University. The OS was calculated as the
time interval between surgery and death or December 2016.

2.2. Ethics approval and consent to participate

The Clinical Research Ethics Committee of Zhongshan Hospital
approved the ethical use of human subjects for this study.

2.3. Pancreatic cancer cell lines

Human pancreatic cancer cell lines, PANC-1, MIA-PaCa-2, BxPC-3
and Sw1990, were received from the Chinese Academy of Sciences,
Shanghai, China. PANC-1 and MIA-PaCa-2 were cultured in high-glu-
cose Dulbecco's Modified Eagle's Medium (DMEM) (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (Gibco), 100 U/
mL penicillin and 100 U/mL streptomycin (Gibco) in a humidified 37 °C
and 5% CO2 incubator, while BxPC-3 and Sw1990 were cultured in
RPMI-1640 medium (Gibco) instead of DMEM. In addition, 2.5% horse
serum was added to the MIA-PaCa-2 cultures.

2.4. Cell transfection

Two lentiviral vectors were constructed containing Ubi-PD-1-
3FLAG-SV40-EGFP-IRES-puromycin and hU6-PD-1-ubiquitin-EGFP
-IRES-puromycin (GeneChem, Shanghai, China). The primer sequences
for human PD-1 gene fragments were 5′-GAGGATCCCCGGGTACCGGT
CGCCACCATGCAGATCCCACAGGCGCCCTG-3’ (forward) and 5′-TCCT
TGTAGTCCATACCGAGGGGCCAAGAGCAGTGTCCATC-3’ (reverse).
The human PD-1 shRNA target logical sequence was 5′-CTAGAGAAG
TTTCAGGGAA-3’. The Ubi-3FLAG-SV40-EGFP-IRES-puromycin and
hU6-control-ubiquitin-EGFP-IRES-puromycin lentiviral vectors were
used as controls. Stably transfected clones for PD-1 were validated by

quantitative real-time polymerase chain reaction (qRT-PCR) and wes-
tern immunoblot analysis.

2.5. RNA isolation, reverse transcription and qRT-PCR

Total RNA was isolated from the human pancreatic cancer cell lines
(PANC-1, MIA-PaCa-2, BxPC-3 and Sw1990). PrimeScript® reverse
transcriptase Master Mix (Takara Bio Inc., Otsu, Shiga, Japan) was used
for the cDNA synthesis reactions, and SYBR Premix Ex Taq (Takara Bio
Inc.) was used to amplify the reverse transcribed products for qRT-PCR
analysis according to the manufacturer's instructions. The primers used
for qRT-PCR were: human PDCD1, 5-CCAGGATGGTTCTTAGACTCCC-3
(forward) and 5- TTTAGCACGAAGCTCTCCGAT-3 (reverse); Human
GAPDH, 5- GGAGCGAGATCCCTCCAAAAT-3 (forward) and 5-GGCTG
TTGTCATACTTCTCATGG-3 (reverse). PCRs were run in triplicate in
20 μL reactions under conditions of 95 °C for 30 s, 40 cycles of 95 °C for
5 s, 60 °C for 34 s and melting curve of 95 °C for 10 s, 60 °C for 60 s,
95 °C for 15 s using the ABI 7500 Real-Time PCR (Applied Biosystems,
Foster City, CA, USA). The relative mRNA expression of transcripts was
normalized to GAPDH and analyzed by using the 2(−△△Ct) method.

2.6. Proliferation assay

Two thousand cells suspended in 100 μL medium were seeded in
each well of 96-well plates, and cell viability and proliferation ability
were measured at 12, 24, 48, and 72 h. The cell counting kit-8 (CCK-8)
reagent (Dojindo Molecular Technologies, Gaithersburg, MD, USA) was
added into the culture medium resulting in a 10% CCK-8 working so-
lution and incubated for an additional 2 h. A microplate reader (Bio-
Rad, Hercules, CA, USA) was used to measure the cell viability and
proliferation ability in each well according to the absorbance at a wa-
velength of 450 nm. In addition, 300 MIA-PaCa-2 cells and 500 BxPC-
3 cells were seeded in each well of six-well plates for colony formation
assays and cultured at 37 °C with 5% CO2 in an incubator for two
weeks. After the incubation, cells were washed with phosphate buffered
saline (PBS), fixed with 1% paraformaldehyde for 30min, and stained
with 0.1% crystal violet (Beyotime, Shanghai, China) for an additional
30min. Image-Pro Plus 5.0 software (Media Cybernetics, Bethesda, MD,
USA) was used to count the numbers of cell colonies. Then, PD-1-OE
cells treated with suitable drugs for 48 h were analyzed for drug
treatment proliferation. Yes-associated protein-transcriptional en-
hanced associate domain (YAP-TEAD) Inhibitor 1 (Peptide 17, Selleck,
Houston, TX, USA) was administered at a concentration of 200 nM,
while 50 μg/ml of anti-human PD-1, PD-L1, and relevant isotype con-
trol mAb (BioXcell, West Lebanon, New Hampshire, USA) were used in
vitro.

2.7. Flow cytometry (FCM)

PD-1-APC antibody (Biolegend, San Diego, California, USA) and PD-
L1-PE antibody (BD Biosciences, Franklin Lakes, NJ, USA) were used to
examine the PD-1 and PD-L1 expression on the surface of wild-type or
transfected pancreatic cancer cell lines. The mean fluorescence in-
tensity (MFI) of staining for each marker was analyzed. After a 48 h
treatment, cell lines were analyzed for apoptosis by staining with an-
nexin V-APC and PI (BD Bioscience). The target populations were
identified by FACS Aria Ⅱ flow cytometer (BD Bioscience).

2.8. Western blotting analysis

Total proteins were extracted from pancreatic cancer cell lines with
RIPA (1%PMSF) and protease inhibitors and were quantified by the
BCA Protein Assay Kit (Beyotime). The proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE,
Beyotime) and then electrotransferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). A 5% nonfat milk
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in TBS-T solution was used to block the PVDF membranes, and then
primary antibodies with 1:1000 dilutions were incubated overnight.
The next day, the PVDF membranes were incubated with the HRP-
conjugated second antibody (Beyotime) at 1:5000 dilutions at room
temperature. Then, the expression of the relevant protein was detected
with Tanon 5200 Image System (Tanon, Shanghai, China). In this study,
anti-GAPDH (Cell Signaling Technology, Danvers, MA, USA), anti-PD-1
(R&D Systems, Tustin, California, USA and Abcam, Cambridge, UK),
anti-PD-L1 (Cell Signaling Technology), anti-MOB1 (Cell Signaling
Technology), anti-phospho-MOB1 (pMOB1, Cell Signaling Technology),
anti-LATS1 (Cell Signaling Technology), anti-phospho-LATS1 (pLATS1,
Cell Signaling Technology), anti-YAP (Cell Signaling Technology), anti-
phospho-YAP (pYAP, Cell Signaling Technology), anti-CTGF (Cell
Signaling Technology) and anti-CYR61 (Cell Signaling Technology)
monoclonal antibodies (mAbs) were used. PD-1-OE cells were pre-
viously treated with 50 μg/ml of anti-human PD-1, PD-L1 or isotype
control mAb (BioXcell) and with YAP-TEAD Inhibitor1 (Peptide 17) at
different concentration for 48 h and then used for Western blot analysis.

2.9. Immunohistochemistry (IHC) and immunofluorescence (IF)

HE staining was administered for formalin-fixed, paraffin-embedded
(FFPE) xenografted tumor specimens and FFPE tissue TMA specimens.
Anti-PD-1(Abcam), anti-CD8 (Cell Signaling Technology), anti-MOB1
(Cell Signaling Technology), anti-Ki-67 (Abcam), anti-CTGF (Cell
Signaling Technology) and anti-CYR61 (Cell Signaling Technology)
monoclonal antibodies were applied for IHC staining as previously
described [13].

The expression of PD-1, CYR61, and CTGF in TMA specimens was
independently calculated by two authors blinded to section treatment.
The immunoreactivity scores of PD-1, CYR61, and CTGF in the TMA
specimens were derived by multiplying the percentage of im-
munoreactive cells and the intensity of IHC staining, which ranged from
0 to 12. As a result, specimens with a final staining score of ≥6 were
labeled as high expression, while those of< 6 were classified as low
expression.

IF staining was performed on the cultured pancreatic cancer cells.
Anti-MOB1 (Cell Signaling Technology) was used as the primary anti-
body for 1 h at room temperature. Then, coverslips were incubated with
the second antibody with red fluorescence detection for 1 h, and PD-1
expression was detected with the green fluorescence by intrinsic GFP.

2.10. Immunoprecipitation and proteome analysis

Proteins were extracted from cell lysates with lysis buffer. Protein
A/G beads (Thermo Fisher Scientific, Waltham, MA, USA) and anti-
bodies were added to protein lysates, then incubated overnight.
Proteins from the beads were subjected to Western blot, in-gel cut and
digestion, and then proteome analysis by liquid chromatography–mass
spectrometry/mass spectrometry (LC-MS/MS) performed by Bangfei
Biotechnology Co. (Beijing, China).

A Q Exactive mass spectrometer, which was coupled to Easy nLC
(Thermo Fisher Scientific), was used to perform the experiments. A
C18-reversed-phase column packed with RP-C18 5 μm resin in 0.1%
formic acid in high performance liquid chromatography (HPLC)-grade
water bound the peptide mixture and then separated it with a linear
gradient of 0.1% formic acid in 84% acetonitrile at a flow rate of
250 nl/min controlled by IntelliFlow technology over 60min.
Moreover, by a data-dependent top 10 method choosing the most
abundant precursor ions from the survey scan (300–1800 m/z) for high-
energy collisional dissociation (HCD) fragmentation dynamically, MS
data was acquired, and the target value determination relied on pre-
dictive Automatic Gain Control (pAGC). It was observed that the un-
derfill ratio specified the target value with the minimum percentage
likely to be reached at the maximum fill time, which was defined as
0.1%, and the normalized collision energy was 27 eV. Peptide

recognition mode was enabled to run in the instrument.
MASCOT engine (Matrix Science, London, UK) against uniprot_

Human_173837_201807027 was used for MS/MS spectra analysis. The
options of peptide mass tolerance= 20 ppm, enzyme=Trypsin, MS/
MS tolerance=0.1 Da, missed cleavage=2, variable mod-
ification:oxidation(M), fixed modification: carbamidomethyl (C), ion
score > 20 and FDR<0.01 at the peptide and protein levels were
applied for protein identification.

2.11. Mouse xenograft study

Forty-eight male, 4-5-week-old NOD/SCID mice (Shanghai SLAC
Laboratory Animals Co., Ltd, Shanghai, China) were raised in a specific
pathogen free (SPF) environment. The China Animal Welfare
Guidelines were followed during the experimental animal procedures
all the time. The Institutional Animal Care and Use Committee in
Zhongshan Hospital, Fudan University, approved this study protocol.
The NOD/SCID mice were randomly assigned to two cohorts, and in
each group, stable PD-1-OE, PD-1-KD or vector control cells were sub-
cutaneously inoculated into the right subscapular region with
1×107 cells/inoculum. Tumor volume was calculated by
(length×width2)/2, and the tumor length and width were measured
weekly.

2.12. Statistical analyses

SPSS 21.0 software (IBM Corporation, Armonk, NY, USA) and R
project version 3.4.4 (R Foundation for Statistical Computing, Vienna,
Austria) were used for statistical analysis. The correlations between PD-
1, CYR61, and CTGF expression and clinicopathological characteristics
were analyzed by Pearson Chi-squared test, Fisher's exact test or
Mann–Whitney U test, as appropriate. Kaplan-Meier survival curves and
a log-rank test were used to estimate median OS and compare survival
outcomes. Univariate and multivariate analyses of demographic and
clinicopathologic variables were performed using a Cox proportional
hazards model. The categoric values of experiments were presented as
the mean ± standard deviation +x̄ s.The quantitative data of two
groups were compared by two-tailed Student's t-tests, while data with
multigroup comparisons were assessed using one-way ANOVA, and
then, the LSD or Tamhane method was applied for further studies. A
value of p < 0.05 was considered statistically significant.
Kaplan–Meier survival curves, nomogram, calibration curves, and de-
cision curve analysis (DCA) were depicted with an R project as pre-
viously described [2]. The Western blot bands were analyzed with
ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Tumor growth curves were plotted by GraphPad Prism 6.0 (GraphPad
Software, La Jolla, CA, USA).

3. Results

3.1. Cell-intrinsic PD-1 in PDAC correlated with poor prognosis

The results of IHC staining of TMA specimens are shown in Fig. 1A
and in Table S1. PD-1 expression was mainly located on the cytoplasm
and surface of the tumor cells at low (40× ) and high (400× ) mag-
nification, and there was no expression in tumor-adjuvant pancreatic
tissues. Through analysis, PD-1 was highly expressed in 27.8% (25/90)
of PDAC specimens. The relationships between PD-1 staining and other
clinicopathological characteristics are shown in Table S2, and the re-
sults showed no significant correlation with routine blood and patho-
logical indicators (all p > 0.05).

The survival details of a total of 90 PDAC patients undergoing
pancreatectomy were previously described [13]. Cell-intrinsic PD-1 was
significantly considered as a prognostic characteristic associated with
OS in the Kaplan–Meier curves analysis, and patients with higher PD-1
expression tended to have a shorter survival time (12.0 vs. 19.0
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months) (Fig. 1B, p=0.010). Concomitantly, significant risk char-
acteristics under univariate analysis were subjected to Cox proportional
hazards multivariate analysis (Table S3). The results of multivariate
analysis revealed that N classification (p=0.043, hazard ratio
[HR]=2.360, 95% confidence interval [CI]= 1.028–5.418) and PD-1
expression (p=0.014, HR=2.017, 95% CI= 1.155–3.523) remained
independently and negatively associated with OS. The 1-year and 3-
year OS rate of PDAC patients with higher PD-1 expression was 46.2%
and 11.7%, respectively, while those of PDAC patients with lower PD-1
expression was 70.2% and 29.5%, respectively.

3.2. Cell-intrinsic PD-1 in PDAC promoted cancer proliferation

As we hypothesized that cell-intrinsic PD-1 was expressed in pan-
creatic cancer cells, we examined its expression in four pancreatic
cancer cell lines. The qRT-PCR and Western blot results showed in-
trinsic PD-1 was correctly represented in pancreatic cancer cells
(Fig. 2A and B). In addition, four pancreatic cancer cell lines staining
with PD-1-APC mAb compared to IgG-APC mAb showed that expression
of PD-1 located on the surface was higher in MIA-PaCa-2 cells than in
BxPC-3 or PANC-1 cells, and Sw1990 cells had the lowest expression
(Fig. 2C).

Then, compared with controls, stable PD-1 overexpressing (PD-1-
OE) and PD-1 knockdown (PD-1-KD or PD-1-shRNA) MIA-PaCa-2 and
BxPC-3 cell lines, which had significantly increased or blocked PD-1
protein expression, respectively, were generated (Fig. 2D and E).

Concurrently, the exogenous PD-1 overexpression was also precisely
located on the surface of PD-1-OE MIA-PaCa-2 and BxPC-3 cells (Fig. 2F
and G). To determine the functional phenotype of cell-intrinsic PD-1,
we used the MIA-PaCa-2 PD-1 OE and vector control cells for the RNA
sequencing. Ingenuity pathway analysis (IPA) showed that cell-intrinsic
PD-1 was mainly associated with cell death and cancer survival (Figs.
S1A–C).

Cell proliferation and clone formation ability were primarily as-
sessed with the CCK-8 proliferation and clone formation assays, which
showed that the degree of proliferation and clone formation was highly
increased in PD-1-OE MIA-PaCa-2 (Fig. 3A–C) and BxPC-3 cells (Figs.
S2A–C) compared to vector controls. In contrast, PD-1-KD BxPC-3 cells
(Fig. 3D–F) and MIA-PaCa-2 cells (Figs. S2D–F) showed the opposite
trends in proliferative responses. In PD-1-OE MIA-PaCa-2 cells, the cell
apoptosis rate by FCM was 8.26 ± 1.06% compared with that of
13.77 ± 0.86% in vector control cells (Fig. 3G and H), while the cell
apoptosis rate of PD-1-KD BxPC-3 cells was 20.12 ± 1.14% compared
with that of 12.74 ± 0.55% in shRNA control cells (Fig. 3G and I). The
synergistic effects were also tested in PD-1-KD MIA-PaCa-2 and PD-1-
OE BxPC-3 cells (Fig. S2G).

To further reveal the in-vivo proliferative effect of cell-intrinsic PD-1
on PDAC growth, immunocompromised (T- and B cell-deficient) NOD/
SCID mice were injected with MIA-PaCa-2 and BxPC-3 cells transfected
with the relevant lentiviral vectors, and then tumor growth was mea-
sured for proliferation ability. As the results showed, the xenograft
tumor sizes in the PD-1 OE cohort were significantly larger than those

Fig. 1. The immunohistochemistry staining for PD-1 in PDAC tissue microarray and its associated survival. (A) The representative images illustrating low and high
expression of PD-1 (× 40 low-power and× 400 high-power fields respectively). (B) Kaplan–Meier survival curves of PD-1 analyzed by Log-rank test.
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in the vector control cohort (p < 0.01; Fig. 3J and S2H), and the xe-
nografts of the PD-1 shRNA cohort were significantly smaller than the
vector controls (p < 0.05; Fig. 3K and S2I). Furthermore, Ki-67, as a
proliferation marker, was analyzed in the FFPE specimens of xeno-
grafts, which showed that, compared with the vector controls, the
proliferation rate was significantly enhanced in the PD-1 OE cohort
xenografts, while the proliferation rate in the PD-1 shRNA cohort xe-
nografts was dramatically decreased (Fig. 4E and Fig. S3C). Hence, PD-
1 OE cells promoted, and PD-1 KD cells suppressed, pancreatic cancer
growth in NOD/SCID mice when compared with their controls, which
implicates PD-1 in tumorigenesis and progression.

3.3. Cell-intrinsic PD-1 activated the hippo signaling pathway, which
requires PD-L1

Through the signal pathway analysis of the RNA sequencing data,
we observed that the highest activation pathway was the YAP-mediated
signaling pathway (Fig. S1E). To investigate the molecular mechanism
of cell-intrinsic PD-1 contributing to PDAC growth, immunoprecipita-
tion and LC-MS/MS analyses of stable PD-1 OE cells or vector controls
were performed to identify different components in the complexes of
proteins. PD-1-associated protein complexes were isolated from PD-1
OE and vector control MIA-PaCa-2 cells via using anti-Flag mAb-coated
paramagnetic beads. The beads coated with anti-Flag mAbs bound PD-1

Fig. 2. Expression of PD-1 in wide-type and transfected PDAC cells. (A) Western blot analysis and (B) qRT-PCR analysis for PD-1 in four wild-type PDAC cells. (C) The
mean fluorescence intensity (MFI) of PD-1 expression on the surface of four wild-type PDAC cells compared with cells with IgG staining. Western blot analysis of PD-1
in (D) MIA-PaCa-2 transfected with PD-1 overexpressed plasmid and vector control and (E) BxPC-3 transfected with PD-1 shRNA plasmid and vector control. The MFI
of PD-1 expression on the surface of PD-1 overexpressing (F) MIA-PaCa-2 and (G) BxPC-3 compared with its relative vector control.
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and its associated proteins, and then the protein complexes were se-
parated, purified and analyzed by MS.

One hundred seventy proteins were identified by proteomic analysis
within at least 99% confidence. There were 47 overlapped proteins
(27.6%) identified between the complexes from PD-1 OE cells and
vector controls. Meanwhile, 78 proteins (45.9%) were unique to the
compounds related to PD-1 that were detected in the complexes from
PD-1 OE cells (Fig. S1D). In these novel proteins in PD-1 OE cells, we
found the MOB1 protein as expected, which was thought to be a
medium protein towards the Hippo pathway. For these reasons, we
speculated that cell-intrinsic PD-1 might promote tumor growth by
associating with MOB1 and then activating Hippo signaling pathways.

To test our hypothesis, repeated immunoprecipitation and im-
munofluorescence staining were performed to validate the results. As
the immunoprecipitation results showed, endogenous MOB1 was co-

immunoprecipitated by anti-Flag mAbs, whereas the endogenous PD-1
and Flag-tagged PD-1 were co-immunoprecipitated by anti-MOB1 mAbs
reciprocally in PD-1 OE MIA-PaCa-2 cells (Fig. 4A). Confocal micro-
scopy revealed that PD-1 was localized to the cell membrane and cy-
toplasm, which was associated with the expression of MOB1 (Fig. 4B).
In addition, we further assessed the effect of cell-intrinsic PD-1 ex-
pression on Hippo signaling by examining MOB1, Large Tumor Sup-
pressor homolog kinases 1 (LATS1), YAP, and their phosphorylation.
The results showed that the Hippo signal pathway was notably en-
hanced in MIA-PaCa-2 and BxPC-3 cells with PD-1 transfection (Fig. 4C
and S3A), while it significantly declined in PD-1 KD cells (Fig. 4D and
S3B). In addition, IHC staining of tumor specimens demonstrated that
MOB1 was markedly enhanced in MIA-PaCa-2 and BxPC-3 cells with
PD-1 transfection, whereas MOB1 in PD-1 KD cells was dramatically
suppressed (Fig. 4E and S3C). These data revealed that PD-1 interacted

Fig. 3. Cell-intrinsic PD-1 in PDAC promotes cell proliferation and tumor growth. (A) CCK-8 assay at 0, 12, 24, 48, 72 h and (B, C) clone formation assay for 2 weeks
for cell proliferation after PD-1 overexpression in MIA-PaCa-2 cells. (D) CCK-8 assay at 0, 12, 24, 48, 72 h and (E, F) clone formation assay for 2 weeks for cell
proliferation after PD-1 shRNA transfection in BxPC-3 cells. (G, H, I) Flow cytometry data showing cell apoptosis by the vector controls and PD-1 overexpression in
MIA-PaCa-2 cells and PD-1 knockdown in BxPC-3 cells. Tumor sizes and growth rates (means ± SD) of the (J) PD-1 overexpression versus vector control MIA-PaCa-
2 cells and the (K) PD-1 knockdown versus vector control BxPC-3 cells in NOD/SCID mice models. *, p-value<0.05; **, p-value< 0.01; ***, p-value<0.001.
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to MOB1 and physically modulated its phosphorylation.
To further examine the effect of cell-intrinsic PD-1 required for PD-

L1, we first tested the PD-L1 expression in cancer cells. The WB results
showed that both MIA-PaCa-2 and BxPC-3 wild-type and PD-1-OE cells
exhibited PD-L1 expression, and the FCM results further showed that
both cell lines had high PD-L1 expression on their surface (Figs. S3D
and S3E). Then, we treated the PD-1-OE cells with anti-PD-L1 anti-
bodies, and the results showed the activated Hippo pathway by PD-1
regulator was reversibly suppressed by PD-L1 blockade (Fig. 4F and
S3F).

3.4. PD-1 blockade in combination with a hippo signaling inhibitor in vitro
suppressed PDAC growth

To verify the inhibitive effect of cell-intrinsic PD-1 in proliferation,
we used anti-PD-1 antibody and YAP-TEAD Inhibitor 1 (Peptide 17) in
an attempt to suppress the Hippo pathway. First, we validated the ef-
ficacy of Peptide 17 in the inhibition of the Hippo pathway, which
showed an excellent performance in reversing the effect of PD-1 OE
(Fig. 5A). Next, we treated the MIA-PaCa-2 and BxPC-3 PD-1 OE cells
with anti-PD-1 antibody and Peptide 17, and then the WB results
showed that PD-1 blockade effectively inhibited the Hippo pathway
activation (Fig. 4F and S3E). In the in vitro functional analysis with
interventions, the CCK-8 and clone formation results revealed that PD-1
blockade in combination with Peptide 17 led to a more significant de-
crease in proliferation than control or single treatment (Fig. 5B and C).
Apoptosis analysis also revealed a higher apoptosis rate in cells re-
ceiving the combination treatment (Fig. 5D). It is important to note that
anti-PD-1 therapy may reduce the cancer cell population, and higher
cell death may be achieved with anti-PD-1 in concert with Peptide 17
treatments.

3.5. Nomogram containing CYR61/CTGF and AJCC 8th system showed an
excellent predictive role

CYR61 and CTGF are tumorigenesis genes operating downstream of
the Hippo pathway [21–24]. As the results showed, MIA-PaCa-2 and
BxPC-3 cells transfected with PD-1 vector showed significantly in-
creased CYR61 and CTGF expression (Fig. 4C and S3A). In further
treatment with Peptide 17, CYR61 and CTGF showed decreased ex-
pression in PD-1 OE cells (Fig. 5A). Thus, CYR61 and CTGF may be the
dominating targets that are regulating cell proliferation and death.

We further analyzed the CYR61 and CTGF expression in the TMA of
PDAC. The IHC results showed that both CYR61 and CTGF were located
in the cytoplasm and associated with OS. Higher expression of CYR61
or CTGF, was associated with higher patient OS (both p < 0.001,
Fig. 6A–C). Further analysis was conducted to determine that CYR61
expression was significantly correlated to gender (p=0.014) and
CA19-9 (p=0.020), while CTGF expression showed a strong associa-
tion with T classification (p=0.007) and PD-1expression (p=0.048)
(Table S4). The results showed that the male patients or patients with
higher CA19-9 might exhibit higher CYR61 expression, and higher T
classification or higher PD-1 expression seemed to cause higher CTGF
expression. When CYR61 and CTGF were subjected to multivariate
analysis, both CYR61 and CTGF were found to be independent risk
factors for OS (Table S5).

To obtain a more precise predictive model, we tried to formulate a

nomogram containing AJCC 8th TNM staging, CYR61, and CTGF ex-
pression. The C-index of the formulated nomogram for OS prediction
was 0.720 (p < 0.001, 95% CI, 0.712–0.728), while the C-index for the
TNM staging system alone was only 0.585 (p < 0.05, 95% CI,
0.577–0.593). In addition, the actual observation and nomogram pre-
diction of 1-, 2- and 3-years OS following surgery were depicted by
calibration curves, which exhibited optimal consistency (Fig. 6E). Then,
a novel evaluation method, DCA [25], was administered to highlight
predictive models with clinical net benefits, which showed that the
formulated nomogram had a wider range of threshold probability with
superior net benefits and improved performance for predicting OS at 1
and 2 years when compared with the AJCC 8th TNM staging system
(Fig. 6F).

4. Discussion

In this study, we obtained new information about the functions of
the cell-intrinsic PD-1 pathway in PDAC. From an entirely novel
viewpoint, PD-1 is no longer expressed predominantly on immunogenic
cells [26]. We found that pancreatic cancer cell lines and PDAC tissue
specimens also expressed PD-1, and this expression was confirmed to
correlate with survival. PD-L1 expressed on PDAC was previously re-
ported as a significant indicator for survival outcomes [27,28] and
multiple therapies targeting to PD-L1 revealed an unexpected result
[29,30]. However, we evaluated the prognostic role of cell-intrinsic PD-
1 by using TMA from resected PDAC patients. Patients with high cell-
intrinsic PD-1 expression had an unsatisfactory OS. In contrast, PDAC
patients with low PD-1 expression had a more favorable prognosis (19.0
months vs. 12.0 months, respectively). Moreover, cell-intrinsic PD-1, as
well as N classification, was further confirmed as an independent
prognostic factor through multivariate analysis.

So far, the role of PD-1 has been dominantly focused on lympho-
cytes [26,31,32]. The PD-1/PD-L1 axis signaling is considered to be one
of the primary mechanisms that result in T cell dysfunction and death
[16,33]. Recently, the new discovery of cell-intrinsic PD-1 in mela-
noma, hepatocellular carcinoma, and NSCLC was reported, explaining
its unique role in tumorigenesis. It was intriguing that the purpose of
PD-1 in melanoma and hepatocellular carcinoma was opposite of that in
NSCLC [17–19]. In melanoma and hepatocellular carcinoma, the mTOR
signaling was upregulated by the tumor-intrinsic PD-1 and was estab-
lished to be a key regulator of the pro-tumorigenic functions of tumor-
intrinsic PD-1 [20]. However, our results showed that cell-intrinsic PD-
1 in PDAC significantly facilitated tumor growth both in vitro and in
vivo in line with previous reports in melanoma and hepatocellular
carcinoma. As functional assays showed, PD-1 OE in cell lines sig-
nificantly enhanced cell proliferation and inhibited apoptosis in vitro,
and increased growth and tumor sizes in the xenograft model, while PD-
1 KD showed the opposite results. All the in vitro and in vivo results
support the theory that cell-intrinsic PD-1 performs an essential role in
PDAC progression.

Through the RNA sequencing and LC-MS/MS data, Hippo signaling
pathway was revealed as the central positive regulation in gene trans-
lation and cell fate. The Hippo-YAP signaling pathway is a kinase cas-
cade leading from Mst1/2 to YAP and its paralog TAZ. YAP/TAZ is
known as a candidate oncogene, while other components of the Hippo
signaling pathway are tumor suppressor genes, whose dysregulations
are observed in a variety of cancers. A great deal of research has

Fig. 4. Cell-intrinsic PD-1 activates the Hippo signaling pathway associating with MOB1, which requires PD-L1. (A) Co-immunoprecipitation assays in MIA-PaCa-2
transfected with a vector containing flag-tagged PD-1 and IgG used as control. (B) Confocal microscopy scan of immunofluorescence staining assays showing PD-1
(green) association with the expression of MOB1 (red) in the PD-1 overexpression (OE) MIA-PaCa-2 cells. Western blot analysis of Hippo signaling pathway changes
when (C) PD-1 OE in MIA-PaCa-2 cells and (D) PD-1 knockdown in BxPC-3 cells. (F) Western blot analysis of Hippo signaling pathway changes in the PD-1 OE MIA-
PaCa-2 cells treated with 50 μg/ml of anti-human PD-1 and PD-L1 antibodies compared with blank control. (E) Representative HE and immunohistochemistry
staining of xenograft tumors from NOD/SCID mice subcutaneously injected with transfected MIA-PaCa-2 cells for the expressions of PD-1, Ki-67, and MOB1. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. PD-1 blockade in combination with a Hippo signaling inhibitor suppresses PDAC growth in vitro. (A) Western blot analysis of Hippo signaling pathway and
down streams in the PD-1 overexpression (OE) MIA-PaCa-2 cells treated with different concentrations of Hippo inhibitors (Peptide 17). (B) CCK-8 assays at 0, 12, 24,
48, 72 h for cell proliferation after treatment of anti-PD-1 antibody and Hippo inhibitors (Peptide 17) for the PD-1 OE MIA-PaCa-2 cells. (C) Clone formation assays
and analyses for 2 weeks after treatment of anti-PD-1 antibody and Hippo inhibitors (Peptide 17) for the PD-1 OE MIA-PaCa-2 cells. (D) Flow cytometry data and
analyses showing cell apoptosis in the PD-1 OE MIA-PaCa-2 cells after 48-h treatment of anti-PD-1 antibody and Hippo inhibitors (Peptide 17), all p-value<0.05
except ns. *, p-value< 0.05; **, p-value<0.01; ***, p-value< 0.001.
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elucidated the features of Hippo signaling in tumorigenesis and pro-
gression and provided an abundant source of potential targets for
cancer therapies [34–37]. Our results from IHC or IF staining and im-
munoprecipitation followed by western blotting further revealed that
cell-intrinsic PD-1 might automatically bind to MOB1 and then decrease
its phosphorylation. MOB1 is a central component of the Hippo sig-
naling pathway, and pMOB1 undergoes conformational activation and
binds to LATS1 [38,39]. Hergovich et al. [40] reported that down-
regulation of LATS1 contributed to tumor formation in mammals. No-
tably, the interaction with MOB1 determined the tumor suppressor
activity, and the mechanism of LATS1 activation typically depended on
rapid recruitment to the plasma membrane by MOB1 followed by
multisite phosphorylation. Our study showed that cell-intrinsic PD-1
bound to MOB1 and decreased its phosphorylation. Reduced pMOB1
suppressed LATS1 phosphorylation and then inactivated LATS1, which
enabled the inhibition of YAP phosphorylation and the accumulation of
YAP proteins. Then, the accumulated YAP proteins further combined
with TEAD and translocated into the nucleus to activate the genes
downstream of Hippo signaling pathway, such as CYR61 and CTGF
expression (Fig. 6G).

We combined the anti-PD-1 and Peptide 17 treatment in vitro.
Further functional assays showed that this combination treatment had a

superior inhibitory impact on tumor growth than a single treatment.
Hippo inhibitors were also identified as having a role in the tumor
suppression of PDAC [41,42]. Downstream Hippo signaling targets
contain CYR61 and CTGF, which commonly act as factors stimulating
aggressiveness in a variety of cancers [21,23,43–45]. Haque et al. [22]
reported that CYR61 expression was exorbitantly higher in cancer cells
and significantly triggered the aggressive phenotype in PADC. Con-
comitantly, Bennewith et al. [24] also said that CTGF was a fibrosis-
related gene related to pancreatic cancer progression. Mechanistically,
CTGF protected pancreatic cancer cells from hypoxia-mediated apop-
tosis, and tumor cell-derived CTGF was vital for pancreatic cancer
growth. Our results showed that cell-intrinsic PD-1 induced CYR61 and
CTGF expression via the Hippo signaling pathway. In addition, TMA
analysis of PDAC further revealed that CYR61 and CTGF were sig-
nificantly associated with OS, and both indicators appeared to be in-
dependent prognostic factors.

According to the findings above, cell-intrinsic PD-1-induced CYR61
and CTGF via Hippo signaling played a critical role in tumorigenesis
and prognostic predictors so that a new predictive model could be es-
tablished. The AJCC 8th TNM staging system was considered a good
model for risk stratification in PDAC patients, but more modifications
or enrollments were explored to obtain a better predictive model

Fig. 6. Expression of CYR61/CTGF in PDAC tissue microarray and their predictive role in prognosis. (A) The representative images illustrating low and high
expression of CYR61 and CTGF (× 40 low-power and×400 high-power fields respectively). Kaplan–Meier survival curves of (B) CYR61 and (C) CTGF analyzed by
Log-rank test. (D) The novel formulated nomogram containing CYR61, CTGF and AJCC 8th staging system. (E) The calibration curves depicting the observed and
nomogram predicted overall survival at 1, 2 and 3 years. (F) The comparison of prognostic prediction between formulated nomogram model and AJCC 8th staging
system by decision curve analysis. (G) The schematic drawing of PD-1 function in pancreatic cancer cell.
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[2,46,47]. In our study, we tried to formulate a novel nomogram con-
taining CYR61, CTGF, and AJCC 8th staging to predict OS in patients
with resected PDAC. Surprisingly, such a nomogram logically improved
the predictive performance and refined an excellent risk stratification
regarding calibration, DCA and C-index. This model may efficiently
serve as a robust prognostic tool in future clinical practice. However, a
large-scale and multicenter study is still needed for further validation.

In conclusion, cell-intrinsic PD-1 in pancreatic cancer cells facil-
itates in tumor growth by Hippo signaling pathway independent of the
immune system. The combination of anti-PD-1with Hippo inhibitors
shows a superior inhibitory effect on tumor growth in vitro, which is
essential to understanding the underlying mechanisms that may be ef-
fective to improve the prognosis of PDAC patients. Finally, regarding
the specific role of CYR61 and CTGF, the formulated nomogram may
provide a robust rational strategy in future risk stratification and sur-
vival prediction.
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MOB1 Mps1-One binder
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YAP-TEAD yes-associated protein-transcriptional enhanced associate

domain
FCM flow cytometry
MFI mean fluorescence intensity
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
PVDF polyvinylidene difluoride

IHC immunohistochemistry
FFPE formalin-fixed, paraffin-embedded
IF immunofluorescence
LC-MS liquid chromatography–mass spectrometry
HPLC high performance liquid chromatography
HCD high-energy collisional dissociation
pAGC predictive Automatic Gain Control
SPF specific pathogen free
OE overexpressing
KD knockdown
IPA Ingenuity pathway analysis
LATS1 Large Tumor Suppressor homologue kinases 1
HPF high-power field
DCA decision curve analysis
HR hazard ratio
CI confidence interval
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