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Editorial on the Research

Targeting Pancreatic Cancer: Strategies and Hopes

Last couple of decades showed remarkable progress in the area of cancer research which improved
the quality of diagnosis and treatment, resulted in substantial increase in cancer recovery rate. But
the scenario is different for Pancreatic cancers, where the percentage of mortality is still as high as
95% which failed to decline. A study in 28 European countries, projected that pancreatic cancer will
surpass breast cancer as the third leading cause of cancer death by 2025 (1). Surgical resection is the
only possible treatment for pancreatic cancers which can be followed by adjuvant chemo therapies.
To date there is no targeted therapy available for pancreatic cancers and it is the need of the hour to
be more focused on pancreatic cancer and compile recent research outputs which help us to design
our future directions. Our Research Topic was designed to look at the current and future strategies
of pancreatic cancer treatments which may give hope to the patients. This Research Topic consists
of 13 articles including 8 Original research articles, 4 reviews and 1 case report.

Development of early diagnosis and use of an effective personalised approach is one of the
promising strategies to improve therapeutic outcome in pancreatic cancer patients. Miyabashi et al.
have reviewed the promising details of combining genome-based medicine with drug screening
based on personalized models which may direct to the use of precision medicine for pancreatic
cancer. The liquid biopsy and use of three-dimensional organoid culture or patient-derived
xenografts platforms also have been discussed in the review article.

Takahashi et al. have described the development of a novel method to detect pancreatic tumors
using a tumor-specific enzyme-activatable fluorescence probe which helps rapid and real-time
visualization of pancreatic cancer through the enzymatic activities of cancer tissues. This novel
technique can accurately identify the extent of the tumor before and during surgery.

Use of bioinformatics tools and machine learning algorithms may be useful for predicting
pancreatic cancer patient prognosis. Li et al. discussed the use of the ‘Extreme gradient boosting
classifier’ (XGBoost) to predict CD8+ tumor-infiltrating lymphocyte expression levels in patients
with pancreatic ductal adenocarcinoma (PDAC) using CT radiomic features. Tan et al. constructed
a novel four genes signature to predict the prognosis of Stages III and IV PDAC patients by applying
WGCNA and CIBERSORT algorithm scoring to transcriptome data different from traditional
methods of filtrating for differential genes in cancer and healthy tissues. The findings may provide
reference to predict survival and be beneficial for individualized management of advanced
PDAC patients.

Pappalardo et al. published a review in this special issue on the current treatment scenario and
new potential therapeutic approaches in early stage PDAC, from both preclinical and clinical point
March 2022 | Volume 12 | Article 87368215
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of view. Lewis et al. published their new finding of a rabbit
monoclonal antibody specific for human alternatively spliced
tissue factor (asTF) and evaluated its binding characteristics and
assessed its in vivo properties. Peng et al. evaluated the efficacy of
hepatic artery infusion (HAI) of floxuridine (FUDR) in
combination with systemic chemotherapy in patients with
pancreatic cancer liver metastases (PCLM).

YAP1 is a transcriptional coactivator and a downstream
effector of Hippo signaling (2). It has been reported to process
a significant role in development of PDAC and progression (3).
Gao et al. did a thorough study and showed that both YAP1-1
and YAP1-2 isoforms are important mediators in the EMT
process of pancreatic cancer. Hayashi et al. reviewed the role of
YAP in PDACs and summarised the biological significance of a
dysregulated Hippo signaling pathway PDACs.

Tumor microenvironment consists cancer associated
fibroblasts, CD4+ T cells and myeloid cells, which are linked
and can influence each other which contribute to cancer cell
plasticity, invasiveness, metastasis, chemo-resistance,
immunotherapy-resistance and radiotherapy-resistance (4). In
a review, Du et al. characterized prevailing population of stromal
cells in Pancreatic Ductal Adenocarcinoma tumors and how it
interact with the other components of tumor microenvironment
leading to tumor progression and described how the re-
programming of tumor microenvironment improve treatment
outcome for pancreatic cancer patients.

Lewis et al. described the pre-clinical evaluation of a
humanized antibody targeting alternatively spliced tissue
factor. It shows significant activity as a single agent and
RNAseq analysis of tumors treated with this monoclonal
antibody showed a significant decrease in the expression of
genes associated with focal adhesion and cell cycle progression.

Identification of new targetable genes or proteins are
important in developing novel therapeutics. Lack of targeted
therapy is the major setback for pancreatic cancer treatment. In
Frontiers in Oncology | www.frontiersin.org 26
this Research Topic, Chen et al. reported identification of a novel
miRNA hsa-mir-4772 and two novel genes (COL12A1 and
COL5A2) associated with pancreatic cancer, which can
be used as prognostic factors and therapeutic targets for
pancreatic cancer.

Raoul et al. published a case study of a young woman with
long term stabilization of a G2 metastatic pancreatic NET that,
after pregnancy, suddenly progressed into one single liver
metastasis corresponding to a transformation into G3 large-cell
neuroendocrine cancer. Authors are raising a question for future
research about the role of temozolomide which used in this
patient in combination with capecitabine during G2 metastatic
pancreatic NET treatment.

More focus has been required in pancreatic cancer research in
order to develop early diagnosis methodologies and targeted
medicines to tackle this disease and reduce mortality.
Development of new liquid biopsy techniques give hopes for
the people to get the disease diagnosed early which certainly
improves the survival chance of patients. Use of personalised
therapies, developing neoadjuvant treatments, combination
therapies and identifying new molecular targets in cells and
tumor microenvironment are also highly promising to give hope
for patients. Parallel developments in the area of bioinformatics
and new deep learning, data science and machine learning
approaches and its application in pancreatic cancer research
and therapy also gives ample hope for us. This Research Topic
not only compiles research outputs in the field but also gives a
real hope that ‘the light of success’ is not very far.
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Case Report: Grade 2 Metastatic
Pancreatic Neuroendocrine Tumor
With Progression of One Metastasis
After Pregnancy to Grade 3 Large-
Cell Neuroendocrine Carcinoma: One
Case Cured by Resection
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5 Predictive Oncology Laboratory, Department of Medical Oncology, CRCM, Institut Paoli-Calmettes, Aix-Marseille Université,
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Temporal and spatial tumor heterogeneity can be observed in pancreatic neuroendocrine
tumor. We report the case of a young woman with long term stabilization of a G2
metastatic pancreatic NET that, after pregnancy, suddenly progressed into one single liver
metastasis corresponding to a transformation into G3 large-cell neuroendocrine cancer.
The patient underwent liver resection (the progressive and one dormant metastasis). With
a 45 months follow-up the patient is without evolutive disease. Exome sequencing of the
two metastases revealed completely different genomic signatures and gene alterations:
the dormant metastasis was MSS without any gene alteration; the poorly differentiated
tumor was MSI, with gain of many mutations including MEN1, BCL2, MLH1 and TP53
corresponding to a mutational signature 11. Could temozolomide play a role in
this transformation?

Keywords: sporadic gastrinoma, metastases, surgery, genomics, MEN 1 gene, microsatellite instability, MLH1
INTRODUCTION

Gastroenteropancreatic neuroendocrine neoplasia (NEN) are low in incidence but high in
prevalence due to their usual good prognosis even when metastatic (1). They represent a very
heterogeneous group of tumors, particularly regarding their behavior. The pathological features,
mainly based on proliferation index (assessed by Ki67 immunohistochemistry labeling) and
March 2021 | Volume 11 | Article 64699217
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differentiation, have a major prognostic value (2). The WHO
2017 grading classification for pancreatic NEN (3) endorses the
WHO 2010 principles. Neuroendocrine tumors (NETs) are well
differentiated and composed of three grades (G): G1 (Ki67 <3%),
G2 (Ki67 3%–20%), and G3 (>20%). Neuroendocrine
carcinomas (NEC) correspond to poorly differentiated tumors,
by default G3, and can involve large-cell or small-cell types. They
differ from NETs with respect to clinical and biological features,
outcome, and treatment. Yet some problems remain, including
temporal and spatial tumor heterogeneity. The disease can evolve
with time from grades G1–G2 to G3 and eventually toward a
poorly differentiated NEC. The grade can differ between different
sites in the same tumor and the same patient, and heterogeneity
is even more frequent between the primary and the metastases,
particularly when metachronous (4). A molecular classification
will certainly be helpful in the near future (5).

Here, we report the case of a young woman with very long-
term stabilization of a G2 metastatic pancreatic NET that, after
pregnancy, suddenly progressed into one single liver metastasis
corresponding to a transformation into G3 large-cell NEC. The
patient underwent liver resection (the progressive and one
dormant metastases). Exome sequencing of the two metastases
revealed completely different genomic signatures and
gene alterations.
CASE REPORT

Written informed consent for publication of her clinical details
and images was obtained from the patient.

A 22-year-old female patient was seen in October 2009 for
chronic diarrhea and weight loss (-8 kg). Colonoscopy was
normal, but upper endoscopy revealed esophageal and
duodenal ulcerations. CT scan disclosed a 4-cm tumor of the
pancreatic tail associated with 10 minute (<1 cm) liver
metastases. On endoscopic ultrasound, the pancreatic tumor
was unique, and tumor cytology found well-differentiated
neuroendocrine tumor cells (low Ki67 at 1%). Serum gastrin
Frontiers in Oncology | www.frontiersin.org 28
and chromogranin A (CgA) levels were elevated (2446 UI and
1455 UI respectively); Neuron-Specific Enolase (NSE), glucagon,
insulin, and VIP serum levels were normal. Proton-pump
inhibitors (PPIs) treatment was initiated. An oncogenic
workup did not find any other familial case and the MEN 1
gene was not mutated. The diagnosis of sporadic metastatic
pancreatic gastrinoma was retained. After Multidisciplinary
Tumor Board discussion, a spleno-pancreatectomy with
lymphadenectomy and radiofrequency ablation of three
metastases located in the right liver were performed in
December 2009. Pathological analysis found a pancreatic G2
well-differentiated NET of 7 cm with 3/41 metastatic lymph
nodes, a Ki67 index of 10%, and a low mitotic rate (4 mitoses/10
high-power fields). Postoperative serum gastrin and CgA levels
remained stable (1104 UI and 1164 UI respectively). On
somatostatin receptor scintigraphy, five liver metastases were
clearly seen, with no other foci. The patient then received, in
combination with PPIs, monthly intramuscular injections of 20
mg octreotide long-acting release (LAR) with a rapid fall in
serum tumor markers.

Three months later, liver magnetic resonance imaging (MRI)
found liver progression with the appearance of new lesions. A
systemic chemotherapy regimen (6) combining capecitabine
(750 mg/m2 orally twice a day on days 1–14) and
temozolomide (200 mg/m2 orally once a day on days 10–14)
was given for six 28-day cycles. A total body CT scan and a liver
MRI then showed a partial response, and tumor markers
returned to normal values. Monthly octreotide LAR was
continued with a three-month follow-up liver MRI. On
January 2014, the total body CT scan and liver MRI confirmed
the partial response (most lesions remained centimetric)
(Figure 1A), and a 68Ga-DOTATOC PET scan did not
demonstrate any activity. On January 2015, octreotide LAR
was voluntarily stopped because this 28-year-old woman
became pregnant.

On December 2015, two months after a normal delivery, an
ultrasound scan showed a liver progression with one lesion
increasing from 15 mm to 55 mm in diameter. Octreotide LAR
A B C

FIGURE 1 | MRI. MRI imaging of the liver in 2010 showing two minute tumors (A one progressed (arrowhead) B) in March 2016 while the other (thin arrow) (C)
remained stable.
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was reintroduced, but three months later MRI showed a further
increase in the size of the larger lesion with a necrotic appearance
(Figure 1B), while the other hepatic nodules remained stable
(Figure 1C). 18Fluorodeoxyglucose PET scan showed major
hypermetabolism of this nodule (standardized uptake value
22.8) with no activity elsewhere (Figure 2). Biopsy was
performed on this progressing liver metastasis and showed a
well- to moderately differentiated component with a Ki67 index
of 14% (G2) surrounding a poorly differentiated NEC with large
cells and a Ki67 index of 60%, suggesting a transformation from
low-grade NET to high-grade large-cell NEC. The NSE level then
began to rise. The combination of capecitabine and
temozolomide was reintroduced but failed. After right portal
vein embolization, a right hepatectomy was performed in
January 2017. The pathological examination identified two
tumors separated by more than 20 mm: one was necrotic and
measured 75 mm, and the second measured 23 mm.
Macroscopically, there were two hepatic tumors, which
measured 75 mm and 23 mm in diameter respectively. Both
tumors were white colored, with a necrotic consistency for the
largest one. The histologic study showed two neuroendocrine
proliferations with different differentiations (Figures 3 and 4).
The larger metastases was poorly differentiated with compact
architecture: clumps of tumor cells expressed CD56, TTF-1, p53,
and partly Chromogranin A and synaptophysin in some areas.
The mitotic index was higher than 20 mitoses per 2 mm2 (Ki67
index >80%). The other tumor was well differentiated and
characterized by a glandular proliferation expressing the three
Frontiers in Oncology | www.frontiersin.org 39
neuroendocrine markers and by the absence of mitosis. The Ki67
index was low (<1%).

In June 2020, 41 months after resection, the imaging
remained stable with no sign of progression.
MOLECULAR ANALYSIS

We extended the comparison of these two resected metastases at
the molecular level by performing exome next-generation
sequencing (FoundationOne® CDx, Foundation Medicine) on
each lesion. The pathologically and radiologically dormant liver
metastasis showed a Microsatellite Stable (MSS) status with a low
tumor mutational burden (TMB; three mutations per Mb). No
major gene alteration was seen, with only six variants of
unknown significance detected on BRCA2 (K2791N), FOXL2
(V14I), KDR (R1229Q), KLHL6 (M313I), MAP3K13 (R458H),
and NOTCH1 (N280S). In contrast, the mutational profile of the
poorly differentiated tissue of the progressing metastasis revealed
many alterations, including Microsatellite Instable (MSI) status,
very high TMB (153 mutations per Mb), and many gene
mutations. The later notably involved MEN1 splice site (927 +
1G>A), BCL2 (E165K), BCORL1 (Q606*), DAXX splice site
(1039 + 1G>A), ERBB4 (R50H), HNF1A (G292fs*25), KDM5C
(R68fs*5), MLH1 splice site (207 + 1G>A, Q510*), MLL2 splice
site (5645-1G>A), PPP2R2A splice site (180 + 1G>A), and TP53
(P191del, R280K).
FIGURE 2 | 18FDG-PET. 18FDG-PET image from March 2016: major uptake in the progressing lesion; no other suspect foci was seen.
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A B C

D E F

FIGURE 3 | Poorly differentiated tumor (A) Large cell neuroendocrine carcinoma composed by large cells with high mitotic index (> 20 mitoses/2mm2). HES, x20.
(B) Immunostaining CKAE1/AE3, monoclonal antibody, clone AE1/AE3/PCK26, Ventana, x20. (C) Immunostaining KI67 : high nuclear expression (> 70%)
monoclonal antibody, clone MIB1, Agilent Dako, x20. (D) Immunostaining Chromogranin A, monoclonal antibody, clone LK2H10, Ventana, X20. (E) Immunostaining
Synaptophysin, monoclonal antibody, clone SP11, Ventana, X20. (F) Immunostaining CD56, monoclonal antibody, clone MRQ-42, Ventana/Cell marque, X20.
A B C

D E F

FIGURE 4 | Well differentiated tumor. (A) Well-differentiated neuroendocrine tumour with glandular architecture. HES, x 20. (B) Immunostaining CKAE1/AE3,
monoclonal antibody, clone AE1/AE3/PCK26, Ventana, x20. (C) Immunostaining KI67: low nuclear expression (< 1%) monoclonal antibody, clone MIB1, Agilent
Dako, x20. (D) Immunostaining Chromogranin A, monoclonal antibody, clone LK2H10, Ventana, X20. (E) Immunostaining Synaptophysin, monoclonal antibody,
clone SP11, Ventana, X20. (F) Immunostaining CD56, monoclonal antibody, clone MRQ-42, Ventana/Cell marque, X20.
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DISCUSSION

This case demonstrates that, after a long follow-up, a liver
metastasis of a G2 functional (gastrinoma) pancreatic NET can
dedifferentiate to a poorly differentiated G3 NEC, perhaps
stimulated by a pregnancy.

The influence of pregnancy on the evolution of NETs is poorly
understood, but these tumors may be sensitive to hormones and
proteins produced in excess during the pregnancy. Pancreas NETs
frequently express progesterone receptor (PR), and less often
estrogen receptor (ER) (7, 8). Recently it was demonstrated (9)
that placental growth factor, a member of the VEGF family (10),
stimulates the growth of NETs. In the relationship between cancer
and pregnancy, many factors are involved, and particularly
immune modulations (11). It has also been reported that breast
cancers observed during pregnancy frequently have more
aggressive clinical behavior, perhaps related to molecular
differences (12). Yet the impact of pregnancy on a slow-growing
cancer likeNET, obviously a rare event, is not described, to the best
of our knowledge, in the literature.

If modification from a G1 to G2 NET is not unusual,
progression of a G1 or G2 NET to a poorly differentiated NEC
has seldom been described. A retrospective series reported 31
cases of well-differentiated digestive tract NETs (at least 50% of
the tumor) with a separable component of high-grade NEC (13),
including 21 pancreatic NETs. The high-grade part was reported
either within the primary tumor (48%) or at metastatic sites
(52%), and in most cases constituted at least 20% of the tumor.
The high-grade component had no features of small-cell
carcinoma in any of these cases but there were sometimes
histologic overlaps with large-cell NEC. The prognosis of these
patients remained good, closer to that of patients with well-
differentiated NETs, and far better than observed in purely high-
grade NEC. p53 positivity by IHC, a surrogate for TP53
mutations, has never been reported in well-differentiated NETs
or in these 21 transformed pancreatic NETs, but is found in most
poorly differentiated pancreatic NEC and in our case. DAXX/
ATRX/MEN1 mutations were detected at similar frequency in
the high-grade component and the lower-grade equivalent of
pancreatic well-differentiated NETs, but never in a series of
poorly differentiated pancreatic NEC. The contrary was
observed for RB1 mutations. For the authors, these parts of
poorly differentiated NEC are, from a histogenetic point of view,
closer to conventional carcinoma (from squamous or glandular
cell origin) than to a conventional well-differentiated NET. For
others (14), higher-grade regions in epithelial neoplasms reflect
neoplastic progression due to additional molecular and genetic
events. An alternative explanation is that regional variations in
morphology reflect epigenetic variations or multiclonality.

Comparison of the exomes of the two tumor components in
our patient gave some important information.

No gene alteration has been described in the well-
differentiated part of the tumor. In contrast, the poorly
differentiated part was MSI-h with a very high (153 muts/Mb)
mutational burden, and many gene mutations, mostly G>A. This
tumor was MSI-h, with a MLH1-acquired mutation. Such
MLH1-acquired mutations can be found in MSI-h cancers
Frontiers in Oncology | www.frontiersin.org 511
from the Lynch spectrum without germline mutations (or
hypermethylations) (15); MLH1 inactivation leads to increased
mutational burden resulting in microsatellite instability. Only
one case of pancreatic NEC (Ki67 = 60%) with such mismatched
repair deficiency and loss of expression of MLH1 and PMS2 in
tumor cells without gene promoter methylation has been
reported (16); the outcome was surprisingly good. In a series
of 89 gastroenteropancreatic NEC ormixed adenoneuroendocrine
carcinomaswith no familial history of Lynch syndrome, 12.4%had
a MSI phenotype (essentially those with a primary located in the
stomach or small intestine), usually due to methylation-mediated
silencing of theMLH1 gene (17). Their prognosiswas good.MLH1
mutation is rare inNEC, reported in less than 1%of small-cell lung
carcinomas, in less than 1% of pancreatic NETs, and never in
intestinal carcinoids; a fewcases of pancreaticNECwithMSI-h in a
Lynch syndrome due to germinal MLH1 mutation have been
described (18).

MEN1, a tumor-suppressor gene that encodes the protein
menin, is frequently mutated in neuroendocrine tumors.
Germline mutations are associated with multiple endocrine
neoplasia type 1 with frequently pancreatic NETs. Somatic
mutations are observed in one third of pancreatic NETs (5)
and in only a few cases of pancreatic adenocarcinomas. In our
case, at diagnosis, MEN1 germline testing was negative and no
alteration of MEN1 was described in the well-differentiated part
of the removed tumor. In contrast, MEN1 alteration was found
in the second component. The MEN1 splice site 927 + 1G>A has
been described on germline allele and considered as likely
pathogenic (ClinVar). This loss of menin, an epigenetic
regulator, leads to the inactivation of p53/Rb pathways and
triggers aberrant DNA damage response (19). DAXX
mutations, observed in 20% of pancreatic NETs, are usually
correlated with a poor prognosis; they can be driver mutations
(5) and play a role in chromosomal instability (5). Other
mutations described in our patients are infrequently found in
NETs: never for BCL2 mutations, in many other cancers (gastric,
prostate cancers, and melanoma) for ERBB4 mutations (coding
for a member of the ErbB receptor family), and in endometrial
tumors and in liver adenomas for HNF1A mutations.

In our case, most genemutations were single-base substitution,
essentially G>A; this mutational signature (signature 11) is
particularly observed in glioblastoma and melanoma resistant to
the alkylating agent, temozolomide (20), and our patient received
such treatment. More recently, in gliomas with a high tumor
burden, two main pathways have led to hypermutation: a de
novo pathway and more commonly a post-treatment pathway
associated with acquired resistance driven by MMR defects after
treatment by temozolomide. This signature 11 may be caused, in
gliomas, by temozolomide exposure and by MMR deficiency (21),
and not by “pure” temozolomide signature. In such hypermutated
MMR-deficient glioblastomas, the efficacy of PD-1 blockade seems
infrequent (21).

Yet the debate is still open. Lung neuroendocrine carcinoids
are being considered as opposed to large-cell NEC or small-cell
lung carcinoma. In a recent series, 148 resected lung-
neuroendocrine tumors (22), 53 typical carcinoids, 35 atypical
carcinoids, 27 large-cell NEC, and 33 small-cell NEC were
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investigated by NGS. Six histology-independent tumor clusters
were found. Based on these results, the authors consider that
typical carcinoids have the potential to evolve into high-grade
tumors directly or indirectly, perhaps smoking-related. They
consider that this phenomenon is inherent to all NETs and so
not rare.

Treatment of such local progression is unclear. Local
treatment seems appropriate to destroy this aggressive tumor,
which differs from other low-grade and stable metastases. A
series of 69 patients who received local treatment for focal
progression was reported from three NET referral centers (14).
The primary was pancreas in 55% of the cases. Most patients had
low-grade well-differentiated tumors and none of the resected
specimens had a poorly differentiated appearance. Locoregional
treatments included tumor ablation (n=19), resection (n=18),
embolization (n=16), and external beam radiation (n=16). The
site of focal progression was the liver in 75% of the cases. The
outcome was good with median progression-free survival of 17
months, and a median time to new systemic therapy of 21
months (for resected patients).

In conclusion, our case confirms that focal progression in
metastatic NETs can correspond to a transformation of indolent
low-grade tumor into high-grade poorly differentiated tumor, and
that local treatment (here surgical resection) can reset the prognosis.
Our case also confirms that 18Fluoroglucose PET scans (23) can be
useful to distinguish these transformed metastases from indolent
metastases. Comparison of the exomes of both components shows
impressive differences: no major abnormalities in the well-
differentiated component, while in the poorly differentiated
component the tumor was MSI with a very high tumor burden,
somatic mutations in MEN1, MLH1, p53. Could temozolomide
played a role in such tumor transformations?
Frontiers in Oncology | www.frontiersin.org 612
PATIENT PERSPECTIVE

In case of a major progression limited to one metastases in a
metastatic well differentiated NET, surgery may be an excellent
therapeutic option even if this progressive tumor is poorly
differentiated on biopsy. An exome next generation sequencing
may be useful; in case of MSI tumor the use of check-point
inhibitors blockade is not always of interest.
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Background/Aims: Pancreatic ductal adenocarcinoma (PDAC) can occur in different
parts of the pancreas. This study aimed to identify clinicopathological characteristics
independently correlated with the prognosis of PDAC of the pancreatic head/uncinate
(PHC) or body-tail (PBTC), and to develop novel nomograms for predicting cancer-
specific survival (CSS) according to different primary cancer locations.

Methods: 1160 PDAC patients were retrospectively enrolled and assigned to training and
test sets with each set divided into PHC and PBTC groups. Comparative analysis of
clinicopathologic characteristics, survival analysis, and multivariate analysis were
performed. Independent factors were identified and used for constructing nomograms.
The performance of the nomograms was validated in the test set.

Results: Primary tumor location was an independent risk factor for prognosis of PDAC
after surgery. Specially, gender, fasting blood glucose, and preoperative cancer antigen
19-9 were significantly associated with prognosis of PHC, whereas age, body mass index,
and lymph nodes were significantly correlated with the prognosis of PBTC. A significant
difference in prognosis was found between PHC and PBTC in stage Ia and stage III. Three
nomograms were established for predicting the prognosis for PDAC, PHC, and PBTC.
Notably, these nomograms were calibrated modestly (c-indexes of 0.690 for PDAC,
0.669 for PHC, and 0.704 for PBTC), presented better accuracy and reliability than the 8th

AJCC staging system, and achieved clinical validity.

Conclusions: PHC and PBTC share the differential clinical-pathological characteristics
and survival. The nomograms show good performance for predicting prognosis in PHC
April 2021 | Volume 11 | Article 646082114
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and PBTC. Therefore, these nomograms hold potential as novel approaches for
predicting survival of PHC and PBTC patients after surgery.
Keywords: pancreatic ductal adenocarcinoma, nomogram, cancer-specific survival (CSS), decision curve analysis,
AJCC 8
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), a predominate type
of pancreatic cancer (PC), is among the leading causes of cancer-
related death, accounting for approximately 260,000 deaths
worldwide annually (1). It has been recognized in recent
decades that PDAC has an extremely poor prognosis with a 5-
year survival rate of less than 10%. For PDAC patients eligible for
surgical treatment, curative-intent surgical resection followed by
adjuvant chemotherapy is considered the only curative treatment
option (2). Although substantial progress has been made in the
diagnosis and treatment of PDAC, early relapse after
pancreatectomy commonly occurs in PDAC patients. Thus, an
accurate prognostic method is urgently required for the precise
stratification of patients to guide appropriate clinical
management and follow-up plans.

Currently, the stratification of patients mainly relies on the
American Joint Committee on Cancer (AJCC) staging system, in
which tumor size and the histological characteristics are
considered as the major factors for evaluation. However, many
significant factors, such as cancer antigen 19-9 (CA19-9) level,
tumor differentiation, histological grade, and genomic analysis,
have been proposed to be potential determinants of survival but
have not been included in the AJCC staging system. Moreover,
PDAC can occur in various parts of the pancreas (head, body or
tail) of the pancreas, and the risk factors influencing the
prognosis of PDAC according to different primary locations
have not been thoroughly investigated.

A number of previous studies have indicated that tumor
location is closely related to the prognosis of PC, with primary
tumor location at the body/tail of the pancreas (PBTC) tending
to have a poorer prognosis compared with that at the head of
the pancreas (3–6). Additionally, resected PBTC has shown
more aggressive tumor biology than PDAC at the head of the
pancreas. On the contrary, some previous studies demonstrated
that PBTC had a better outcome than PDAC at the head of the
pancreas for patients at the early stage (7), and Winer et al. (8)
found that patients with pancreatic head cancer had worse
overall survival (OS) than patients with PC at either the body or
tail locations for all stages when analyzing the National Cancer
Database. Nevertheless, van Erning et al. (9) indicated that OS
for PDAC at different tumor locations does not differ
significantly according to the database in the Netherlands.
Thus, the findings regarding the prognosis of PDAC at
different primary tumor locations remain inconsistent and
even conflicting. Use of the TNM staging system for
stratifying PDAC patients in order to determine the precise
prognosis is questionable (10). Until now, research of the
survival difference for PDAC at different locations after
curative-intent surgical resection has been rare.
215
In the present study, we aimed to identify clinicopathological
characteristics independently correlated with the prognosis of
PDAC at the pancreatic head/uncinate (PHC) versus the PBTC
and to develop and validate novel nomograms for predicting the
cancer-specific survival (CSS) of PDAC cases according to
different primary cancer locations after curative-intent resection.
The findings of this study may provide a novel prognostic tool for
managing PDAC cases with different primary tumor locations.
METHODS

Patients and Study Design
A total of 1160 PDAC patients who underwent curative-intent
pancreatic resection at multiple centers, including Fujian Medical
UniversityUnionHospital, FujianProvincialHospital, and Shanghai
Ruijin Hospital, spanning the period between January 2014 and
March 2017 were retrospectively enrolled in this study. PDAC was
histopathologically diagnosed and confirmed. Of 1160 enrolled
patients, 813 enrolled from Fujian Medical University Union
Hospital and Fujian Provincial Hospital were assigned to the
training group, while 347 from Shanghai Ruijin Hospital were
assigned to the test group for external validation. During
enrollment, the following inclusion criteria were used: (1)
histologically confirmed PDAC; (2) no prior receipt of other
curative treatment including radiotherapy, immunogene and target
therapy; (3) curatively resectable PDACas preoperatively assessed by
imaging, even with peripancreatic invasion or artery (hepatic,
superior mesenteric and celiac artery) or vein (portal or superior
and inferior mesenteric vein) that could be completely resected and
constructed; (4) negative for intraoperative frozen section analysis;
(5) only the single metastatic lesion in liver for patients with stage IV
disease after 8-12 times paclitaxel-albumin or gemcitabine
chemotherapy. PDAC patients with the following conditions were
excluded from this study: (1) absent or incomplete information for
important clinical characteristicsneeded for this study; (2)unresected
tumors, based on bypass surgery, exploratory operation, or
microscopic residual tumor in the resection margin; (3) death
within 30 days after the surgery; and (4) causes of death other than
PDAC and its complications.

This study was approved by the ethics committees of the
institutional review boards of the participating hospitals, Fujian
Medical University Union Hospital, Fujian Provincial Hospital,
and Shanghai Ruijin Hospital. The need for written consent was
waived due to the retrospective nature of this study.

Follow-Up
The patients were followed up by the operating surgeons at 1
month after surgery and every 3 months thereafter. The last
follow-up was conducted in March 2020.
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Statistical Analysis
Categorical variables were compared between groups using the
chi square test. Continuous variables were analyzed using the
independent-samples T test. To assess an association between
various prognostic predictors and CSS, univariate and
multivariate analyses were conducted using the Cox regression
model, and hazard ratios (HRs) and 95% confidence intervals
(CIs) were calculated. Goodness of fit was maximized using the
log-likelihood, while information loss was minimized with
the Akaike information criterion (AIC) (11). Based on the AIC
of the Cox proportional hazards model, variables were selected in
a backward stepwise manner. Nomograms were constructed on
the basis of the independent variables identified by the
multivariate analysis in the training cohort.

Nomogram performance was assessed using the Harrell’s
concordance index (c-index). The maximum c-index value of
1.0 represents a perfect discrimination. whereas 0.5 indicates no
discriminative capacity. Calibration was made to graphically
evaluate the performance of the model by comparing the
means of predicted survival with those of actual survival. To
reduce potential bias, 200-sample bootstrap validation was
performed for internal validation. The values of c-indexes were
compared using the compare C package (12). The precision of
the 1-, 2-, and 3-year survival rates predicted by the nomograms
was evaluated with time-dependent receiver operating characteristic
(ROC) curve analysis using the time ROC package (13).

The ranges of threshold probabilities were finalized by
decision curve analysis (DCA) (14) to assess the clinical
validity of the nomograms. The Kaplan–Meier survival curve
was utilized for comparing the nomograms with the latest edition
of the 8th AJCC staging system (revised in 2018) by risk
classification and stratification (15). For risk stratification, the
accumulated nomogram scores were ranked by deciles to develop
10 risk groups, which composed the new nomo stages.
Accordingly, each 8thAJCC substage was divided by nomo
stages to derive three prognostic strata: low-, median-, and
high-risk.
RESULTS

Baseline Demographic and Clinical
Characteristics of PDAC Patients
A total of 1160 patients with PDAC were enrolled from three
participating hospitals, of which 813 (467 PHC cases and 346
PBTC cases) recruited from Fujian Medical University Union
Hospital and Fujian Provincial Hospital were assigned to the
training set. The baseline demographic and clinical
characteristics of the PHC and PBTC patients are summarized in
Table 1. The age and gender of patients were comparable between
the training and test cohorts in both PHC and PBTC groups
(Suppl. Tables 1, 2). It was noted that a majority of PDAC patients
(PHC and PBTC groups) were men, with a greater male
predominance in the PHC group (64.67% males and 35.33%
females) than in the PBTC group (p=0.001). Comparison of
clinical features revealed that patients in the PHC group showed
Frontiers in Oncology | www.frontiersin.org 316
a higher proportion of symptoms (e.g., jaundice, abdominal pain;
p<0.001), thus leading to more timely medical intervention for
PHC patients than PBTC patients. It was of note that PHC patients
presented the earlier T and AJCC stage and less hepatic metastasis
compared with PBTC patients (p<0.001). In addition, PHC
patients exhibited a higher number of harvested lymph nodes
confirmed by postoperative pathology, which described as lymph
node count (LNC) afterward, than PBTC patients (11.27 and 4.86
for PHC and PBTC, respectively). The number of lymph nodes
dissected during operation might be enough, but many of them
were confirmed as adipose tissue by postoperative pathology,
which could be the reason for that LNC in this study was lower
than the number of 8th AJCC or ISGPS (International Study Group
of Pancreatic Surgery) recommend. Lymph node metastasis
occurred more frequently in the PHC group compared with the
PBTC group (261 vs 219 in N0, 161 vs 108 in N1, 45 vs 19 in N2,
p<0.001). Notably, the PBTC group had better tumor
differentiation, less intraoperative blood loss, and higher values
for lymph node ratio (LNR), albumin, carcino-embryonic antigen
(CEA) and cancer antigen 125 (CA125) compared with the PHC
group. The demographic and clinical characteristics were
comparable among the patients in the training and test groups.

The median survival was 20 months (range, 1–74 months)
and the 1-, 2-, and 3-year survival rates were 66.5%, 45.1%, and
32.2% in the PHC group, respectively. For patients with PBTC,
the median survival was 14 months (range, 1–74 months), and
the 1-, 2-, and 3-year survival rates were 58.9%, 31.2%, and
18.6%, respectively. Notably, PBTC patients had a significantly
worse CSS compared with PHC patients (p<0.001).

Survival Analysis for Patients With PHC
and PBTC
Survival rates were compared between the PHC and PBTC
groups according to the AJCC stages (Figure 1). As a result,
significant differences in survival were found in stage Ia and stage
III, and patients in the PHC group had poorer clinical outcomes
than those in the PBTC group (p=0.007 and <0.001 in stage Ia
and stage III, respectively). The differences in clinical
characteristics between the PHC and PBTC groups in stage Ia
and stage III are summarized in Suppl. Tables 3, 4. In stage Ia,
patients with PBTC showed significantly worse tumor
differentiation (p=0.012) and a lower LNC (p=0.001) compared
to patients with PHC. In stage III, patients in the PBTC group
had a significantly larger tumor size (p=0.004) and later T stage
(p<0.001) than patients in the PHC group, while the PHC group
showed significantly more lymph nodes metastasis (p=0.015)
and later N stage (p<0.001), with a higher LNC (p<0.001) than
the PBTC group.

Identification of Independent Prognostic
Factors for PHC and PBTC After Curative-
Intent Surgical Resection
Univariate and multivariate analyses were conducted to identify
prognostic factors that correlate with different primary cancer
locations of PDAC, including PHC and PBTC, and detailed
results are listed in Tables 2–4. In all enrolled PDAC patients
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with any primary cancer location, tumor location, gender, age,
BMI, histological grade, symptoms, fasting blood glucose, tumor
size, perineuronal invasion, T category, N category, hepatic
metastasis, LNR, lymph node metastasis (LNM), and
preoperative levels of CA19-9, CA125, and CEA were
identified to be significantly associated with survival (Table 2).
Further, multivariate analysis revealed that primary tumor
location was an independent prognostic factor (PBTC: hazard
ratio [HR] 1.443, 95% CI, 1.225–1.699, p<0.0001). In addition,
gender, BMI, histological grade, symptoms, fasting blood
glucose, tumor size, perineuronal invasion, M category, LNR,
LNM, and preoperative CA19-9 and CEA levels were also
independent prognostic factors for PDAC (Table 2).

The PDAC at different locations (PHC and PBTC) shared
common independent prognostic factors: histological grade,
tumor size, LNR, perineuronal invasion, M category and
symptoms (Table 4). Notably, gender, fasting blood glucose,
and preoperative CA19-9 level were significantly associated with
the prognosis of PHC only, whereas age, BMI, and LNC were
significantly correlated with the prognosis of PBTC only (Table
4), reflecting differences in independent prognostic factors
between PHC and PBTC.

Construction and Validation of Prognostic
Nomograms for PHC and PBTC
The identified independent risk factors influencing the prognosis
of PHC and PBTC were used to construct prognostic
nomograms for PHC and PBTC. As shown in Figure 2,
covariates were selected on the basis of the AIC and likelihood
rather than statistical significance (p value) to balance model
complexity and performance. Points in the nomogram could be
summed to calculate the probability of individual survival. The
labels and points in the nomogram are presented in detail in
Suppl. Tables 5, 6.

Calibration plots were generated for the probabilities of 1-, 2-,
and 3-year CSS of PDAC, PHC, and PBTC, and favorable
consistency was illustrated by the survival predicted by the
nomograms and the corresponding Kaplan–Meier estimates in
both the training and test cohorts (Figures 3, 4), indicating that the
established nomograms were reliable for predicting survival.
TABLE 1 | Baseline demographic and clinical characteristics of the patients.

Variables PHC PBTC p

n=467 n=346
Gender, n, (%) 0.001
Female 165 (35.33) 166 (47.98)
Male 302 (64.67) 180 (52.02)

Age (years), median, IQR 62.00 56.00,
69.00

63.00 57.00,
70.00

0.074

BMI (kg/m2), mean, SD 22.88 3.44 22.83 3.20 0.831
Symptoms, (%) <0.001
Yes (including abdominal pain/
gastrointestinal symptoms)

350 (74.95) 218 (63.01)

No 117 (25.05) 128 (36.99)
TBIL (umol/L), mean, SD 97.24 94.03 15.28 5.90 <0.001
ALB (g/L), mean, SD 36.58 5.25 39.42 4.32 <0.001
Fasting blood glucose (mmol/L),
mean, SD

6.42 2.24 6.85 4.99 0.104

CA125, (%) 0.002
Normal 396 (84.80) 264 (76.30)
Elevated 71 (15.20) 82 (23.70)
CA19-9, (%) 0.492
Normal 108 (23.13) 73 (21.10)
Elevated 359 (76.87) 273 (78.90)
CEA, (%) <0.001
Normal 351 (75.16) 216 (62.43)
Elevated 116 (24.84) 130 (37.57)
Smoking history, (%) 0.549
Yes 122 (26.12) 84 (24.28)
No 345 (73.88) 262 (75.72)
Drinking history, (%) 0.638
Yes 87 (18.63) 69 (19.94)
No 380 (81.37) 277 (80.06)
Histology, n, (%) <0.001
Well differentiated 18 (3.85) 44 (12.72)
Moderately differentiated 232 (49.68) 143 (41.33)
Poorly differentiated 217 (46.47) 159 (45.95)

Intraoperative blood loss (ml),
mean, SD

613.19 488.26 505.00 487.05 0.002

Tumor size (cm), mean, SD 3.23 1.30 4.44 1.88 <0.001
Perineuronal invasion n, (%) 0.332
Yes 295 (63.17) 207 (59.83)
No 172 (36.83) 139 (40.17)
pT stage, n, (%) <0.001
pT1 102 (21.84) 25 (7.23)
pT2 281 (60.17) 163 (47.11)
pT3 77 (16.49) 120 (34.68)
pT4 7 (1.50) 38 (10.98)

pN stage, n, (%) 0.033
N0 261 (55.89) 219 (63.29)
N1 161 (34.48) 108 (31.21)
N2 45 (9.64) 19 (5.49)

LNC, mean, SD 11.27 8.51 4.86 5.17 <0.001
LNR, mean, SD 0.11 0.19 0.18 0.32 <0.001
LNM, mean SD 1.16 1.96 0.92 2.29 0.109
Metastasis, n, (%) <0.001
M0 442 (94.65) 293 (84.68)
M1 25 (5.35) 53 (15.32)

8th AJCC stage, n, (%) <0.001
Ia 64 (13.70) 18 (5.20)
Ib 150 (32.12) 96 (27.75)
IIa 35 (7.49) 64 (18.50)
IIb 147 (31.48) 72 (20.81)
III 46 (9.85) 43 (12.43)
IV 25 (5.35) 53 (15.32)

(Continued)
TABLE 1 | Continued

Variables PHC PBTC p

Neoadjuvant chemotherapy, n,
(%)

0.722

Yes 131 (28.05) 101 (29.19)
No 336 (71.95) 245 (70.81)
1-year cumulative survival 0.665 0.589 <0.001
2-year cumulative survival 0.451 0.312
3-year cumulative survival 0.322 0.186
April
 2021 | V
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PHC, pancreatic head/uncinate ductal adenocarcinoma; PBTC, pancreatic body/tail
ductal adenocarcinoma; IQR, interquartile range; SD, standard deviation; BMI, body
mass index; TBIL, total bilirubin; ALB, albumin; LNC, lymph node count; LNM, lymph node
metastasis; LNR, lymph node ratio; CA125, cancer antigen 125; CA19-9, cancer antigen
19-9; CEA, carcino-embryonic antigen.
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TABLE 2 | Univariate and multivariate Cox regression analyses of prognostic factors in PDAC patients with curative-intent surgical resection.

Variables Univariate analysis Multivariate analysis

HR 95%CI p HR 95%CI p
Tumor location
Head ref ref
Body/Tail 1.443 1.225-1.699 <0.0001 1.273 1.057-1.535 0.011

Gender
Male ref ref
Female 0.842 0.712-0.996 0.044 0.776 0.653-0.924 0.004

Age 1.009 1.000-1.018 0.041 1.006 0.997-1.016 0.173
BMI 0.975 0.951-0.999 0.038 0.958 0.935-0.983 0.001
Symptoms
No ref ref
Yes 1.283 1.069-1.539 0.007 1.231 1.020-1.488 0.030

TBIL 1.000 0.999-1.001 0.936 –

ALB 0.992 0.976-1.008 0.329 –

Fasting blood glucose 1.059 1.036-1.082 <0.0001 1.038 1.013-1.063 0.003
CA125
Normal ref ref
Elevated 1.698 1.392-2.073 <0.0001 1.213 0.968-1.520 0.093

CA19-9
Normal ref ref
Elevated 1.404 1.145-1.720 0.001 1.324 1.077-1.629 0.008

CEA
Normal ref ref
Elevated 1.210 1.016-1.441 0.03 1.110 1.013-1.209 0.026

Smoking history
No ref –

Yes 1.092 0.908-1.313 0.35 –

Drinking history
No –

Yes 1.060 0.863-1.302 0.58 –

Histology
Poorly differentiated ref ref

Moderately differentiated 0.635 0.534-0.754 <0.0001 0.722 0.605-0.861 0.0002

Well differentiated 0.656 0.478-0.901 0.009 0.656 0.472-0.913 0.012

Intraoperative blood loss 1.000 0.999-1.000 0.121 –

Tumor size 1.179 1.127-1.233 <0.0001 1.123 1.070-1.184 <0.0001
Perineuronal invasion
No ref ref
Yes 1.572 1.322-1.869 <0.0001 1.417 1.184-1.697 0.0001

pT stage
pT1 ref –

pT2 1.357 1.050-1.753 0.019 –

pT3 2.017 1.528-2.661 <0.0001 –

pT4 9.600 6.439-14.312 <0.0001 –

pN stage
N0 ref –

N1 1.594 1.334-1.905 <0.0001 –

N2 2.444 1.824-3.274 <0.0001 –

LNC 0.995 0.984-1.006 0.358 –

LNR 2.067 1.604-2.664 <0.0001 1.527 1.093-2.132 0.012
LNM 1.088 1.059-1.118 <0.0001 1.055 1.020-1.092 0.002
Metastasis
M0 ref ref
M1 2.940 2.296-3.764 <0.0001 2.115 1.572-2.847 <0.0001

8th AJCC stage
Ia ref –

Ib 1.342 0.946-1.902 0.099 –

IIa 2.076 1.416-3.042 0.0001 –

IIb 2.167 1.530-3.069 <0.0001 –

III 4.853 3.297-7.145 <0.0001 –

IV 5.456 3.702-8.043 <0.0001 –

Neoadjuvant chemotherapy
No ref ref
Yes 0.832 0.691-1.001 0.05 0.787 0.651-0.952 0.013
Frontiers in Oncology | www.frontiersin
.org
 619
 April 2021 | Volume
 11 | Article 64608
PDAC, pancreatic ductal adenocarcinoma; BMI, body mass index; TBIL, total bilirubin; ALB, albumin; LNC, lymph node count; LNM, lymph node metastasis; LNR, lymph node ratio;
CA125, cancer antigen 125; CA19-9, cancer antigen 19-9; CEA, carcino-embryonic antigen.
2

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Different Outcomes for Pancreatic Cancer
TABLE 3 | Univariate Cox regression analysis of prognostic factors in PHC and PBTC patients with curative-intent surgical resection.

Variables Univariate analysis for PHC Univariate analysis for PBTC

HR 95%CI p HR 95%CI p
Gender
Male ref ref
Female 0.718 0.564-0.916 0.008 0.907 0.714-1.154 0.428

Age 1.002 0.990-1.015 0.699 1.016 1.003-1.029 <0.0001
BMI 0.990 0.959-1.022 0.522 0.948 0.912-0.985 0.006
Symptoms
No ref ref
Yes 1.229 0.944-1.601 0.126 1.528 1.185-1.971 0.001

TBIL 1.002 1.000-1.003 0.008 1.006 0.986-1.027 0.569
ALB 0.983 0.962-1.004 0.113 0.972 0.943-1.002 0.071
Fasting blood glucose 1.066 1.019-1.115 0.005 1.054 1.025-1.083 0.0002
CA125

Normal ref ref
Elevated 1.465 1.092-1.967 0.011 1.840 1.399-2.421 <0.0001

CA19-9
Normal ref ref
Elevated 1.509 1.140-1.997 0.004 1.276 0.948-1.717 0.109

CEA
Normal ref ref
Elevated 1.014 0.786-1.311 0.920 1.355 1.063-1.728 0.014

Smoking history
No ref ref
Yes 0.983 0.764-1.265 0.896 1.337 1.018-1.756 0.037

Drinking history
No ref ref
Yes 1.058 0.796-1.406 0.700 1.051 0.779-1.417 0.744

Histology
Poorly differentiated ref ref
Moderately differentiated 0.691 0.372-1.210 0.185 0.564 0.435-0.734 <0.0001
Well differentiated 0.671 0.549-0.871 0.001 0.528 0.359-0.776 0.001

Intraoperative blood loss 1.000 1.000-1.000 0.006 1.000 0.999-1.000 0.927
Tumor size 1.205 1.110-1.309 <0.0001 1.131 1.064-1.202 <0.0001
Perineuronal invasion
No ref ref
Yes 1.678 1.317-2.138 <0.0001 1.493 1.164-1.916 0.001

pT stage
pT1 ref ref
pT2 1.414 1.041-1.922 0.027 1.073 0.667-1.726 0.772
pT3 2.021 1.401-2.915 0.0001 1.569 0.968-2.543 0.067
pT4 14.900 6.607-33.604 <0.0001 7.252 4.036-13.029 <0.0001

pN stage
N0 ref ref
N1 1.683 1.320-2.146 <0.0001 1.622 1.244-2.115 0.0003
N2 2.484 1.711-3.607 <0.0001 3.272 2.014-5.317 <0.0001

LNC 0.996 0.983-1.010 0.602 1.043 1.019-1.066 0.0003
LNR 3.418 2.148-5.438 <0.0001 1.523 1.109-2.090 0.009
LNM 1.133 1.080-1.189 <0.0001 1.070 1.035-1.107 <0.0001
Metastasis
M0 ref ref
M1 4.034 2.623-6.205 <0.0001 2.296 1.685-3.127 <0.0001

8th AJCC stage
Ia ref ref
Ib 1.517 0.983-2.339 0.060 0.797 0.438-1.448 0.456
IIa 2.624 1.542-4.466 0.0003 1.072 0.581-1.981 0.822
IIb 2.499 1.635-3.819 <0.0001 1.299 0.706-2.389 0.399
III 4.057 2.452-6.711 <0.0001 4.620 2.436-8.759 <0.0001
IV 8.046 4.585-14.117 <0.0001 2.794 1.513-5.158 0.001

Neoadjuvant chemotherapy
No ref ref
Yes 0.814 0.628-1.055 0.120 0.824 0.632-1.074 0.152
Frontiers in Oncology | www.frontiersin.o
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PHC, pancreatic head/uncinate ductal adenocarcinoma; PBTC, pancreatic body/tail ductal adenocarcinoma; BMI, body mass index; TBIL, total bilirubin; ALB, albumin; LNC, lymph node
count; LNM, lymph node metastasis; LNR, lymph node ratio; CA125, cancer antigen 125; CA19-9, cancer antigen 19-9; CEA, carcino-embryonic antigen.
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The bootstrap-corrected c-indexes in the training cohort were
0.690 (95% CI 0.667–0.712) for PDCA, 0.669 (95% CI 0.636–
0.702) for PHC, and 0.704 (95% CI 0.672–0.735) for PBTC. In
the test cohort, the c-indexes were 0.669 (95% CI 0.634–0.704)
for PDCA, 0.636 (95% CI 0.585–0.688) for PHC, and 0.643 (95%
CI 0.588–0.699) for PBTC (Table 5).

Performance Comparison Between the
Nomograms and 8th Edition TNM Staging
Systems
In comparison to the AJCC 8TH staging system, the nomograms
showed greater log-likelihoods and c-indexes, together with
smaller values of AIC for CSS in the PDAC, PHC, and PBTC
groups (Table 5), indicating that the newly established
nomograms were more robust for survival prediction than the
AJCC stages. Additionally, instead of the six stages classified by
8th AJCC system, the new models stratified patients into 10
nomo stages, providing better discriminative ability (Figure 5).
As shown in Suppl. Table 7, the HRs for the Nomo stages also
confirmed the classification ability of the nomograms. Further
analysis (Figure 6) showed a good ability for risk stratification
using the nomograms by stratifying the AJCC 8th stages into the
low-, medium-, and high-risk groups. The mosaic plots
intuitively demonstrated the dramatic survival heterogeneity
between the 8th edition AJCC stages and the nomo stages
(Figure 7). Finally, the ROC curve showed the superior
sensitivity and specificity of nomograms compared with the 8th

edition AJCC stages (Suppl. Figure 1), and DCA demonstrated
that the net benefit was consistently enhanced in all cohorts of
Frontiers in Oncology | www.frontiersin.org 821
the nomograms with wide ranges of threshold probabilities
compared with the TNM stages, suggesting the favorable
clinical applicability of the nomograms for predicting survival
(Figure 8).

Comparative Analysis of the Predictive
Performance Among Three Nomograms
The PBTC nomogram had optimal AUCs in both the training
cohort and test cohort, while the AUCs for the PDAC nomogram
were higher than those of the PHC nomogram (Table 6). The
aforementioned criteria (c-index) were consistent with the
results of ROC curves (Table 5), indicating that the nomogram
for PBTC performed best and the nomogram for PDAC was
more robust for survival prediction compared with that for PHC.
DISCUSSION

PDAC can occur in different regions of the pancreas, and the
influence of primary cancer location on the prognosis of PDAC
has not been fully elucidated. Several nomograms had been
established before to demonstrated their superiority over
8thAJCC system, some for the PBTC (16, 17), others for the
PHC (18). However, this is the first study, to the best of our
knowledge, developed three nomograms simultaneously based
on the heterogeneous clinicopathological characteristics
identified between PHC and PBTC. The novel major findings
of this study are summarized as follows: (1) the primary cancer
location was an independent factor for prognosis of patients with
TABLE 4 | Multivariate Cox regression analysis of prognostic factors for PHC and PBTC patients with curative-intent surgical resection.

Variables Multivariate analysis of PHC Variables Multivariate analysis of PBTC

HR 95% CI p HR 95% CI p
Gender Age 1.018 1.004-1.032 0.013
Male ref BMI 0.933 0.898-0.970 0.0004
Female 0.761 0.595-0.973 0.029 Fasting blood glucose 1.031 0.999-1.064 0.052

Fasting blood glucose 1.051 1.001-1.103 0.047 Smoking history
Intraoperative blood loss 1.000 0.999-1.000 0.143 No ref
Histology Yes 1.368 1.028-1.821 0.031
Poorly differentiated ref Histology
Moderately differentiated 0.963 0.500-1.685 0.782 Poorly differentiated ref
Well differentiated 0.775 0.608-0.988 0.04 Moderately differentiated 0.644 0.493-0.841 0.001

Tumor size 1.112 1.017-1.216 0.019 Well differentiated 0.524 0.352-0.781 0.001
Perineuronal invasion Tumor size 1.112 1.043-1.187 0.001
No ref Perineuronal invasion
Yes 1.447 1.125-1.862 0.004 No ref

LNR 2.281 1.167-4.457 0.015 Yes 1.492 1.148-1.939 0.002
LNM 1.062 0.989-1.140 0.096 LNR 1.588 1.113-2.266 0.011
Metastasis LNC 1.035 1.010-1.059 0.005
M0 ref Metastasis
M1 2.991 1.907-4.693 <0.0001 M0 ref

CA125 M1 2.174 1.521-3.109 <0.0001
Normal ref Symptoms 0.905 0.835-0.981 0.044
Elevated 1.277 0.939-1.736 0.119 No ref

CA19-9 Yes 1.338 1.032-1.736 0.028
Normal ref CEA
Elevated 1.612 1.204-2.157 0.001 Normal ref

Elevated 1.388 1.193-1.647 0.101
April 2021
 | Volume 11 | Articl
PHC, pancreatic head/uncinate ductal adenocarcinoma; PBTC, pancreatic body/tail ductal adenocarcinoma; BMI, body mass index; LNC, lymph node count; LNM, lymph node
metastasis; LNR, lymph node ratio; CA125, cancer antigen 125; CA19-9, cancer antigen 19-9; CEA, carcino-embryonic antigen.
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PDAC after surgery; (2) differential independent risk factors
according to different primary tumor locations were identified to
be significantly correlated with a poor prognosis; (3) three
nomograms for the prediction of prognosis in PDAC, PHC,
and PBTC were constructed on the basis of the identified
independent prognosis factors; (4) these nomograms
performed and calibrated well, with c-indexes of 0.690 (95% CI
0.667–0.712) for PDCA, 0.669 (95% CI 0.636–0.702) for PHC,
and 0.704 (95% CI 0.672–0.735) for PBTC; and (5) performance
comparison suggested that the newly established nomograms
offer greater clinical net benefits than the 8th edition AJCC
staging system. As such, these nomograms have the potential
to be novel and better approaches for predicting survival of PHC
and PBTC patients after surgery.

In the present study, we identified that tumor location was an
independent risk factor for poor prognosis in PDAC. The
prognosis of patients with PHC was better than that of
patients with PBTC. Previous studies have shown the primary
tumor location may have a significant impact on prognosis in
colorectal and gastric cancer (19, 20), whereas its influence in
PDAC remains controversial. Some previous studies have
demonstrated that differences existed in the biological and
oncological behavior and prognosis between head/uncinate and
body/tail PC (6, 7, 21–25), while other studies (9, 26, 27)
identified no significant correlation between primary tumor
location and OS. Huang et al. (27) analyzed 11,837 patients
with chemotherapy and surgical resection from five different
countries, indicating that tumor location had no influence on
survival. Nevertheless, they recruited the patients of stage I and II
from 2003 to 2014, and the AJCC staging system was less
accurate in early years. In contrast, we included patients from
all stages based on their resectability, and the differences of
prognosis between PHC and PBTC mainly occurred in stage Ia
and III. It has been recognized that the head of the pancreas and
the tail of pancreas arise from different embryonic anlagen, with
the anterior domain of the pancreatic head together with the
body and tail of pancreas derived from the dorsal primordia,
while the ventral primordia formed inferior portions of the
pancreatic head and uncinate process. Due to their differential
embryological origins and differences in histology and cytology
(28, 29), Dreyer et al. (24) reported that tumors in body and tail
more likely were of the squamous subtype and were enriched for
gene programs associated with tumor invasion and poor
antitumor immune response. Hence, worse survival was
observed with tumors in PBTC, consistent with the findings of
some other studies (3, 18, 30). However, other studies proposed
conclusion contrarily (8, 31).

The number of metastatic lymph nodes was not an
independent risk factor as compared with other important
clinical indicators such as tumor size and LNR. The 8th AJCC
staging system overestimated the weight of lymph nodes, and it
was inappropriate to classify all N2 stage cases as stage III (32,
33). We further compared the risk factors for PHC and PBTC
and obtained some interesting findings. First, PHC and PBTC
were found to have some unique independent risk factors, which
indicated that their clinical-pathological behaviors might be
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different. Secondly, tumor size, LNR, tumor differentiation
degree, nerve invasion, and distant metastasis were all
independent prognostic factors both for PHC and PBTC,
which was consistent with previous reports (34–37). Third, the
LNR in both groups exhibited independent predictive
significance while LNM not. Some studies (38, 39) showed that
the LNR had the strongest prediction ability compared with LNC
Frontiers in Oncology | www.frontiersin.org 1023
and the 8th N stage. He et al. (40) identified the LNR as an
independent predictive factor. Shi et al. (41) and Slidell et al. (42)
found that LNC was as important as LNR, especially in node-
negative disease. Similarly, in our study, negative lymph nodes
were found more often in patients with PBTC, which might
explain the strong correlation between LNC and the prognosis of
PBTC. Fourth, hyperglycemia was found to an independent risk
A B

D E F

G IH

C

FIGURE 3 | Bootstrap calibrations of the nomograms in the training cohorts. Bootstrap calibrations of the nomograms for predicting (A) 1-year CSS, (B) 2-year
CSS, and (C) 3-year CSS in PDAC group; (D) 1-year CSS, (E) 2-year CSS, and (F) 3-year CSS in the PHC group; and (G) 1-year CSS, (H) 2-year CSS, and (I)
3-year CSS in the PBTC group. The predictions were well correlated with the actual survival probabilities.
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factor for PHC but not PBTC. Previous research (43–47) had
shown that hyperglycemia is associated with worse survival of
PC, but only a few studies focused on whether hyperglycemia
affects the postoperative prognosis of PDAC. Raghavan et al. (44)
reported that the prognosis of PDAC patients with hyperglycemia
after surgery is poor, and the mechanism may be related to the
Warburg effect. Li et al. (45) suggested that hyperglycemia might
correlate with EMT. To date, there has been no report on whether
Frontiers in Oncology | www.frontiersin.org 1124
hyperglycemia has distinctive impacts on pancreatic tumors in
different locations. The above results demonstrated that the
factors for prognosis of PDAC in different regions were
heterogeneous, and the ability of 8th AJCC staging system to
predict the outcome of PDAC remained mediocre as it defines
PHC and PBTC as the same tumor.

We established nomograms on the basis of the differences in
independent risk factors for PDAC, PHC and PBTC, and they
A B

D E F

G IH

C

FIGURE 4 | Bootstrap calibration of nomograms in the test cohorts. The nomograms were externally validated in the test cohorts by predicting (A) 1-year CSS,
(B) 2-year CSS, and (C) 3-year CSS in the PDAC group; (D) 1-year CSS, (E) 2-year CSS, and (F) 3-year CSS in the PHC group; and (G) 1-year CSS, (H) 2-year
CSS, and (I) 3-year CSS in the PBTC group. All results showed good validation.
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showed high accuracy and reliability in the prognostic prediction
of PHC and PBTC. Notably, our results support that the
performance of these nomograms was superior to the latest
edition 8th AJCC staging system. Furthermore, the newly
established nomograms were able to stratify PDAC into 10
nomo stages in comparison with only three prognostic
subgroups by each 8th AJCC stage, achieving more robust risk
classification and stratification. Although there were many
stages, clinicians only need the scores of patients according to
nomograms, and the scores had one-to-one correspondence with
the corresponding stage. Given that the better classification and
stratification abilities can classify patients more precisely, the
nomograms developed in this study may better help clinicians to
identify high-risk patients and thereby promote personalized
treatment planning. In addition, DCA verified the favorable
clinical validity of the nomograms with consistently enhanced
net benefits compared with the latest AJCC staging system.
Among the three new models, the nomogram for PBTC had
the best performance, as evidenced by the highest c-index and
AUC value, while the nomogram for PDAC was slightly better
than that for PHC. Therefore, we suggest that the nomogram for
PDAC can be used in PHC patients to achieve more accurate
survival prediction.

The present study has several potential limitations. First,
PDAC patients were retrospectively recruited from three
Frontiers in Oncology | www.frontiersin.org 1528
medical centers in China, the information of some impactful
predictors such as cancer recurrence, neoadjuvant and adjuvant
chemotherapy was incomplete, and differences in surgical
procedure and postoperative pathological examinations may have
existed, these might be the reasons for the moderate c-indexes, and
thus, a prospective study is needed to validate the performance of
the nomograms. Second, the enrolled patients included mainly
individuals of Chinese ethnic population; thus, the nomograms
established in this study will need to be verified in other ethnic
populations. Third, this study enrolled patients with M1 stage;
however, these were the patients with hepatic metastasis
who showed a survival benefit following hepatic metastasis
resection for PDAC, as reported by two small single-center
series (48, 49). Fourth, genetic factors were not integrated into the
analysis of risk factors for prognosis, as they might influence
the prognosis.

In summary, the present study shows the differential clinical-
pathological characteristics and after-surgery outcomes between
PHC and PBTC, and demonstrates the prognosis of them should
be evaluated by different staging systems, which have been
successfully constructed in this study. The results show that
these nomograms perform well and are well calibrated, and
therefore, they hold potential to be used as novel
and improved tools for the prediction of survival among PHC
and PBTC patients after surgical treatment.
TABLE 5 | Comparison of nomograms with the AJCC staging system.

Nomogram score 8th AJCC stage p

Training cohort PDAC AIC 6734.785 6803.814
loglikelihood -3366.392 -3396.907

c-index 0.690(0.667-0.712) 0.652(0.629-0.676) 0.002
PHC AIC 3266.077 3307.219

loglikelihood -1632.038 -1648.609
c-index 0.669(0.636-0.702) 0.640(0.608-0.672) 0.04

PBTC AIC 2649.604 2684.392
loglikelihood -1323.802 -1337.196

c-index 0.704(0.672-0.735) 0.656(0.622-0.690) 0.009
Test cohort PDAC AIC 2569.793 2625.635

loglikelihood -1283.896 -1307.817
c-index 0.669(0.634-0.704) 0.591(0.550-0.631) <0.0001

PHC AIC 1236.191 1266.524
loglikelihood -617.095 -628.262

c-index 0.636(0.585-0.688) 0.558(0.502-0.614) 0.0008
PBTC AIC 989.924 989.506

loglikelihood -493.962 -489.753
c-index 0.643(0.588-0.699) 0.618(0.562-0.674) 0.3
April 2021 | Volume 11 | Article
PDAC, pancreatic ductal adenocarcinoma; AIC, Akaike information criterion; PHC, pancreatic head/uncinate ductal adenocarcinoma; PBTC, pancreatic body/tail ductal adenocarcinoma.
TABLE 6 | Time-dependent ROC curve analysis.

Training cohort AUC (%) Test cohort AUC (%)

Study cohort 1 year 95% CI 2 year 95% CI 3 year 95% CI 1 year 95% CI 2 year 95% CI 3 year 95% CI

PDAC 76.30 72.78-79.83 74.72 71.02-78.43 73.16 68.4-77.93 72.07 66.12-78.03 73.81 67.99-79.64 73.39 66.31-80.49
PHC 72.32 67.16-77.5 71.34 66.29-76.39 72.58 66.6-78.57 66.06 57.34-74.79 66.28 57.71-74.85 64.81 54.08-75.54
PBTC 80.00 75.07-84.92 77.33 71.67-82.98 76.97 69.45-84.49 69.69 60.69-78.7 76.63 67.22-86.06 83.70 71.85-95.56
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Supplementary Figure 1 | ROC curve analysis and comparison of the
nomograms with the 8thAJCC stages. ROC curve analysis of the nomograms for
predicting (A) 1-, 2-, and 3-year survival in the PDAC group; (B) 1-, 2-, and 3-year
survival in the PHC; and (C) 1-, 2-, and 3-year survival in the PBTC group.
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Aim: To evaluate the efficacy of hepatic artery infusion (HAI) of floxuridine (FUDR) in
combination with systemic chemotherapy in patients with pancreatic cancer liver
metastases (PCLM).

Patients and Methods: We retrospectively collected clinical data of 347 patients with
PCLM who underwent first-line chemotherapy at two Chinese centers between 2012
and 2019. Propensity score matching between patients with and without HAI was
performed to compensate for differences in baseline characteristics. Objective response
rate (ORR) and overall survival (OS) between groups were compared. HAI pump
functionality was recorded.

Results: Data of 258 patients (62 patients with HAI and 196 patients without HAI) were
used for matching. After 1:1 ratio matching, 62 patients per group were included. The
intrahepatic ORR was 66.1% in the HAI group and 22.6% in the non-HAI group (P <
0.001), and the extrahepatic ORR was 25.0 versus 28.9% (P = 0.679). The median OS
was significantly longer in HAI group (14.0 versus 10.8 months, P = 0.001). Multivariance
COX regression showed HAI led to a decrease in hazard ratio for death by 61.8% (HR =
0.382; 95% CI: 0.252–0.578; P< 0.001). Subgroup analysis revealed that patients without
EHM, with higher intrahepatic tumor burden and with synchronous liver metastasis
benefited more from HAI. Dysfunction of HAI pump occurred in 5.7% of patients during
the period of follow-up.
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Conclusions: In patients with PCLM, first-line treatment with HAI FUDR plus SCT resulted in
higher intrahepatic response and better OS.
Keywords: pancreatic cancer, liver metastasis, hepatic artery infusion, floxuridine, propensity score
INTRODUCTION

Pancreatic cancer is the seventh leading cause of global cancer
deaths in industrialized countries (1). The majority of patients
present with locally advanced or metastatic disease at initial
diagnosis (2, 3), which leads to poor prognosis and a 5-year
survival at 7% (4). Although the clinical outcome is still limited,
chemotherapy remains the primary treatment modality for
patients with metastatic pancreatic cancer (5). Given liver
metastasis is most frequent situation and primarily responsible
for the high mortality of pancreatic cancer (6), robust
management of intrahepatic lesions may provide survival benefit.

Hepatic artery infusion (HAI) chemotherapy provides high
drug exposure of the tumor at first passage, which offers
theoretical advantages over systemic administration of drugs
(7, 8). Floxuridine (FUDR), a deoxyribonucleoside derivative
of 5-Fu, is an ideal agent for HAI due to its short half-life
and extensive first pass extraction (9). Commonly, FUDR was
administered continuously at low dose via HAI pump in
combination with standard systemic chemotherapy (SCT). We
and others have demonstrated that HAI plus SCT is effective in
improving hepatic response and prolonging survival in colorectal
cancer liver metastases (CRCLM) (10–13). Recently, HAI
FUDR was also demonstrated to be effective in intrahepatic
cholangiocarcinoma (IHC) (14).

Herein, we evaluate the efficacy of HAI FUDR via a
radiologically implanted pump in patients who had pancreatic
cancer liver metastases (PCLM) in two centers. The primary aim
was to compare overall survival (OS) from HAI plus SCT versus
SCT alone. The second aims were to evaluate the short-term
effect and functionality of HAI pump system.
PATIENTS AND METHODS

Patients
From 2012 to 2019, consecutive histologically confirmed PCLM
patients who received first-line chemotherapy were included
from prospectively maintained databases in two Chinese
centers (Xiangya Hospital, Central South University; the Third
Affiliated Hospital of Soochow University). Patients with
metachronous metastasis were included if the interval between
the occurrence of liver metastasis and the end of adjuvant
chemotherapy is more than 6 months. Patients who received
concurrent radiotherapy were excluded. The cohort was divided
into two groups according to whether the patients received HAI
FUDR therapy. This study was approved by the Medical Ethics
Committee of the Xiangya Hospital and the Ethics Committee of
the Third Affiliated Hospital of Soochow University.
in.org 232
The following clinical and pathologic data were collected: age,
gender, performance status, primary tumor location, time to liver
metastasis, the number of liver lesion, presence of extrahepatic
metastasis, baseline level of serum CA19-9, diabetes,
chemotherapy regimen, objective response (assessed with CT-
enhanced scan according to RECIST criteria version 1.1), and
adverse events related to HAI pump system.

SCT and HAI
SCT regimens were determined by the oncologist on the basis of
guidelines, chemotherapy history, and physical conditions of
patients. Gemcitabine monotherapy, gemcitabine based dual
drug regimen, and triple drug regimen FOLFIRINOX
were acceptable.

HAI pump system (Celsite, B. Braun, Chasseneuil, France)
was implanted under digital subtraction angiography (DSA)
guidance using “side-hole” and “tip-fixation” technology as
previously described (12, 15). The extrahepatic branches such
as the right gastric artery and the dorsal pancreatic artery were
embolized to prevent extrahepatic perfusion. When multiple
arteries are involved in the liver blood supply, the catheter is
placed in the dominant artery, and the non-dominant branches
are embolized to ensure whole hepatic infusion.

FUDR was administrated immediately after HAI pump
implantation, at 0.15 mg/kg/day with dexa-methasone (DXM)
at 1 mg/m2/day and low molecular heparin 3,200 U in saline,
which lasted for 14 days respectively as described previously (16).
This type of HAI regimen was administered by a Baxter infusor.
SCT was started concurrently with HAI.

Dose reduction for systemic chemotherapy was made in the
event of toxicity, which was assessed according to the National
Cancer Institute-Common Terminology Criteria for Adverse
Events (NCI-CTCAE) version 3.0. If an ulcer or gastro-
duodenitis was documented, HAI therapy was held for 1
month to allow healing and the dosage of FUDR and DXM
was reduced by 50% in subsequent therapies. The HAI therapy
was terminated if intrahepatic progression was recorded or
technical catheter-related problems and excessive toxicity
related to HAI occurred.

Statistical Analysis
The primary aim, overall survival (OS), was defined as the time
from diagnosis of liver metastasis to death or last follow-up. The
secondary aims were objective response rate (ORR) and
functionality of HAI pump.

A propensity score was computed using a multivariable
logistic regression model, with the treatment groups as the
dependent variables and potential confounding factors as
covariates. The following five variables were included in the
propensity score matching: age, female, number of liver
April 2021 | Volume 11 | Article 652426
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metastasis, synchronous liver metastasis, and with extrahepatic
metastasis. All patients in the HAI group were matched 1:1 to
patients in the non-HAI group, as reported previously.

Distribution difference of categorical variables was compared
using Fisher’s exact or c2 test. A Mann–Whitney test was used
for intergroup comparisons of continuous variables. Survival
curves were compared using the log-rank test. Cox proportional
hazards regression model was used to adjust for age, gender, SCT
regimen, number of liver lesion, time to hepatic metastasis,
CA19-9 level, and presence of extrahepatic liver metastasis (EHM).

All statistical analyses were performed using the SPSS 22.0
software (SPSS Inc., Chicago, IL, USA). P <0.05 was considered
statistically significant.
RESULTS

Patients
From 2012 to 2019, 347 patients with PDLM received first-line
chemotherapy in Xiangya Hospital of Central South University
and the Third Affiliated Hospital of Soochow University. Among
them, 28 patients who had underwent chemoradiotherapy were
excluded from this study. In addition, 61 patients (including 26
with obstructive jaundice and 35 with peritoneal carcinomatosis
at baseline) receiving SCT alone were excluded for there were no
matched patients in the HAI group. Finally, 258 patients (62
Frontiers in Oncology | www.frontiersin.org 333
patients with HAI and 196 without HAI) were included. Table 1
lists the comparisons of baseline characteristics between the HAI
and non-HAI groups. In the whole population, there were
significant differences in number of liver lesion, EHM, and
CA19-9 level between the two groups. In the HAI group,
patients who had liver lesions >10 and/or CA19-9 >800 ng/ml
were significantly more than those in the unmatched non-HAI
group. In contrast, more patients had EHM in the unmatched
non-HAI group. After 1:1 ratio matching, 62 patients per group
were included. The two groups were well matched in terms of
age, gender, PS score, time to liver metastasis, and EHM.
However, observed but not statistically significant difference
existed in the number of liver lesion (P = 0.104) and CA19-9
level (P = 0.151).

ORR in the Matched Population
Table 2 lists the objective response in intrahepatic and
extrahepatic lesions separately. For intrahepatic lesions, five CR
(8.1%) and 36 PR (58.1%) were observed in patients treated with
HAI. The intrahepatic ORR was 66.1% in the HAI group, which
was significantly higher than 22.6% (0 CR and 14 PR) in the non-
HAI group (P <0.001). In the HAI group, 44 patients had
evaluable extrahepatic lesions (including intact primary tumor
and extrahepatic metastasis) and 11 patients (25.0%) achieved
PR. In the non-HAI group the extrahepatic ORR was 28.9%
(13/45). There was no significant difference in extrahepatic ORR
TABLE 1 | Baseline clinical data.

Characteristic All patients Matched patients

non-HAI (n=196) (%) HAI (n=62) (%) P value non-HAI (n=62) (%) HAI (n=62) (%) P value

Age [median(range)] 63.4 (38–75) 62.5 (42–75) 0.443 63.1 (38–75) 62.5 (42–75) 0.681
Age≥65 83 (42.3) 26 (41.9) 0.954 26 (41.9) 26 (41.9) 1.000
Female 88 (44.9) 24 (38.7) 0.392 24 (38.7) 24 (38.7) 1.000
ECOG score 0.154 0.983

0 76 (38.8) 28 (45.2) 27 (43.5) 28 (45.2)
1 98 (50.0) 32 (51.6) 33 (53.2) 32 (51.6)
2 22 (11.2) 2 (3.2) 2 (3.2) 2 (3.2)

Tumor location 0.311 0.607
Head 78 (39.8) 18 (29.0) 23 (37.1) 18 (29.0)
Body 64 (32.6) 24 (38.7) 20 (32.3) 24 (38.7)
Tail 54 (27.6) 20 (32.3) 19 (30.6) 20 (32.3)
SCLM 117 (59.7) 39 (62.9) 0.593 39 (62.9) 39 (62.9) 1.000

No. of LM 0.008 0.104
<10 112 (57.1) 23 (37.1) 33 (53.2) 23 (37.1)
≥10 84 (42.9) 39 (62.9) 29 (46.8) 39 (62.9)

EHM 82 9 (41.8) 16 (25.8) 0.006 16 (25.8) 16 (25.8) 1.000
CA19-9 (U/ml) 0.026 0.151

>800 120 (61.2) 28 (45.2) 36 (58.1) 28 (45.2)
≥800 76 (38.8) 34 (54.8) 26 (41.9) 34 (54.8)

Diabetes 87 (44.4) 27 (43.5) 0.908 30 (48.4) 28 (45.2) 0.719
ACT 65 (35.7) 16 (25.8) 0.277 19 (30.6) 16 (25.8) 0.549

SCT 0.113 0.407
GEM 10 (5.1) 4 (6.5) 3 (4.8) 4 (6.5)
GC 68 (34.7) 32 (51.6) 23 (37.1) 32 (51.6)
GEMOX 41 (20.9) 14 (22.6) 16 (25.8) 14 (22.6)
GEMNP 45 (23.0) 8 (12.9) 15 (24.2) 8 (12.9)
FOLFIRINOX 25 (12.8) 4 (6.5) 5 (8.1) 4 (6.5)
April 20
21 | Volume 11 | Article
ECOG, Eastern Cooperative Oncology Group; SCLM, synchronous liver metastasis; LM, liver metastasis; EHM, extrahepatic metastasis; ACT, adjuvant chemotherapy; SCT, systemic
chemotherapy; GME, gemcitabine monotherapy; GBDC, gemcitabine-based dual-drug chemotherapy.
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(P = 0.679). Figure 1 demonstrates CT and DSA images of a
patient who achieved PR with SCT and HAI.

Thirty-six patients (58.1%) in the HAI group and 39 patients
(62.9%) in the non-HAI group underwent second-line SCT (P =
0.714). In the HAI group, HAI was continuously administrated
for median four cycles (range 2–7) in combination with second-
line SCT in 17 patients who developed extrahepatic disease
progression but had disease control in the liver. In addition,
eight patients received HAI (median four cycles, range 2–6) in
second-line treatment in the non-HAI group.

OS in the Matched Population
By the end of follow-up, 57 patients (91.9%) in the HAI group
and 60 patients (95.2%) in the non-HAI group died. The 1- and
2-year survival rate was 71.0 and 24.2% in the HAI group and
46.8 and 9.7% in the non-HAI group, respectively. Median OS
was 14.0 months (95% CI: 12.5–15.5) for patients treated with
HAI and 10.8 months (95% CI: 8.7–12.9) for patients without HAI.
OS for patients with HAI was better than patients without HAI (P =
0.001) (Figure 2). After adjustment for age, gender, SCT regimen,
number of liver lesion, time to hepatic metastasis, CA19-9 level, and
presence of EHM, HAI led to a decrease in hazard ratio for death by
61.8% (HR = 0.382; 95% CI: 0.252–0.578; P <0.001).

Figure 3 shows the difference in median OS between patients
with or without HAI by subgroup analysis. HAI was associated
Frontiers in Oncology | www.frontiersin.org 434
with a better OS in all subgroups including patients with
extrahepatic metastasis (Figure 4). Notedly, the difference was
greater in subgroups without EHM, with higher tumor burden in
the liver with synchronous liver metastasis. In these subgroups,
HAI led to an increase of median OS more than 4 months.

HAI Pump Implantation and Functionality
The HAI pump system was implanted successfully in all 70
patients (including eight patients who received HAI in a second-
line treatment). Four patients (5.7%) discontinued HAI due to
dysfunction of HAI pump. Catheter occlusion occurred in one
patient after three cycles of HAI therapy. One patient had hepatic
artery occlusion at 11 months. Two patients developed local
abscess at the pump implant site, and the pumps were removed
at 4 and 7 months. It should be noted that these two patients had
insulin-resistant diabetes. No patient discontinued HAI due to
liver injury caused by FUDR.
DISCUSSION

In the last decade, HAI was repositioned as part of a
comprehensive treatment for advanced liver tumors (17), and
administrated in combination with standard systemic therapy. In
this study, we showed that HAI FUDR in combination with SCT
FIGURE 1 | A patient with pancreatic cancer and synchronous liver metastases, who was treated with systemic GC HAI FUDR. (A) CT images showing the presence of
pancreatic cancer (yellow arrows indicate) and synchronous liver metastases (red arrows indicate) at baseline. (B) CT images show primary cancer and liver metastases
are shrinking at 6 months. (C) images show sustained response of liver metastases and primary cancer. (D) Hepatic arteriography shows HAI pump functionality at 12
months (purple arrow indicates side hole of the catheter; gold arrow indicates the tip of the catheter, which was located in the occluded gastroduodenal artery).
TABLE 2 | Objective response rate n (%).

Extrahepatic lesion* Intrahepatic lesions

non-HAI (n=45) HAI (n=44) P value non-HAI (N=62) HAI (N=62) P value

ORR 13 (28.8) 11 (25.0) 0.679 16 (25.8) 41 (66.1) <0.001
CR 0 0 – 0 5 (8.1)) 0.057
PR 13 (28.8) 11 (25.0) 0.679 16 (25.8) 36 (58.1) <0.001
SD 16 (35.6) 19 (43.2) 0.461 24 (38.7) 19 (29.0) 0.451
PD 16 (35.6) 14 (31.8) 0.709 22 (35.5) 2 (3.2) <0.001
April 2
021 | Volume 11 | Article
*evaluation for unresectable primary cancer and extrahepatic metastases.
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was associated with an improvement in survival in patients with
PCLM. The median OS was 14.0 months for patients treated with
HAI as compared with 10.8 months for patients without HAI
after propensity score matching (P = 0.008). Although the
extrahepatic ORR was similar, the intrahepatic ORR was
significantly higher in the HAI group (66.1 vs 25.8%, P <0.001).

In this cohort, patients with liver-predominant metastases
were more likely to accept HAI therapy. Over 60% of patients
receiving HAI had more than 10 liver lesions. In contrast, less
Frontiers in Oncology | www.frontiersin.org 535
patients with EHM were treated with HAI. In addition, a higher
serum CA19-9 level was found in HAI-treated patients. Due to
the significant imbalance of these radical factors between patients
with and without HAI, propensity score matching analysis was
introduced in this study. In order to reduce the number of
confounding variance, patients with obstructive jaundice or
peritoneal carcinomatosis, which is associated with poor
prognosis in pancreatic cancer (3, 18), were excluded from the
propensity score matching because they were not selected for
FIGURE 2 | OS in matched HAI and non-HAI group. Median OS was 14.0 months vs. 10.8 months in patients with and without HAI (log-rank test, P = 0.001).
FIGURE 3 | Forest plot of subgroup analysis.
April 2021 | Volume 11 | Article 652426
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HAI in this study. Following matching, observed differences in
the number of liver lesions and CA19-9 level still existed between
the two groups. In addition, the distribution of SCT regimens
was not completely balanced. To eliminate the potential impacts
of these radical confounders, we established multivariance Cox
regression model and confirmed that HAI reduced the risk of
death by 61.8% (HR = 0.382; P < 0.001).

Nowadays, GEM/nab-paclitaxel and FOLFIRINOX are
preferred regimens for patients with locally advanced or
metastatic pancreatic cancer. A randomized phase III study on
GEM plus nab-paclitaxel showed that the ORR was 23% in
patients with advanced pancreatic cancer (19). In 2013, another
phase III study showed that 31.6% of patients achieved PR after
treatment with more intensive regimen FOLFIRINOX (20). In
addition, the ORR varied from 15 to 30% in patients treated with
other recommended regimens, for example, GEM monotherapy,
GC and GEMOX, in previous studies (21–24). As listed above,
the efficacy of SCT for advanced pancreatic cancer is still
unsatisfactory. In the present study, most patients (87.1% in
non-HAI group and 93.5% in HAI group) received GEM-based
dual-drug combinations. In the non-HAI group, the ORR was
25.8%. This result was consistent with published data on modern
SCT. In the HAI group, the extrahepatic ORR was similar to that
of the non-HAI group, suggesting HAI with low-dose of FUDR
does not help to improve extrahepatic response.

In this study, a low dose of FUDR was administrated
continuously via HAI pump. FUDR is a suitable agent for HAI
due to its unique characteristics as compared with 5-Fu, such as
shorter half-life, higher systemic clearance rate, and higher liver
extraction rate (25). We and others reported HAI rapidly reduced
tumor burden and promoted more than 50% of unresectable
CRCLM to convert into resectable disease (12, 26, 27). Recently,
HAI was reported to have efficacy in IHC, a more progressive and
refractory disease as compared with CRCLM. In a single arm
phase II study, 58% of patients achieved and sustained PR on
Frontiers in Oncology | www.frontiersin.org 636
treatment with HAI FUDR plus systemic GEMOX (14). Four
patients (10.5%) underwent resection after treatment. In the
present study, 97.8% of patients (60/62) achieved intrahepatic
disease control, including 67.7% PR and 8.1% CR. Although no
patients underwent resection, the sustained intrahepatic response
helped to prevent liver-related complications, which may
immediately threaten the patient’s life (7, 14). This may explain
why patients with extensive liver metastases achieved greater
survival advantage in the HAI group, and patients with
extrahepatic metastasis also benefit from HAI.

In this study, HAI pump system was implanted by two different
teams, with modified radiological techniques as described
previously (15). Similar catheter functionality was achieved in
the two centers. HAI pump dysfunction occurred in four
patients (5.7%), including one catheter occlusion, one hepatic
artery occlusion, and two infections, but none of them happened
within the first 3 months. For HAI therapy, many research studies
prefer surgery rather than radiological procedure to implant HAI
pump system (11, 14), due to concerns about frequent
dislodgement and extrahepatic infusion related to radiologically
implanted catheter. In fact, these shortcomings of radiological
procedure may be overcome by introducing modified techniques
(12, 15, 28, 29). First, the rate of catheter displacement could be
reduced to less than 5% by “tip-fix” technique (28, 30). In addition,
under the guidance of DSA, extrahepatic branches can be
accurately identified and embolized so as to reduce
complications related to extrahepatic infusion (15). In addition,
radiological implantation is performed under local anesthesia with
minimal trauma, which allows the planned HAI and SCT to start
immediately. This is a notable advantage over surgical procedure,
especially for patients with progressive disease in the liver.

This study has several limitations. Foremost, it was designed as a
retrospective observational study. The data were collected from the
prospectively maintained databases with good integrity, which is
favorable for propensity matching analysis. However, several factors
A B

FIGURE 4 | OS in subgroup analysis according to presence of extrahepatic metastasis (EHM). (A) OS in patients without EHM. Median OS was 14.3 vs. 11.5
months in patients with and without HAI (log-rank test, P = 0.006). (B) OS in patients with EHM. Median OS was 10.8 vs. 13.5 months in patients with and without
HAI (log-rank test, P = 0.020).
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that can influence survival did not reach complete matching, due to
the relatively small size of the whole population. Furthermore, the
distribution of SCT regimen was not well balanced (P = 0.407). The
proportion of patients receiving GC in the HAI group was relatively
higher (51.6 vs. 37.1%). Although the Cox model analysis
confirmed that HAI significantly reduced the risk of death after
adjustment for confounding factors including SCT regimen, the
limitation of no definite SCT regimen should not be ignored.
CONCLUSIONS

HAI FUDR was associated with higher intrahepatic ORR and
longer OS patients with PCLM. However, this is a retrospective
study with a relatively small sample size. The superiority of HAI
in combination with standard SCT required further justification
by multi-center randomized studies.
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XGBoost Classifier Based on
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for Prediction of Tumor-Infiltrating
CD8+ T-Cells in Patients With
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Chengwei Shao1* and Yun Bian1*

1 Department of Radiology, Changhai Hospital, Navy Medical University, Shanghai, China, 2 Department of Pathology,
Changhai Hospital, Navy Medical University, Shanghai, China

Objectives: This study constructed and validated a machine learning model to predict
CD8+ tumor-infiltrating lymphocyte expression levels in patients with pancreatic ductal
adenocarcinoma (PDAC) using computed tomography (CT) radiomic features.

Materials and Methods: In this retrospective study, 184 PDAC patients were randomly
assigned to a training dataset (n =137) and validation dataset (n =47). All patients were
divided into CD8+ T-high and -low groups using X-tile plots. A total of 1409 radiomics
features were extracted from the segmentation of regions of interest, based on
preoperative CT images of each patient. The LASSO algorithm was applied to reduce
the dimensionality of the data and select features. The extreme gradient boosting classifier
(XGBoost) was developed using a training set consisting of 137 consecutive patients
admitted between January 2017 and December 2017. The model was validated in 47
consecutive patients admitted between January 2018 and April 2018. The performance
of the XGBoost classifier was determined by its discriminative ability, calibration, and
clinical usefulness.

Results: The cut-off value of the CD8+ T-cell level was 18.69%, as determined by the X-
tile program. A Kaplan−Meier analysis indicated a correlation between higher CD8+ T-cell
levels and better overall survival (p = 0.001). The XGBoost classifier showed good
discrimination in the training set (area under curve [AUC], 0.75; 95% confidence interval
[CI]: 0.67–0.83) and validation set (AUC, 0.67; 95% CI: 0.51–0.83). Moreover, it showed a
good calibration. The sensitivity, specificity, accuracy, positive and negative predictive
values were 80.65%, 60.00%, 0.69, 0.63, and 0.79, respectively, for the training set, and
80.95%, 57.69%, 0.68, 0.61, and 0.79, respectively, for the validation set.
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Conclusions:We developed a CT-based XGBoost classifier to extrapolate the infiltration
levels of CD8+ T-cells in patients with PDAC. This method could be useful in identifying
potential patients who can benefit from immunotherapies.
Keywords: pancreatic ductal adenocarcinoma, CD8 positive T lymphocytes, contrast-enhanced computed
tomography images, radiomics, prognosis
INTRODUCTION

The microenvironment of pancreatic ductal adenocarcinoma
(PDAC) is highly immunosuppressive and heterogeneous,
characterized by an abundant desmoplastic stroma,
inflammatory response, and neovascularization (1). Even with
surgical resection, the radical resection rate is only approximately
18% (2), and the prognosis remains poor (3). Traditional
chemotherapy is minimally effective, despite some recent
success (4).

Tumors are a proliferation of abnormal cells that can escape
immune eradication (5). The occurrence of immune escape is a
key process in cancer progression. Immunotherapy, which aims
to stimulate the body’s immune system against tumor cells, can
overcome this problem. The recent success of immunotherapy
targeting immune checkpoint inhibitors (ICI), such as the
programmed cell death protein 1 (PD1) and PD1 ligand (PD-
L1) pathways, has shed new light on the treatment of patients
with tumors (6, 7). Nonetheless, treatment with these drugs has
failed to show significant clinical benefit in unselected patients
with PDAC, whose objective response rate to ICI therapy has
been approximately 5% in previous clinical trials (8, 9).
Therefore, there is a clear need to develop related predictive
biomarkers to identify subsets of patients who may benefit from
ICI therapy. An effective ICI therapy prerequisite is a high level
of CD8+ tumor-infiltrating lymphocytes (TILs) in the tumor
tissues, suggesting the importance of investigating CD8+

TILs (10). Immunohistochemistry is the gold standard for
evaluating CD8+ TILs. However, the clinical application of
immunohistochemistry is limited by its invasiveness, time
consumption, tumor heterogeneity, and unrepeatability. In
recent years, liquid biopsy is a hot spot of research. As a rapid
and noninvasive alternative to tissue biopsy, liquid biopsy can
capture circulating leukocytes to reflect cancer immunity (11). In
general, cancer immunity consists of the local immunity in the
tumor microenvironment and the systemic immunity in
circulating peripheral blood (12). However, it is unclear
whether systemic immune response always correlates with
local immune response (12, 13). Takahiro Tsujikawa et al. have
emphasized the utility of local immune monitoring for patient
stratification, which could improve immunotherapy’s success
rate (14).

Computed tomography (CT) is widely used for tumor
detection, staging, and treatment response monitoring in
clinical practice. Recently, radiomic biomarkers have been of
great interest. They may extract spatial and temporal features
from images that are useful in predicting the underlying
molecular mechanisms, the tumor-immune microenvironment,
240
and clinical outcome. Studies dealing with glioma, esophagus,
lung, and liver cancers have shown that several imaging features
extracted by radiomics were closely related to CD8+ TIL density
(15–19). While reports are predicting clinicopathological results
from tissue sections in PDAC (20–22), so far, there are no
radiomic studies revealing the immune environment in PDAC.
Subtyping of the immune microenvironment in PDAC will help
design personalized immunotherapy for patients with PDAC.

Thus, we aimed to develop and validate a radiomic signature
of immune infiltration in PDAC using radiomic data extracted
from contrast-enhanced CT images in this study, which might
help us identify the novel predictors of immunotherapy efficacy.
MATERIALS AND METHODS

Patients
This retrospective single-center cross-sectional study was reviewed
and approved by the Biomedical Research Ethics Committee of
our institution. The requirement for informed consent was waived
by the Institutional Review Board. Data were obtained from
consecutive patients treated for pancreatic cancer at our
institution between January 2017 and April 2018 (Figure 1).

We included patients who (1) had undergone surgical treatment
and (2) had pathologically confirmed PDAC. We excluded patients
who (1) had undergone treatment of any type (radiotherapy,
chemotherapy, or chemoradiotherapy) before the imaging studies,
(2) did not undergo immunohistochemical CD8+ staining, (3) were
not evaluated by contrast-enhanced multidetector computed
tomography (MDCT) within 1 week preoperatively, or (4) had
pancreatic lesions that could not be visualized on MDCT.
Consequently, 184 consecutive patients with PDAC, including 120
men (age: 60.75 ± 10.31 years; range: 27–81 years) and 64 women
(age: 63.11 ± 7.99 years; range: 37–80 years), were included. The
prediction model was developed for a primary set that consisted of
137 consecutive patients, including 93men (age: 60.44 ± 10.16 years;
range: 27–80 years) and 44 women (age: 63.32 ± 7.96 years; range:
37–80 years), admitted between January 2017 and December 2017.
Thus, 47 consecutive patients, including 27 men (age: 61.81 ± 10.94
years; range: 42–81 years) and 20 women (age: 62.65 ± 8.25
years; range: 42–71 years), admitted between January 2018
and April 2018, constituted an independent validation set.

CT Scanning
Multiphasic CT was performed with a pancreas-specific protocol
using 320-slice multidetector-row CT scanners (Aquilion ONE,
Canon Medical Systems, Tokyo, Japan). The details are shown in
Appendix 1.
May 2021 | Volume 11 | Article 671333

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. XGBoost Classifier for Tumor-Infiltrating T-Cell Prediction
Pathological Image Analysis
All specimens were analyzed by two pathologists, one with 30 and
the other with 20 years of experience in pancreatic pathology.
Pathological examination and analysis were standardized as
described previously (23). A CD8 antibody (DakoCytomation,
Glostrup, Denmark) was used in pathological examinations. Each
CD8-stained section was converted to digital pathological images
by the scanner (NanoZoomer S60, Hamamatsu Healthcare,
Japanese). The tumor boundaries were manually delineated,
after which a customizable digital microscopy analysis platform
(Visiopharm, Hørsholm, Denmark) was used to quantify CD8 in
the tumor. The two pathologists examined the results, and the
outcomes were determined by consensus. Subsequently, the
proportion of the area of CD8 was calculated in the tumor.
Frontiers in Oncology | www.frontiersin.org 341
All pathologic results for the following factors were recorded:
(1) T and N stages, which were evaluated based on the American
Joint Committee on Cancer TNM Staging Manual, 8th Edition
(24); (2) grade of differentiation; (3) duodenal invasion;
(4) common bile duct invasion; (5) lymphovascular space
invasion (LVSI); and (6) peripancreatic nerve.

Radiological Imaging Analysis
The details are shown in Appendix 1.

Radiomics Workflow
The radiomics workflow included: (1) image segmentation,
(2) feature extraction, and (3) feature reduction and selection.
The detailed method is shown in Figure 2.
FIGURE 1 | Flow chart visualizing the patient selection process.
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We used the draw tool, which is available in the Editor
module of 3D Slicer version 4.8.1 (open source software;
https://www.slicer.org/), to delineate the tumors in multiple
slices. The details are shown in Appendix 1.

To assess interobserver reliability, ROI segmentation was
performed in a blinded fashion by two radiologists (readers 1
and 2, respectively). To evaluate intraobserver reliability, reader 1
repeated the feature extraction twice during a week period. This
reader completed the remaining image segmentations, and the
readout sessions were conducted over 2 weeks period. Assessments
of interobserver and intraobserver reliability were performed by
obtaining the intraclass correlation coefficient (ICC). ICC values
>0.75 were selected for subsequent investigation.

Statistical Analyses
Normal distribution and variance homogeneity tests were
performed on all continuous variables. Those with normal
distribution were expressed as mean and standard deviation,
Frontiers in Oncology | www.frontiersin.org 442
while those with non-normal distributions were expressed as
medians and ranges. We evaluated the overall survival (OS).
Deaths were set as events, and deaths attributed to other causes
were set as censored observations. Survival times were calculated
from surgery date to the time of death or the end of follow-up
(August 1, 2020). First, the optimal cut-off CD8 level was
determined with the help of X-tile (25). The X-tile program
divided the patients into CD8-low and CD8-high groups,
according to the optimal cut-off value. Kaplan−Meier estimates
were applied to graph the survival curves, and the log-rank test was
performed to analyze the differences between the curves. Second,
we examined the differences in all variables between the CD8-low
and CD8-high groups. Student’s t-test (normal distribution),
Kruskal−Wallis H test (skewed distribution), and the chi-square
test (categorical variables) were used to determine the intergroup
statistical differences. Third, univariate regression analysis was
applied to estimate the effect size between all variables and the
CD8 groups. Fourth, the prediction model was constructed using
FIGURE 2 | Radiomics workflow.
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an extreme gradient boosting classifier (XGBoost). XGBoost was
performed using R software supplemented with the XGBoost
package. The discrimination of the model was evaluated using a
receiver operating characteristic (ROC) curve. The area under
the curve (AUC) was calculated concurrently. The calibration
of the model was assessed using the calibration curves and
Hosmer−Lemeshow test. Finally, the model’s clinical usefulness
was tested with a decision-curve analysis (DCA) by quantifying the
net benefit at different threshold probabilities.

A two-tailed p-value <0.05 was considered statistically
significant. All analyses were performed using R software
(version 3.3.3, The R Foundation for Statistical Computing,
Vienna, Austria).
RESULTS

Clinical Characteristics
Based on the optimal CD8 level cut-off determined by X-tile
(18.69%; Figures 3A, B), all patients were divided into CD8-
Frontiers in Oncology | www.frontiersin.org 543
high (CD8 >18.69%, n = 101; 54.89%) and CD8-low
(CD8 ≤18.69%, n = 83; 45.10%) groups (Figure 3C). CD8
expression was 28.07 ± 9.12% and 14.17 ± 2.93% in the CD8-
high and CD8-low groups, respectively. Forty-six patients in
the CD8-high group and 48 patients in the CD8-low group
died. The Kaplan−Meier curves of the two groups were
significantly distinct (p = 0.001). A log-rank test showed that
the survival duration in the CD8-high group (22.63 months,
95% CI: 20.20–36.20) was significantly longer than that in the
CD8-low group (14.67 months, 95% CI: 12.13–22.37) (Figure
3D). Among the clinical, pathological, and imaging
characteristics that we investigated, T and N stage in the
training set differed significantly between the two groups. The
patient characteristics are shown in Table 1.

Radiomics Analysis
A total of 1409 radiomics features were extracted from arterial
and portal venous phases, respectively. The ICC interobserver
and intraobserver were good, with 0.70–0.93 and 0.85–
0.90, respectively.
A B

C D

FIGURE 3 | X-tile analysis of survival data in patients with pancreatic ductal adenocarcinoma (A, B) The optimal cut-off CD8+ T-cell level of 18.69%, determined by
X-tile, is used to define the CD8+ T-high and CD8+ T-low groups. (C) CD8+ T in the CD8+ T-low group and the CD8+ T-high group. The chart includes a box plot,
density plot, and dot plot. The 25th and 75th percentiles are shown as connecting lines between groups. (D) The Kaplan-Meier curve and log-rank test suggest that
patients in the CD8+ T-high group survive significantly longer than those in the CD8+ T-low group.
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TABLE 1 | Baseline characteristics of patients with pancreatic cancer.

Characteristics Training set Validation set

CD8+T-high (n=75) CD8+T -low (n=62) P-value CD8+T -high (n=26) CD8+T -low (n=21) P-value

Clinical characteristics
Sex, n (%) 0.48 0.97
Male 49 (65.33) 44 (70.97) 15 (57.69) 12 (57.14)
Female 26 (34.67) 18 (29.03) 11 (42.31) 9 (42.86)

Age, years (mean ± SD) 61.20 ± 9.96 61.56 ± 9.16 0.83 61.85 ± 9.78 62.57 ± 10.04 0.80
BMI, kg/m2 (mean ± SD) 22.98 ± 2.81 23.16 ± 2.88 0.71 94.55 ± 369.17 23.10 ± 2.40 0.38
Operation, n (%) 0.12 0.48
Pancreaticoduodenectomy 41 (54.67) 42 (67.74) 16 (61.54) 15 (71.43)
Distal pancreatectomy 34 (45.33) 20 (32.26) 10 (38.46) 6 (28.57)

Pathological characteristics
T stage, n (%) 0.007 0.12
T1 3 (4.00) 7 (11.29) 0 3 (14.29)
T2 31 (41.33) 37 (59.68) 13 (50.00) 11 (52.38)
T3-4 41 (54.67) 18 (29.03) 13 (50.00) 7 (33.33)

N stage, n (%) 0.01 0.50
N0 33 (44.00) 23 (37.10) 12 (46.15) 7 (33.33)
N1 26 (34.67) 35 (56.45) 9 (34.62) 7 (33.33)
N2 16 (21.33) 4 (6.45) 5 (19.23) 7 (33.33)

Grade of differentiation, n (%) 1.00 0.22
Well-moderately 53 (70.67) 44 (70.97) 17 (65.38) 10 (47.62)
Poorly-undifferentiated 22 (29.33) 18 (29.03) 9 (34.62) 11 (52.38)

Duodenum Invasion, n (%) 0.82 0.97
Negative 51 (68.00) 41 (66.13) 15 (57.69) 12 (57.14)
Positive 24 (32.00) 21 (33.87) 11 (42.31) 9 (42.86)

Bile Invasion, n (%) 0.29 0.13
Negative 49 (65.33) 35 (56.45) 18 (69.23) 10 (47.62)
Positive 26 (34.67) 27 (43.55) 8 (30.77) 11 (52.38)

LVSI n (%) 0.17 0.13
Negative 46 (61.33) 45 (72.58) 18 (69.23) 10 (47.62)
Positive 29 (38.67) 17 (27.42) 8 (30.77) 11 (52.38)

Perineural invasion, n (%) 0.73 1.00
Negative 5 (6.67) 3 (4.84) 2 (7.69) 1 (4.76)
Positive 70 (93.33) 59 (95.16) 24 (92.31) 20 (95.24)

CT characteristics
Tumor size, cm (median, rang) 3.98 ± 1.72 3.44 ± 1.48 0.05 4.17 ± 1.73 3.24 ± 1.42 0.06
Location, n (%) 0.12 0.48
Head 41 (54.67) 42 (67.74) 16 (61.54) 15 (71.43)
Body and tail 34 (45.33) 20 (32.26) 10 (38.46) 6 (28.57)

Pancreatitis, n (%) 0.94 0.41
No 44 (58.67) 36 (58.06) 13 (50.00) 13 (61.90)
Yes 31 (41.33) 26 (41.94) 13 (50.00) 8 (38.10)

PD cutoff and dilation, n (%) 0.86 0.87
No 16 (21.33) 14 (22.58) 8 (30.77) 6 (28.57)
Yes 59 (78.67) 48 (77.42) 18 (69.23) 15 (71.43)

CBD cutoff and dilation, n (%) 0.60 0.72
No 48 (64.00) 37 (59.68) 15 (57.69) 11 (52.38)
Yes 27 (36.00) 25 (40.32) 11 (42.31) 10 (47.62)

Parenchymal atrophy, n (%) 0.30 0.92
No 32 (42.67) 32 (51.61) 12 (46.15) 10 (47.62)
Yes 43 (57.33) 30 (48.39) 14 (53.85) 11 (52.38)

Contour abnormality, n (%) 0.94 0.71
No 10 (13.33) 8 (12.90) 6 (23.08) 3 (14.29)
Yes 65 (86.67) 54 (87.10) 20 (76.92) 18 (85.71)

Cyst, n (%) 0.33 0.30
No 71 (94.67) 56 (90.32) 22 (84.62) 20 (95.24)
Yes 4 (5.33) 6 (9.68) 4 (15.38) 1 (4.76)

Vascular invasion, n (%) 0.47 0.63
No 54 (72.00) 48 (77.42) 19 (73.08) 14 (66.67)
Yes 21 (28.00) 14 (22.58) 7 (26.92) 7 (33.33)
Frontiers in Oncology | www.frontier
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BMI, body mass index; PD, pancreatic duct; CBD, common bile duct; LVSI, lymphvascular space invasion.
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The radiomics features were reduced and selected in the arterial
and portal venous phase images. The radiomics features that did
not significantly differ between the groups or did not show
significant correlations with CD8 expression were excluded. The
remaining 67 radiomics features were further reduced using a
LASSO logistic regression model. Finally, the radiomics
characteristics were reduced to 10 features (Supplemental
Figures 1A, B), and the LASSO logistic regression formula was
used to obtain the rad-score (Table 2). The rad-score was
significantly lower (p < 0.001) in the CD8-high group (median:
-0.43; range: -1.61−1.42) than in the CD8-low group (median:
-0.16; range: -1.16−2.35) (Supplemental Figure 1C).

Univariate Analysis
The results of the univariate analysis (Table 3) demonstrated
that the rad-score and T stage were significantly associated with
CD8 expression.

Development, Performance, and Validation
of the Prediction Model
The performance of the prediction model combining
radiomics features and tumor size is shown in Figures 4 and
5. The AUC values were 0.75 (95% CI: 0.67–0.83) and 0.67
(95% CI: 0.51–0.83) for the training and validation sets,
respectively. The sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value for the
training set were 80.65%, 60.00%, 0.69, 0.63, and 0.79,
respectively, whereas those for the validation set were
80.95%, 57.69%, 0.68, 0.61, and 0.79, respectively. The
calibration curve showed good calibration of the training
(p = 0.92) and validation sets (p = 0.23).
Frontiers in Oncology | www.frontiersin.org 745
Clinical Utility of the Prediction Model
The decision curve of the rad-score is shown in Figure 6. The
decision curves show that with a threshold probability >0.16,
using the XGBoost classifier to predict CD8+ T-cell added more
benefit than the “treat all patients as high CD8+ T-cell” scheme
or the “treat none as low CD8+ T-cell” scheme.
DISCUSSION

Immunotherapy has emerged as a promising treatment in
cancer; assessing patients’ different immune statuses with
PDAC can better help physicians identify those who can
benefit from immune therapies. Although relevant genetic
subtypes have been identified (26, 27), clinicians still lack
reproducible and biologically meaningful biomarkers to
identify patients with favorable prognoses at initial diagnosis.
We focused on the radiomic features extracted from the
pancreatic protocol CT scan, which is widely used in practice,
to identify such a biomarker. Compared with histopathologic
and molecular biomarkers, radiomics has the potential to predict
the molecular profiles of tumors from image phenotypes
inexpensively, non-invasively, and easily. In this study, we
observed that the infiltration of CD8+ TILs is associated with
the prognosis of patients with PDAC. Further, we established a
CT-based radiomic score to extrapolate the tumor immune
infiltration levels in patients with PDAC.

Cellular immunity is important for the immune system and
plays a critical role in eliminating cancer and preventing
inflammation. CD8+ T-cells can lyse tumor cells directly that
expose tumor-specific antigens in various cancers, including
PDAC (28). Quantification of CD8+ TILs, known as the
immunoscore, was developed to evaluate the association
between the infiltration level of CD8+ TILs and patients with
PDAC survival (27, 29–32), with results consistent with those
in our study. Our study used X-tile plots (25), a new
bioinformatics tool for biomarker assessment and outcome-
based cut-point optimization, to provide a global assessment of
every possible way of dividing the patients with PDAC into low-
and high-level CD8 expression. All patients were divided into
either CD8-high (CD8 >18.69%, n = 101; 54.89%) or CD8-low
(CD8 ≤18.69%, n=83; 45.10%) groups, based on the optimal
cut-off of CD8 level, as determined by x-tile (18.69%).
Furthermore, a log-rank test showed that the survival
duration in the CD8-high group (22.63 months, 95% CI:
20.20–36.20) was significantly longer than that in the CD8-
low group (14.67 months, 95% CI: 12.13–22.37).

Compared to the immunoscore of surgical tissue samples,
measuring the level of CD8+ TILs by radiomics is more
convenient, which is especially important in patients with
unresectable PDAC. Sun et al. built a CT-based radiomic
signature to assess CD8+ TIL infiltration determined by RNA-
seq data (33). More than fifteen types of tumors were included in
this study, but not PDAC. We are the first to have investigated
the possibility of extrapolating the infiltration levels of CD8+

TILs in PDAC using radiomics based on CT in both a training
TABLE 2 | The radiomics features selected by Lasso Regression.

Phase Prediction model

Intercept -0.1905
ß Radiomics name

Arterial phase
-0.095 exponential_firstorder_Median
0.028 exponential_firstorder_Variance
0.0403 square_glszm_SmallAreaLowGrayLevelEmphasis
-0.0705 wavelet-LHH_firstorder_Mean
0.0965 wavelet-HLH_glszm_SizeZoneNonUniformity
-0.1691 wavelet-HLH_glszm_LowGrayLevelZoneEmphasis
0.2466 wavelet-HHH_firstorder_Mean
0.1375 lbp-2D_firstorder_Skewness

Portal venous phase
-0.1429 wavelet-LLH_glszm_SmallAreaHighGrayLevelEmphasis
-0.2314 wavelet-HHL_glszmSmallAreaEmphasis
Radiomics score = -0.1905 - 0.095 × exponential_firstorder_Median (Arterial phase).
+ 0.028 × exponential_firstorder_Variance (Arterial phase).
+ 0.0403 × square_glszm_SmallAreaLowGrayLevelEmphasis (Arterial phase).
- 0.0705 × wavelet-LHH_firstorder_Mean(Arterial phase).
+ 0.0965 × wavelet-HLH_glszm_SizeZoneNonUniformity(Arterial phase).
- 0.1691 × wavelet-HLH_glszm_LowGrayLevelZoneEmphasis (Arterial phase).
+ 0.2466 × wavelet-HHH_firstorder_Mean (Arterial phase).
+ 0.1375 × lbp-2D_firstorder_Skewness (Arterial phase).
- 0.1429 × wavelet-LLH_glszm_SmallAreaHighGrayLevelEmphasis (Portal phase).
- 0.2314 × wavelet-HHL_glszmSmallAreaEmphasis (Portal phase).
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and validation cohort. The rad score can reflect the infiltration
level of CD8+ TIL, and the association between lower rad scores
and higher CD8+ TIL infiltration can be observed, suggesting
Frontiers in Oncology | www.frontiersin.org 846
that the rad score may be an important prognosis biomarker for
patients with PDAC. Furthermore, the DCA test showed that the
rad-score could effectively facilitate clinical decision-making.
TABLE 3 | The result of univariate analysis.

Variables Training set Validation set

OR (95% CI) p- Value OR (95% CI) p- Value

Rad-score 5.16 (2.10, 12.68) 0.0004 4.99 (1.47, 16.93) 0.01
Sex
Male 1.0 1.0
Female 0.77 (0.37, 1.59) 0.48 1.02 (0.32, 3.27) 0.97

Age 1.00 (0.97, 1.04) 0.82 1.01 (0.95, 1.07) 0.80
BMI 1.02 (0.91, 1.15) 0.71 1.00 (0.98, 1.01) 0.70
Operation
Pancreaticoduodenectomy 1.0 1.0
Distal pancreatectomy 0.57 (0.29, 1.16) 0.12 0.64 (0.19, 2.20) 0.48

T stage
T1-2 1.0 1.0
T3-4 0.34 (0.17, 0.69) 0.0029 0.50 (0.15,1.64) 0.25

N stage
N0 1.0 1.0
N1 1.93 (0.93, 4.03) 0.08 1.33 (0.34, 5.19) 0.68
N2 0.36 (0.11, 1.21) 0.10 2.40 (0.55, 10.53) 0.25

Grade of differentiation
Well-moderately 1.0 1.0
Poorly-undifferentiated 0.99 (0.47, 2.07) 0.97 2.08 (0.64, 6.74) 0.22

Duodenum Invasion
Negative 1.0 1.0
Positive 1.09 (0.53, 2.23) 0.82 1.02 (0.32, 3.27) 1.00

Bile Invasion
Negative 1.0 1.0
Positive 1.45 (0.73, 2.90) 0.29 2.47 (0.75, 8.17) 0.14

LVSI
Negative 1.0 1.0
Positive 0.60 (0.29, 1.24) 0.17 2.47 (0.75, 8.17) 0.14

Perineural invasion
Negative 1.0 1.0
Positive 1.40 (0.32, 6.13) 0.66 1.67 (0.14, 19.76) 0.69

Tumor size (cm, mean ± SD) 0.80 (0.64, 1.01) 0.06 0.66 (0.42, 1.04) 0.07
Location
Head 1.0 1.0
Body and tail 0.57 (0.29, 1.16) 0.12 0.64 (0.19, 2.20) 0.48

Parenchymal atrophy
No 1.0 1.0
Yes 0.70 (0.35, 1.37) 0.30 0.94 (0.30, 2.98) 0.92

PD cutoff and dilation
No 1.0 1.0
Yes 0.93 (0.41, 2.09) 0.86 1.11 (0.31, 3.92) 0.87

CBD cutoff and dilation
No 1.0 1.0
Yes 1.20 (0.60, 2.40) 0.60 1.24 (0.39, 3.94) 0.72

Pancreatitis
No 1.0 1.0
Yes 1.03 (0.52, 2.03) 0.94 0.62 (0.19, 1.98) 0.42

Contour abnormality
No 1.0 1.0
Yes 1.04 (0.38, 2.82) 0.94 1.80 (0.39, 8.27) 0.45

Cyst n (%)
No 1.0 1.0
Yes 1.90 (0.51, 7.07) 0.34 0.28 (0.03, 2.67) 0.27

Vascular invasion
No 1.0 1.0
Yes 0.75 (0.34, 1.64) 0.47 1.36 (0.39, 4.76) 0.63
May 2021 | Volume 11 | Articl
OR, odds ratio; CI, confidence interval; Rad-score radiomics score; BMI, body mass index; LVSI, lymphvascular space invasion; PD, pancreatic duct; CBD, common bile duct; Rad-score,
radiomics score.
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The intra-tumor heterogeneity assessed by radiomics may
reflect genomic heterogeneity, and tumors with more genomic
heterogeneity are more likely to resist therapy and develop distant
metastasis; thus, they tend to predict a worse prognosis (14, 34–36).
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Textureanalysis is anobjectivemathematicalmethodbasedon their
gray levels and spatial relationships (37). The most widely used
texture analysis methods are the gray-level co-occurrence matrix
(GLCM) and gray-level run-length matrix (GLRLM) (38).
FIGURE 4 | Comparison between patients with low and high CD8+ T-cell infiltration (A–C) Patient 1: A 65-year-old man with PDAC in the CD8+ T-high group.
(A) CD8+ T-cell infiltration is high (×20). (B) The axial portal-phase CT image shows an infiltrative, low-attenuation mass (arrows) located at the pancreatic head. (C)
The prediction probability of low CD8+ T infiltration was 80.58% by XGBoost classifier. (D–F) Patient 2: A case of a 49-year-old man with PDAC in the CD8+ T-low
group. (D) CD8+ T-cell infiltration is low (×20). (E) The axial portal-phase CT image shows an infiltrative, low-attenuation mass (arrows) located at the pancreatic body
and tail. (F) The prediction probability of low CD8+ T-cell infiltration is 70.07% by XGBoost classifier.
A B

FIGURE 5 | Receiver operating characteristic (ROC) curves and calibration curves of the extreme gradient boosting (XGBoost) classifier (A) ROC curves of the
XGBoost classifier in the training and validation set. (B) Calibration curves of the XGBoost classifier in the training and validation set.
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GLCM can describe the pixel distribution within a region and
indicate the frequency of various combinations of grey values
observed (38). GLRLM describes the relationships in linear one-
dimensional terms (39). Chen et al. observed that highly immune
infiltratedHCCsweremorehomogenous, explaining thehigh value
of GLCM (17). Sun et al. observed that GLRLM could be
representative of inflammatory infiltrate, which could reflect
homogeneity or heterogeneity of an image (33). In our study, the
radiomic signature comprised textural features from the gray-level
size-zone matrix (GLSZM). GLSZM is an extended version of
GLRLM that describes the size and intensity of voxels clusters in
a region of interest (40), which has proven useful when the main
characteristic is heterogeneity (40).

There are several limitations to this study. First, our validation
cohort was from the same center as the training cohort, which
restricts our findings’ generalizability to other centers. Second, as a
retrospective single-center study, the relatively small sample size
may weaken our conclusion. The sample size should be increased
to help draw a more reliable result. Third, a few studies have found
the importance of joint analysis of PD-L1 expression with CD8
expression, which may explain the mechanism of the
immunosuppressive microenvironment of PDAC (20, 41, 42).
However, several studies (20, 41) have observed that the PD-
L1-/CD8high subtype had the best survival, whereas patients with
low CD8 expression had similar survival regardless of PD-L1
status, which means the endogenous CD8+ TIL-mediated
antitumor immune response may play a key role in the
Frontiers in Oncology | www.frontiersin.org 1048
prognosis of patients with PDAC. Therefore, evaluating CD8
infiltration levels should be prioritized in a limited timeframe.
Fourth, a few recent studies have suggested that the combination
of intratumoral and peritumoral radiomics is more effective in
predicting therapeutic outcomes (17, 43). Therefore, in the future,
further studies involving peritumoral radiomics in larger
populations are needed. In addition, the prediction performance
of XGBoost in this study is not fully satisfactory, so we will
continue to explore other deep learning models to improve the
diagnostic efficiency in the future.
CONCLUSION

In conclusion, our study established and validated an enhanced
CT-based rad-score for predicting the infiltration level of CD8+

TILs in patients with PDAC. This rad-score may be useful in the
pretreatment prediction of individual patient immunoscores
to guide accurate prognosis prediction and precision
immunotherapy for patients with PDAC.
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Pancreatic ductal adenocarcinoma (PDAC) is the most aggressive human malignancy and
intrinsically resistant to conventional therapies. YAP1, as a key downstream effector of the
Hippo pathway, plays an important role in tumorigenesis including PDAC. Alternative
mRNA splicing of YAP1 results in at least 8 protein isoforms, which are divided into two
subgroups (YAP1-1 and YAP1-2) based on the presence of either a single or double WW
domains. We investigated the functions and regulatory mechanisms of YAP1-1 and
YAP1-2 in PDAC cells induced by TGF-b to undergo epithelial-to-mesenchymal transition
(EMT). CRISPR-Cas9 and shRNA were used to silence YAP1 expression in pancreatic
cancer cells. Re-constituted lentivirus mediated overexpression of each single YAP1
isoform was generated in the parental knockout L3.6 cells. EMT was induced by
treatment with TGF-b, EGF and bFGF in parental and the constructed stable cell lines.
Western blot and qPCR were used to detect the expression of EMT markers. Scratch
wound healing and transwell assays were used to detect cell migration. The stability and
subcellular localization of YAP1 proteins were determined by Western blot analysis,
immunofluorescence, as well as ubiquitination assays. We showed that TGF-b, EGF
and bFGF all significantly promoted EMT in PDAC cells, which was inhibited by
knockdown of YAP1 expression. Interestingly, YAP1-1 stable cells exhibited a stronger
migratory ability than YAP1-2 cells under normal culture condition. However, upon TGF-b
treatment, L3.6-YAP1-2 cells exhibited a stronger migratory ability than L3.6-YAP1-1
cells. Mechanistically, TGF-b treatment preferentially stabilizes YAP1-2 and enhances its
nuclear localization. Furthermore, TGF-b-induced EMT and YAP1-2 activity were both
blocked by inhibition of AKT signaling. Our results showed that both YAP1-1 and YAP1-2
isoforms are important mediators in the EMT process of pancreatic cancer. However,
YAP1-2 is more important in mediating TGF-b-induced EMT, which requires
AKT signaling.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC), is highly fatal due to
its aggressive biology nature and intrinsic resistance to
conventional therapies (1). Yes-associated protein 1 (YAP1),
together with WW domain-containing transcription regulator
protein 1 (WWT1, also called TAZ), function as the main
downstream effectors of the Hippo pathway. YAP1 plays
critical roles in tissue homeostasis and regulation of organ size.
The Hippo signaling is also a tumor suppressor pathway, while
YAP1 has been identified as an oncogene in various malignancies
associated with tumor progression and poor prognosis (2). YAP1
overexpression is detected in the early stages of pancreatic
carcinogenesis (3). Interestingly, YAP1 has been shown to be
involved in both oncogenic KRAS-dependent and KRAS-
independent cancer-promoting activities (4, 5). In recent years,
YAP1 has been reported to participate in Epithelial-to-
mesenchymal transition (EMT) process of tumor cells (6, 7).

Through alternative mRNA splicing, the human YAP1 gene
generates at least eight isoforms that differ in the regions of the 2nd

WW domain and the transcriptional activation domain (TAD)
(8). These isoforms can be divided into YAP1-1, which contains
oneWWdomain, and YAP1-2, which contains twoWWdomains
(9). The WW domain consists of incomplete duplicates of 30-40
amino acid residues, of which two invariant tryptophan residues
mediate specific interactions with partners with short proline-rich
sequences (9, 10). The WW domain of YAP1 is involved in
complex formation with PPxY motif-containing proteins (where
P is proline, x is any amino acid and Y is tyrosine) (11), such as
LATS1/2 (12), AMOT (13), PTCH1 (14), ZEB1 (15), etc. Previous
studies, including our own, revealed that the presence of single or
double WW domains could influence the interactions of YAP1
with these proteins such as LATS (16). Although the mRNA
sequences encoding different isoforms have been reported, the
biological and functional differences of various protein isoforms of
YAP1 have just begun to be appreciated.

EMT is a cellular reprograming process during which cells
lose their epithelial traits and gradually acquire mesenchymal
characteristics (17), such as downregulation of E-Cadherin and
upregulation of Vimentin, resulting in weakened adhesion and
enhanced motility (18). During EMT, remodeling of cell-cell
and cell-extracellular matrix interactions leads to the detachment
of epithelial cells from their original sites. This is crucial to the
early-stage dissemination of cancer cells and is pivotal for the
invasion and metastasis. Moreover, EMT has been reported to
confer increased chemoresistance in cancer cells, including
PDAC (19, 20). Transforming growth factor-beta (TGF-b)
(21), epidermal growth factor (EGF) (22), and fibroblast
growth factor (FGF) (23), are all well-known cytokines that
promote the EMT phenotype (24). TGF-b activates Smad2 and
Smad3, which subsequently bind to Smad4 and then translocate
to the nucleus to regulate gene expression (25). TGF-b can also
activate the PI3K/AKT pathway to promote EMT (26). YAP1
plays a multitude of roles as the key downstream effector of
Hippo signaling. It promotes tumor development and
progression, as well as EMT and drug resistance in PDAC (27).
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In this study, we investigated whether YAP1 contributes to
TGF-b-induced EMT in PDAC cells and the potential difference
between the YAP1 isoforms that mediate such activities. Our
results indicated that, with TGF-b treatment, YAP1-2 exhibited
stronger effects than YAP1-1 in promoting EMT in PDAC cells.
Mechanistically, we showed that TGF-b treatment activates the
AKT pathway to preferentially stabilize YAP1-2 and promote its
nuclear localization.
MATERIALS AND METHODS

Cell Culture and Treatment
Human pancreatic cancer cell lines L3.6, PANC1, PATU89.88T,
and rat pheochromocytoma cell line PC12 were obtained from
ATCC. The human embryonic kidney cell line HEK293T was
obtained from the Shanghai Cell Bank of the Chinese Academy
of Sciences. All cells were cultured in RPMI 1640 (Gibco) or
DMEM (Gibco) medium with 10% fetal bovine serum (FBS,
Gibco) at 37°C in standard conditions (5% CO2, 95% air).

Transwell Assays
A total of 1×105 L3.6 cells were seeded in the upper chamber of a
transwell membrane (8 mm pore size) in 24-well plates. FBS
medium (10%) was added to the lower chamber as an attractant,
while 1% FBS medium was added to the upper chamber. After
24 h of incubation, the cells were fixed with paraformaldehyde
(PFA) and stained with crystal violet dye. The number of stained
cells was counted under a phase-contrast microscope
(Leica, Germany).

Western Blot
Total protein was extracted from PDAC cells for Western blot
analysis. The cells were lysed with lysis buffer (Beyotime, P0013)
containing phosphatase inhibitors and phenylmethanesulfonyl
fluoride (PMSF, Beyotime, ST506). The samples were
fractionated by SDS-PAGE gels and transferred to microporous
polyvinylidene difluoride (PVDF) membranes (Roche,
3010040001). The membranes were blocked with 5% skim milk
for 1 h and incubated with primary antibodies overnight at 4°C.
Antibodies against GAPDH (10494-1-AP) and anti-b-actin
(20536-1-AP) were purchased from Proteintech. Other primary
antibodies including anti-YAP (CST, 14074), anti-E-Cadherin
(CST, 3195), anti-Vimentin (CST, 5741), anti-phospho-Smad2
(CST, 8828), anti-Smad2/3 (CST, 8685), anti-phospho AKT (CST,
4060), and anti-AKT (CST, 9272) were the products of Cell
Signaling Technology. The membranes were then probed with
secondary antibodies: goat anti-mouse IgG (H+L)-HRP or goat
anti-rabbit IgG (H+L)-HRP (Bioworld).

Scratch Healing Assay
The cells were seeded in 6-well plates, and 10 ml pipette tips were
used to make a scratch to assess regeneration and repair of the
cells. The wound images were taken at 0 h, 24 h, 48 h, and
72 h, respectively.
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Immunofluorescence
The cells were seeded in 24-well plates at the appropriate density
for 12 h. They were fixed with 4% PFA for 15 min and
permeabilized with 0.1% Triton X-100 for 7 min. They were
then blocked with 5% normal sheep serum before incubating
with primary antibody (1:100) for 2 h at room temperature
followed by incubation with the secondary antibodies for 1 h at
room temperature (Goat anti-Mouse IgG H&L, Abcam, 1:1000).
After washes with PBS, the cells were mounted with Gold
Antifade with DAPI (Invitrogen, P36931).

RNA Isolation, Real-Time PCR and YAP1
Isoform Detection
Total RNA was extracted with RNAiso Plus (TaKaRa, JPN). The
PrimeScript RT Reagent Kit (TaKaRa, JPN) was used for cDNA
synthesis. Real-time PCR was carried out with the CFX96 Real-
Time System (Bio-Rad) and SYBR Premix Ex Taq (TaKaRa,
JPN). The gene-specific primers used in this study were as
follows: Vimentin (forward: 5’-GAGGATCTGGAATTCGG
ATCC-3’, reverse:5’- ACGCGTCGACTTATTCAAGGT-3’);
E-Cadherin (forward: 5’-AATGCCGCCATCGCTTAC-3’,
reverse: 5’-ACCAGGGTATACGTAGGGAAACTCT-3’); and
GAPDH (forward: 5’-ACATCGCTCAGACACCATG-3’,
reverse: 5’-TGTAGTTGAGGTCAATGAAGGG-3’). All values
were normalized to GAPDH.

Lentiviral Packaging, Transduction, and
Selection of Stable Cells
Lentiviral packaging, host cell infection and pLKO-shRNA stable
PDAC cell selection with puromycin were performed as
previously described (28). For the stable reconstituted
expression of YAP1-specific isoforms, lentiviral particles
carrying pLenti6.3-Flag-YAP1 cDNA encoding YAP1-1g or
YAP1-2g were used to infect L3.6-KoYAP1 cells. The cells were
then selected in culture medium supplemented with blasticidin
(5 mg/ml), and the pooled blasticidin-resistant cells were used as
stable overexpression cells.

Ubiquitination Assay
HEK293T cells were transfected with the Flag-YAP1 and HA-UbI
vectors and incubated with 20 mM MG132 for 4 h before
harvesting. The cells were washed twice with prechilled PBS and
lysed in 120 mL of lysis buffer (10% glycerol, 1% SDS, 62.5 mM
Tris-HCl (pH 6.8), 1 mM iodoacetamide and 10 mM NEM). Cell
lysates were boiled for 15 min and then diluted with NTEN lysis
buffer freshly supplemented with protease and deubiquitination
inhibitors at a 1:9 ratio. The cell lysates were immunoprecipitated
with anti-Flag M2 agarose beads (Sigma, USA), and the immune
complexes were subjected to Western blotting.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA) and SPSS 19.0
software (SPSS, Inc., Chicago, USA). p values showing
differences were calculated by an unpaired two-tailed t-test, and
those showing no differences were calculated by a one-tailed t-test.
Frontiers in Oncology | www.frontiersin.org 353
RESULTS

YAP1 Contributes to EMT Phenotype in
PDAC Cells
We determined the role of YAP1 in the EMT of pancreatic cancer
cells by examining the expression of EMT markers in a YAP1
knockout cell line previously generated in L3.6 (16). The Western
blot results showed that deletion of YAP1 led to increased
Vimentin, but decreased E-Cadherin expression (Figure 1A).
Furthermore, wound healing and transwell assays indicated that
the migratory and invasive potential were diminished in YAP1-
KO cells (Figures 1B–E). We further verified that YAP1
knockdown was associated with reduced migration and
invasion capabilities in PANC1 and PATU8988T cell lines.
YAP1 knockdown led to increased Vimentin, but decreased E-
Cadherin expression in PANC1 and PATU8988T (Figure 1F).
Suppression of YAP1 expression in these cells were achieved by
lenti shRNA, which also led to decreased migration and invasion
based on wounding and transwell assays (Figures 1G–J).
Therefore, YAP1 expression correlated with migration and
invasion in three independent pancreatic cancer cell lines.

YAP1 Mediates Growth Factor-Induced
EMT in L3.6 Cells
Given that YAP1 knockout or knockdown inhibited the invasion
and migration of PDAC cells, we hypothesized that YAP1 may also
play a role in growth factor-induced EMT. As shown in Figures
2A, B, treatment with TGF-b (20ng/ml), EGF (20ng/ml), and bFGF
(20ng/ml) significantly promoted healing of parental L3.6 cells in
the wounding assay, which were significantly inhibited in L3.6-
KoYAP1 cells. Transwell assays confirmed these results (Figures
2C, D). Western blot analyses were used to detect the EMT-
associated proteins E-Cadherin and Vimentin, and the results
indicated that YAP1-KO effectively prevented the occurrence of
EMT characteristics induced by these growth factors (Figure 2E).
In summary, the results showed that YAP1 expression plays an
important role in the EMT induced by different growth factors.

Identification of YAP1-2 as the Major
Isoform in TGF-b-Induced EMT
The above results suggest YAP1 as an important mediator in
these growth factor-induced EMT phenotype. We next wanted to
determine if the YAP1 protein isoforms presented distinct or
redundant roles in EMT process with a focus on TGF-b. Scratch
assays were performed with L3.6-YAP1-1 and L3.6-YAP1-2
stable cells. These cells were generated in our previous study on
YAP1 knockout L3.6 cells with reconstituted overexpression of
single YAP1 isoforms (16). The results revealed that YAP1-1 has a
stronger stimulatory effect on EMT than YAP1-2 in none treated
cells. However, upon induction by TGF-b, L3.6-YAP1-2 cells
exhibited stronger migration than L3.6-YAP1-1 cells (Figures
3A, B). SB431542, a TGF-b receptor inhibitor, largely abolished
TGF-b-induced EMT in both L3.6-YAP1-1 and L3.6-YAP1-2
cells. Consistent results were obtained in the transwell assays
(Figures 3C, D). Upon examining the TGF-b signaling and EMT
markers, we found YAP1-2 cells possessed higher E-Cadherin
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expression when untreated than YAP1-1. Interestingly, the E-
Cadherin expression in YAP1-2 cells was significantly inhibited
by TGF-b treatment, but that of YAP1-1 was minimally
impacted. The trend of Vimentin was the opposite, and all
changes were reversed by SB431542 (Figures 3E–G). Also, we
showed that blocking YAP1 using Verteporfin, a YAP1 inhibitor,
led to a significant change in the expression of E-Cadherin and
Vimentin in L3.6-YAP1-2 cells (Figure S2). In short, the results
proved that the YAP1-2 is more potent than YAP1-1 in mediating
TGFb-induced EMT in pancreatic cancer cells.

TGF-b Mainly Promotes YAP1-2 Stability
and Its Nuclear Localization
YAP1 stability and nuclear translocation represent a key
regulatory mechanism downstream of Hippo signaling.
Frontiers in Oncology | www.frontiersin.org 454
Western blot analysis revealed that the YAP1-1 protein
was more stable than the YAP1-2 protein under normal
conditions, but the stability of the YAP1-2 protein was
preferentially improved after TGF-b treatment (Figures 4A,
B). Immunoprecipitation assay results indicated that the
ubiquitination level of YAP1-2 was significantly higher than
that of YAP1-1. Although TGF-b treatment significantly
decreased the ubiquitination levels of both isoforms, the gap
between YAP1-1 and YAP1-2 was narrowed down significantly
(Figures 4C, D), and TGF-b treatment also stabilized both
YAP1-1 and YAP1-2 proteins induced by verteporfin (Figure
S2). These results suggest that the stability of both proteins was
upregulated after induction, but YAP1-2 changed more
significantly than YAP1-1. Subsequently, we examined the
subcellular localization of the different isoforms of YAP1 with
A B

D E F

G I

H J

C

FIGURE 1 | YAP1 contributes to EMT phenotype in PDAC cells. (A) Western blot analysis of YAP1 and EMT marker expression in L3.6 wild type (WT) and YAP1
knockout cells (KoYAP1). (B–E) The migration and invasion ability of L3.6-WT and L3.6-KoYAP1 were detected by scratch healing assay (B) and transwell assay (D).
Statistical analysis of the scratch healing assay (C) and transwell assay (E). **p < 0.001. (F–J) Different PADC cell lines were used to verify the effect of YAP1. EMT
markers (E-Cadherin and Vimentin) and YAP1 knockdown efficiency were determined by western blot (F), migration and invasion of the indicated cell lines were
detected by scratch healing assay (G) and transwell assay(I). Statistical analysis of the scratch healing assay (H) and transwell assay (J). **p < 0.001.
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immunofluorescence. Increased nuclear translocation of YAP1-2
was observed after TGF-b treatment, and the process could be
inhibited by SB431542, whereas the localization of YAP1-1 only
changed slightly (Figure 4E). Western blot analysis confirmed
that YAP1-2 protein expression was upregulated in both the
nucleus and cytoplasm after induction, but was more prominent
in the nucleus (Figure 4F). In summary, the data demonstrated
that both the stability and location of YAP1-2 changed
significantly after TGF-b induction.

AKT Inhibition Abolishes the Function of
YAP1-2 in TGF-b-Induced EMT
In previous studies, it was reported that YAP1 activity closely
correlates with the AKT signaling activation in fibrotic disease
(29), wound healing (30), etc. Therefore, we evaluated the role
of the AKT pathway in YAP1-related EMT by co-treatment of
Frontiers in Oncology | www.frontiersin.org 555
the cells with MK2206, an AKT phosphorylation inhibitor. As
expected, Western blot analysis showed that the phosphorylation
of AKT was significantly inhibited by MK2206 treatment
(Figures 5E, S1). Scratch healing assay (Figures 5A, B) and
transwell assay (Figures 5C, D) results indicated that MK2206
treatment significantly inhibited migration and invasion of both
L3.6-YAP1-1 and L3.6-YAP1-2 cells with TGF-b-induced EMT.
The Western blot and qRT-PCR results showed that MK2206
upregulated E-Cadherin and downregulated Vimentin at both
the protein and mRNA levels in the L3.6-YAP1-1 and L3.6-
YAP1-2 cells with TGF-b-induced EMT (Figures 5E–G, S1).
Additionally, MK2206 treatment also decreased the protein
levels of YAP1-1 and YAP1-2 (Figures 5E, S1). In summary,
YAP1-2 is more important than YAP1-1 in mediating TGF-b-
induced invasion and migration of L3.6 cells, a process relies on
activation of the AKT pathway.
A

B D

E

C

FIGURE 2 | Knockout of YAP1 blocks EMT phenotype induced by TGF-b, bFGF and EGF. L3.6-WT and L3.6-KoYAP1 cells were treated with TGF-b (20ng/ml),
EGF (20ng/ml), and bFGF (20ng/ml), respectively, for 72 h. Cell migration and invasion were detected by scratch healing assay (A) and transwell assay (C) and the
expression of EMT markers by western blot (E). Statistical analysis of the scratch healing assay (B) and transwell assay (D). **p < 0.001.
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AKT Signaling Is Required for TGF-b-
Induced YAP1 Stabilization and Nuclear
Localization
We determined the potential differential impact of AKT
signaling on YAP1 isoform stability and subcellular location in
pancreatic cancer cells by examining their expression in response
to TGF-b treatment, both with and without the AKT inhibitor.
To this end, we chose previously generated L3.6-YAP1-1 and
L3.6-YAP1-2 reconstituted expression stable cell lines (16). The
cells were seeded at very low density (106 cells/10-cm dish) for 3
days and then trypsinized and replanted at high cell density
(2x106 cells/3.5-cm dish) for TGF-b treatment with and without
Frontiers in Oncology | www.frontiersin.org 656
the AKT inhibitor. The results indicated that the stabilizing effect
of TGF-b on both YAP1-1 and YAP1-2 were diminished, but
much more prominent for YAP1-2 (Figures 6A, B). Similarly,
inhibition of AKT phosphorylation largely blocked the nuclear
localization of YAP1-2 (Figure 6C). Therefore, the activity of the
AKT pathway is of critical importance for TGF-b promoted
EMT, which is mainly mediated by YAP1-2. To further confirm
the role of AKT in TGF- b induced EMT, the AKT- Kinase Dead
(KD) mutant plasmid was co-transfected with YAP1-1 and
YAP1-2, respectively, to PC12 cells. Analysis of fractionated
proteins showed that nuclear-translocation of YAP1-2 was
inhibited upon AKT-KD co-expression (Figures 6D, E).
A

B

D

E

F

GC

FIGURE 3 | YAP1-2 is the major functional isoform in mediating TGFb-induced EMT. (A, C) Cells were pretreated with 20ng/ml TGF-b and 2.5mM SB431542 for
72 h, the scratch healing assay (A) and transwell assay (C) were performed to detect cell migration in L3.6-YAP1-1 and L3.6-YAP1-2 stable lines. (B, D) Statistical
analysis of the scratch healing assay (B), and transwell assay (D). **p < 0.001. (E–G) Cells were treated with 20ng/ml TGF-b and 2.5mM SB431542 for 72 h,
Western Blot (E) and qPCR (F, G) were performed to detect the expression of EMT related markers in L3.6-YAP1-1 and L3.6-YAP1-2 cells. SB431542 is
abbreviated as “SB”. *p < 0.05, **p < 0.001.
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DISCUSSION

YAP1 protein isoforms differ within the TAD and WW motifs,
two key regions mediating their transcriptional activation and
interaction with PPxY motif proteins (8). We recently reported
the dichotomy between the mRNA and protein expression, as
well as the distinct mechanism of regulation between the YAP1-1
and YAP1-2 isoforms in response to cell density. We proposed
that YAP1-1 is more potent in promoting cancer cell malignancy
in culture and primary tumor growth in vivo, whereas YAP1-2
has a more significant role in promoting metastasis due to its
stabilization under low cell contact/density such as in the form of
circulating tumor cells (16).

Consistent with our previous findings, the current study
further demonstrated that the stability and nuclear localization
of YAP1-1 proteins were higher than those of YAP1-2 under
quiescent conditions, and correlates with stronger invasion and
metastasis. Interestingly, YAP1-2 exhibited stronger promotion
of the invasion and metastasis of PDAC cells than YAP1-1 in the
process of TGF-b induced EMT, which was associated with a
more robust increase in protein stability as well as nuclear
localization of YAP1-2 than YAP1-1. Therefore, stabilization of
Frontiers in Oncology | www.frontiersin.org 757
YAP1 proteins, especially the YAP1-2 isoform, contributes to
TGF-b induced EMT. However, we cannot rule out the
possibility that other mechanisms may also be involved. We
have previously demonstrated that the presence of the 2nd WW
motif enhances the interactions of both YAP1-1 and YAP1-2
proteins with some PPXY proteins such as LATS1. Importantly,
only YAP1-2 is capable of forming de novo complex with AMOT
and PTPN14. Of note, the WW domain not only mediates
binding to negative regulators mainly residing in the cytosol as
mentioned above, but it also interacts with nuclear factors such
as RUNX (31), ZEB1 (15), P73 (32, 33) and SMADs (34, 35) to
alter the targets of YAP1. ZEB1 and SMADs are both important
EMT regulators. During EMT, ZEB1 and SMADs are often
increased, showing stronger nuclear localization and higher
transcriptional activity, a process that we speculate may
involve YAP1-2. It is also possible that, in response to TGF-b
stimulation, activated YAP1-2 preferentially binds to EMT-
related nuclear factors to facilitate their nuclear transport and
transcriptional activities, which should be an interesting area for
future investigation.

Our data highlight a critical role of activated AKT signaling
for the stability of YAP1 in the context of TGF-b stimulation.
A B

D

E F

C

FIGURE 4 | TGF-b promotes YAP1-2 stability and nuclear localization. (A) L3.6-YAP1-1 and L3.6-YAP1-2 cells were cultured under the low-density condition for 3 days
to accumulate YAP1 proteins with or without TGF-b (20ng/ml) treatment. The cells were then transferred to 3.5 cm dishes in high-density conditions to trigger YAP1
degradation. Whole-cell lysates from L3.6-YAP1-1 and L3.6-YAP1-2 cells were collected at indicated time points and subjected to Western blotting to detect the
abundance of YAP1. (B) Statistical analysis of (A). (C) HA-tagged ubiquitin was co-transfected with either Flag-YAP1-1 or YAP1-2 into HEK293T cells as indicated with
Flag-YFP as a control. The transfected cells were treated with 20ng/ml TGF-b for 24 h. YAP1 ubiquitination was determined by immunoprecipitation (IP) for Flag and
immunoblotting for HA. (D) Statistical analysis of (C). **p< 0.001. (E) Cells were pretreated with 20ng/ml TGF-b and 2.5mM SB431542 for 72 h, immunofluorescence was
performed to reveal the expression and subcellular localization of L3.6-YAP1-1 and L3.6-YAP1-2 cells. (F) Cells were pretreated with 20ng/ml TGF-b for 72 h, extraction
of cytoplasmic and nuclear proteins was then performed to detect the distribution of YAP1 in L3.6-YAP1-1 and L3.6-YAP1-2 by immunoblot analysis.
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AKT has been shown to bind directly to YAP1 and enhance its
stability. However, this molecule is not the only factor that
regulates the stability of YAP1. The main regulation of YAP1
is from the upstream Hippo pathway, which is subjected to
regulation by diverse stimuli such as cell-cell contact, mechanical
cues, as well as EMT. When cells undergo EMT, they shrink, and
cell contact becomes weaker. Under such circumstances, Hippo
pathway is suppressed leading to YAP1 stabilization. Given that
inhibition of the AKT pathway is known to strongly inhibit EMT
phenotype, thus TGF-b stimulated AKT activation may
contribute directly and indirectly to the stabilization and the
nuclear localization of YAP1.

EMT is a crucial initiating step of tumor metastasis and
correlates to the advanced stages of tumor progression. Our
Frontiers in Oncology | www.frontiersin.org 858
data suggest the existence of redundant and unique regulatory
mechanisms underlying the functions of YAP1-1 and YAP1-2 in
cancer development and progression. We propose that in the
early stages, when cancer cells have a low level of malignancy,
YAP1-1 is predominant due to its weaker binding with negative
regulatory factors than YAP1-2 and mainly promotes cell
proliferation. However, when the tumors progress to a higher
degree of malignancy after undergoing EMT, YAP1-2 becomes
preferentially stabilized, leading to increased nuclear localization
and interactions with additional nuclear factors to promote
tumor invasion and metastasis. The potential differential
interactions of YAP1-2 from YAP1-1 with EMT-promoting
nuclear factors, such as SMADs and ZEB1, should be an
interesting line of research in the future.
A
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FIGURE 5 | Inhibition of AKT signaling abolishes the activity of YAP1-2 in TGF-b induced EMT. (A, C) L3.6-YAP1-1 and L3.6-YAP1-2 stable cells were pretreated
with 20ng/ml TGF-b and 2.5mM MK2206 for 72 h, the scratch healing assay (A) and transwell assay (C) were performed to determine the migration ability of L3.6-
YAP1-1 and L3.6-YAP1-2. (B, D) Statistical analysis of the scratch healing assay (B) and transwell assay (D). **p < 0.001. (E, F) Cells were pretreated with 20ng/ml
TGF-b for 72 h, and then with MK2206 (2.5mM) for another 24 h. Western Blot (E) and qPCR (F, G) were performed to detect the expression of EMT markers and
AKT phosphorylation. MK2206 is abbreviated as “MK”. **p < 0.001.
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Hippo signaling has emerged as an attractive target for cancer
therapy including PDAC (27). YAP1 acts as a central node in
relaying Hippo signaling to transcriptional regulation and cancer
promotion. Our findings on the unique function and associated
regulatory mechanisms between different YAP1 isoforms should
facilitate more efficient and precise therapeutic targeting of this
critical pathway for cancer therapy.
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FIGURE 6 | AKT signaling is required for TGF-b induced YAP1 stabilization and nucleus localization. (A) L3.6-YAP1-1 and L3.6-YAP1-2 cells were cultured at low-
density for 3 days to accumulate YAP1 proteins with or without 20ng/ml TGF-b and 2.5mM MK2206 treatment. The cells were then transferred to 3.5 cm dishes at
high-density to trigger degradation. Whole cell lysates were collected at indicated time points and subjected to Western blotting to detect the abundance of YAP1.
(B) Statistical analysis of (A). (C) Cells were treated with 20ng/ml TGF-b and MK2206 for 72 h, immunofluorescence was performed to detect the expression and
subcellular localization of YAP1 in L3.6-YAP1-1 and L3.6-YAP1-2 stable cells. (D) The HA-AKT(KD) mutant effectively inhibited activation of endogenous AKT.
(E) HA- AKT(KD) was transfected to PC12 cells, and simultaneously treated with 20ng/ml TGF-b. Immunofluorescence was performed to detect the Tag (Flag) of
exogenous YAP1. MK2206 is abbreviated as “MK”.
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Background: In this study, miRNAs and their critical target genes related to the prognosis
of pancreatic cancer were screened based on bioinformatics analysis to provide targets
for the prognosis and treatment of pancreatic cancer.

Methods: R software was used to screen differentially expressed miRNAs (DEMs) and
genes (DEGs) downloaded from The Cancer Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) databases, respectively. A miRNA Cox proportional hazards regression
model was constructed based on the miRNAs, and a miRNA prognostic model was
generated. The target genes of the prognostic miRNAs were predicted using TargetScan
and miRDB and then intersected with the DEGs to obtain common genes. The functions
of the common genes were subjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) analyses. A protein-protein interaction (PPI) network of
the common genes was constructed with the STRING database and visualized with
Cytoscape software. Key genes were also screened with the MCODE and cytoHubba
plug-ins of Cytoscape. Finally, a prognostic model formed by the key gene was also
established to help evaluate the reliability of this screening process.

Results: A prognostic model containing four downregulated miRNAs (hsa-mir-424, hsa-
mir-3613, hsa-mir-4772 and hsa-mir-126) related to the prognosis of pancreatic cancer
was constructed. A total of 118 common genes were enriched in two KEGG pathways
and 33 GO functional annotations, including extracellular matrix (ECM)-receptor
interaction and cell adhesion. Nine key genes related to pancreatic cancer were also
obtained: MMP14, ITGA2, THBS2, COL1A1, COL3A1, COL11A1, COL6A3, COL12A1
and COL5A2. The prognostic model formed by nine key genes also possessed good
prognostic ability.

Conclusions: The prognostic model consisting of four miRNAs can reliably predict the
prognosis of patients with pancreatic cancer. In addition, the screened nine key genes,
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which can also form a reliable prognostic model, are significantly related to the occurrence
and development of pancreatic cancer. Among them, one novel miRNA (hsa-mir-4772)
and two novel genes (COL12A1 and COL5A2) associated with pancreatic cancer have
great potential to be used as prognostic factors and therapeutic targets for this tumor.
Keywords: pancreatic cancer, miRNAs, biomarkers, target genes, The Cancer Genome Atlas, Gene
Expression Omnibus
BACKGROUND

Pancreatic cancer, also known as pancreatic ductal
adenocarcinoma (PDAC), is a malignancy that frequently
appears in the digestive system, and its incidence is on the rise
worldwide (1). According to data published recently, PDAC has
become the 10th most common malignant tumor, ranking 4th
among the causes of death among malignant tumor patients (2).
In China, PDAC is one of the major tumors whose both
incidence and mortality are increasing (3).

The best and only radical treatment for PDAC is surgical
resection (4). However, for many years, there has been no
significant improvement in the surgical resection rate or
annual survival rate after surgical treatment (5). Moreover, due
to extensive metastasis at the time of diagnosis, most patients
miss the optimal time for surgery, and PDAC is not sensitive to
radiotherapy and chemotherapy. The lack of proper treatment
methods highlights the importance of the identification of new
therapeutic targets for PDAC. As the study of miRNAs has
deepened in recent years, an increasing number of miRNAs have
been confirmed to be related to the development of cancers,
including PDAC (6, 7). Therefore, it is of great importance to
further clarify howmiRNAs affect the pathogenesis, invasion and
metastasis of PDAC and to provide novel treatment methods.

In recent years, it has been reported that microRNAs
(miRNAs, miRs) are influencing factors of PDAC. For
example, He et al. (8) illustrated that overexpressed miR-371-
5p is associated with a poor prognosis in PDAC patients, and
miR-371-5p inhibitors suppress the proliferation of PDAC cells
by blocking the cell cycle (8). Deng et al. (9) demonstrated that
the downregulation of miR-26a in PDAC cells can inhibit cyclin
E2 expression, decreasing the patient survival rate. Zhao et al.
(10) found that increasing the expression of miR-148b can
suppress the expression of its target gene AMP-activated
protein kinase a1 (AMPKa1) to inhibit metastasis and
invasion while improving the chemosensitivity of PDAC cells.
denocarcinoma; miRNA, microRNA;
1; TCGA, The Cancer Genome Atlas;
Database for Annotation, Visualization
entially expressed miRNAs; DEGs,
ein-protein interaction; ADAM9, A
, suppressor of cytokine signaling 6;
A2, integrin subunit alpha 2; THBS2,
a-1(I) chain; COL3A1, collagen alpha-
XI) chain, COL6A3, collagen alpha-3
) chain; COL5A2, collagen alpha-2(V)
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Therefore, miRNAs can be used as potential biomarkers for
PDAC, and the range of their application is broad.

However, the process by which novel miRNA biomarkers are
experimentally identified is time consuming and laborious, and
the results are not necessarily ideal. Therefore, bioinformatics
methods have been proposed to mine such markers from clinical
data stored on the internet. The Cancer Genome Atlas (TCGA,
https://portal.gdc.cancer.gov/) (11), Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo) (12), Database for
Annotation, Visualization and Integrated Discovery (DAVID,
https://david.ncifcrf.gov/) (13), STRING (http://string-db.org/
cgi/input.pl) (14), R software (https://www.r-project.org/) (15)
and Cytoscape (https://cytoscape.org/) (16) are popular
databases and tools that can be used for data download,
functional enrichment and protein-protein interaction (PPI)
analysis. In recent years, studies have used bioinformatics
methods to screen PDAC markers. Ye et al. (17) demonstrated
that miR-7 showed predictive ability for PDAC, and lower miR-7
expression levels in patients lead to tumors with a more
advanced stage as well as a worse prognosis. Borgmästars et al.
(18) revealed that hsa-miR-885-5p acts as a tumor suppressor by
calculation and predicted that it can act as a biomarker to predict
the prognosis of PDAC patients.

In this study, by analyzing data from the TCGA and GEO
databases using bioinformatics methods, we screened prognostic
miRNAs and genes related to PDAC. R language packages and
Cytoscape plug-ins were applied for the discovery of key genes
that affect the occurrence of PDAC. The prognostic miRNAs and
key genes we obtained may exert considerable impact on the
progression of PDAC, which enables them to become potential
therapeutic targets and to be considered for future investigations
on PDAC. Our study may provide new ideas for future research
on PDAC treatment.
MATERIALS AND METHODS

Data Download and Differential
Expression Analysis
The miRNA transcriptome data with the clinical information of
183 pancreatic-related samples (179 tumor tissues and 4 normal
tissues) were downloaded from the TCGA database (https://
portal.gdc.cancer.gov/) on April 1, 2020. The GSE28735 dataset
was directly downloaded from the GEO database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28735) on April 1,
2020, and includes 45 tumor samples and 45 normal samples. In
addition, its relevant clinical survival data were further retrieved
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from GEO2R website (https://www.ncbi.nlm.nih.gov/geo/
geo2r/?acc=GSE28735) of GEO database on March 13, 2021.
TCGA data were analyzed with the edgeR package, gplots
package and limma package for DEMs with the screening
criteria P < 0.05 and |log2FC| > 1.0. GEO data were analyzed
by the limma package for DEGs with the same screening criteria.

Construction of the Cox Proportional
Hazards Regression Model
Univariate Cox proportional hazards regression analysis was
performed on DEMs with survival package of R software.
Then, with the criteria P < 0.05, DEMs from univariate Cox
were selected and multivariate Cox stepwise regression analysis
was performed on them with survival package of R software.
After multivariate Cox, prognostic miRNAs were obtained, and
prognostic miRNAs with P < 0.05 were considered independent
prognostic factors.

Establishment of a Prognostic Model
After the prognostic miRNAs were screened, a prognostic model
based on the selected miRNAs was established, and we calculated
the risk score of the model using the following formula: risk score =
b1 × Exp (miRNA1) + b2 × Exp (miRNA2) +…+ bn × Exp
(miRNAn). Subsequently, on the basis of the median risk score,
patients were assigned to two different groups: high risk and low
risk. Then, survival analysis was performed to establish a miRNA
prognostic model. A risk score curve was plotted to demonstrate the
risk score differences according to the model. A survival status map
was plotted to demonstrate the survival status of every cancer
sample. A heatmap was plotted to demonstrate the expression
level of the prognostic miRNAs in every cancer sample and a
survival curve was plotted to demonstrate the 3-year survival in the
high- and low-risk groups. We also drew the ROC curve of the
model. The AUC value of the model shows the predictive capability,
and AUC value > 0.7 indicates the model has strong
prognostic ability.

Target Gene Prediction and Common
Gene Acquisition
The online website databases TargetScan (http://www.targetscan.
org/) (19) and miRDB (http://miRdb.org/) (20) were used to
predict the target genes of the miRNAs from the prognostic
model. To reduce the false positive rate, the target genes
predicted by the two databases were intersected, and the
overlapping genes from both databases were employed. Then,
we intersected the target genes and the DEGs to obtain the
common genes. At this time, the common genes were both the
target genes of the prognostic miRNAs and the DEGs related
to PDAC.

Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathway and Gene
Ontology (GO) Functional Analyses of
Common Genes
To further clarify the roles that the common genes play in
biological processes, we used the DAVID (https://david.ncifcrf.
Frontiers in Oncology | www.frontiersin.org 363
gov/) to perform KEGG pathway enrichment and GO functional
annotation analyses. The enriched KEGG pathway and GO
functional annotations with P < 0.05 were obtained. The
pathways and annotations with smallest P values and largest
counts were considered crucial pathways and annotations. GO
annotation includes three categories: biological process (BP),
cellular component (CC) and molecular function (MF).

Construction of the PPI Network and
Screening of the Core Network
We used the online visualization tool STRING (http://string-db.
org) to analyze interactions among the common genes. The PPI
network was constructed with the common genes whose
confidence score was greater than or equal to 0.400, and the
disconnected genes were hidden. The network was then input
into Cytoscape software (version 3.7.1, https://cytoscape.org/) for
visualization. The logFC values of the genes in the network were
also imported into Cytoscape. Key genes were screened using the
MCC algorithm of the Cytoscape cytoHubba plug-in (21).
Meanwhile, the functional modules of the common genes were
scored and screened out using the Cytoscape MCODE plug-in
with the following criteria: degree cut-off = 2, haircut on, node
score cut-off = 0.2, k-core = 2, and max. depth = 100.

MiRNA-Gene-Pathway Network
Visualization
The targeted relationship network between the miRNAs and
common genes and the pathways and annotations enriched in
the common genes were also established using Cytoscape. The
regulatory relationships among the miRNAs, key genes and
enriched pathways of the common genes in the KEGG
pathway analysis with the minimum P value or the maximum
count value and the GO functional annotations are presented.

Establish of a Prognostic Model Formed
by Screened Key Genes
In order to evaluate the reliability of the key genes screened by
Cytoscape, we directly established a prognostic gene model
formed by those key genes. And the survival analysis of this
new model was conducted, and the risk score curve, survival
status map, heatmap and survival curve were plotted. The ROC
curve was used as a criterion to show the predictive capability of
this models and a AUC value > 0.7 also indicated a strong
prognostic ability.

Cell Culture
A normal human pancreatic ductal epithelial cell line was
purchased from RiboBio Co., Ltd. (Guangzhou, China), and
the PDAC cell lines SW1990 and PANC-1 were purchased
from Shanghai GeneChem Co., Ltd. (Shanghai, China).
SW1990 and PANC-1 cells were cultured in DMEM (Gibco
Company, USA). HPDE6C7 cells were cultured in MEM
medium (Gibco, USA). Both media contained 10% inactivated
fetal bovine serum (Gibco, USA). All cells were incubated in an
incubator at 37°C and 5% CO2.
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RNA Isolation and Real-Time
Quantitative PCR
Total RNA was isolated from cultured cells using TRIzol reagent
(Thermo Fisher Scientific, USA). A miRNA reverse transcription
kit (RiboBio Co., Ltd, Guangzhou, China) was used to generate
cDNA. A real-time quantitative PCR kit was used to conduct
quantitative analysis. U6 was used as an endogenous control. The
relative expression was analyzed by the 2−DDCt method. The
primers used were as follows: hsa-mir-424: 5’-GCGCAGCAG
CAATTCATGT-3’ and 5’-AGTGCAGGGTCCGAGGTATT-3’;
and U6: 5’-CGCTTACGAATTTGCGTGTCAT-3’ and 5’-CTC
GCTTCGGCAGCACA-3’.
RESULTS

Differential Expression Analysis
22 DEMs were identified from 183 PDAC samples from the
TCGA: 5 were upregulated, and 17 were downregulated (Figure
1A). A total of 402 DEGs were identified from the GSE28735
dataset of the GEO: 234 were upregulated, and 168 were
downregulated (Figure 1B).
Frontiers in Oncology | www.frontiersin.org 464
Construction of the Cox Proportional
Hazards Regression Model
Six miRNAs associated with the survival of PDAC patients were
identified (P < 0.05) (Table 1). Four downregulated prognostic
miRNAs were further selected (hsa-mir-424, hsa-mir-126, hsa-mir-
3613 and hsa-mir-4772) (Table 2). Among them, the P values of
hsa-mir-424, hsa-mir-126 and hsa-mir-3613 were less than 0.05,
indicating that they were independent prognostic factors. The
prognostic miRNA risk score was calculated according to the
following formula: risk score = (0.6006 × hsa-mir-424) + (-0.6601
× hsa-mir-126) + (-0.3851 × hsa-mir-3613) + (0.1819 × hsa-mir-
4772). Then, the samples were divided into a high-risk group and a
low-risk group based on themedium risk score. The risk score of the
former group was significantly higher than that of the latter group
(Figure 2A, top). A high risk score correlated with a poor prognosis.
Survival analysis showed that the mortality rate increased as the risk
score increased (Figure 2A, middle). The heatmap showed that as
the risk score increased, the expression levels of hsa-mir-4772, hsa-
mir-424 and hsa-mir-126 increased, indicating that they were high-
risk miRNAs; the expression of hsa-mir-3613 decreased as the risk
score increased, indicating that it was a low-riskmiRNA (Figure 2A,
bottom). Compared with high-risk group, low-risk group survival
A B

FIGURE 1 | Volcano diagrams of DEMs (A) and DEGs (B). Volcano diagrams show the P value and the fold change of differentially expressed miRNAs and genes.
Green and red circles represent downregulated and upregulated miRNAs or genes, respectively.
TABLE 1 | Univariate Cox proportional hazards regression analysis.

miRNA LogFC HR z P

hsa-mir-424 -1.47463701 1.731552246 3.781794216 0.000155702
hsa-mir-3613 -1.269297217 0.643105251 -2.819911816 0.004803685
hsa-mir-100 1.451158169 1.361225074 2.714421025 0.006639173
hsa-mir-139 -2.996528993 0.781057493 -2.595815983 0.009436659
hsa-mir-4772 -1.634160607 1.237295209 2.543043319 0.01098916
hsa-mir-126 -1.308472669 0.627370307 -2.527151064 0.011499203
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rate was notably higher (P = 6e-06; three-year survival rate, low-risk
group: 57.90%, 95% CI = 46.60%-71.90%; high-risk group: 15.21%;
95% CI = 7.69%-30.1%) (Figure 2B). The AUC value of the ROC
curve of themodel was 0.78 (Figure 2C), whichwas greater than 0.7,
indicating that the model was reliable.

Prediction of the Target Genes of the
Prognostic miRNAs
The online tools TargetScan and miRDB were used to predict the
target genes of the four prognostic miRNAs, and the intersecting
genes predicted by both databases were considered candidate
target genes. A total of 6521 target genes were obtained (1081
target genes of hsa-mir-424, 692 target genes of hsa-mir-4772,
1243 target genes of hsa-mir-126 and 3505 target genes of hsa-
mir-3613). After excluding 1384 duplicate target genes that were
Frontiers in Oncology | www.frontiersin.org 565
jointly regulated by multiple miRNAs, the total number of target
genes of the four miRNAs was 5137. Then, we took the
intersection of the 5137 target genes and the DEGs, and 118
common genes were identified (Table 3).

Functional Enrichment Analysis of
Common Genes
The DAVID database was applied for the KEGG pathway and
GO functional annotation analyses of 118 common genes.
Common genes were enriched in two KEGG pathways and 33
GO terms (P < 0.05) (Figure 3). The pathway with the smallest P
value was ECM-receptor interaction (P = 1.04E-07), and the
pathway with the largest count was focal adhesion (count = 10).
In the BP category of GO, the common genes were mainly
enriched in functional annotations such as cell adhesion,
TABLE 2 | Multivariate Cox proportional hazards regression analysis.

miRNA Coef Exp (Coef) SE (Coef) z P

hsa-mir-424 0.6006 1.8232 0.1646 3.648 0.000264
hsa-mir-3613 -0.3851 0.6804 0.1733 -2.223 0.026234
hsa-mir-4772 0.1819 1.1995 0.1047 1.737 0.082428
hsa-mir-126 -0.6601 0.5168 0.2027 -3.257 0.001126
Ma
y 2021 | Volume 11 | Artic
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FIGURE 2 | Construction of prognostic model based on four prognostic miRNAs. (A) The risk score curve, survival status and heatmap are shown from top to
bottom. (B) Survival curve. (C). ROC curve of the prognostic model.
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biological adhesion, skeleton system development, response to
organic substance and sensory perception of mechanical
stimulus. The annotation with the smallest P value in the BP
category was cell adhesion (P = 3.72E-06), and the annotations
with the largest count were cell adhesion (count = 19) and
biological adhesion (count = 19). In the CC category, the
common genes were mainly enriched in functional annotations
such as proteinaceous extracellular matrix, extracellular matrix,
extracellular region, intrinsic to plasma membrane and plasma
membrane. The annotation with the smallest P value in the CC
category was proteinaceous extracellular matrix (P = 2.30E-07),
and the annotation with the largest count was plasma membrane
(count = 42). In the MF category, the common genes were
enriched in functional annotations such as extracellular matrix
structural constituent, integrin binding and growth factor
binding. The annotation with the smallest P value and the
largest count in the MF category was extracellular matrix
structural constituent (P = 2.65E-05, count = 7).

PPI Network Construction and Key Gene
Acquisition
The STRING database was applied to construct an interaction
network of the 118 common genes (Figure 4A). The network
contained 60 nodes and 107 edges. Using the MCC algorithm of
Frontiers in Oncology | www.frontiersin.org 666
the cytoHubba plug-in, the top 15 genes were identified (Figure
4B). The MCODE plug-in revealed one important functional
module in the interaction network (MCODE score = 7.500,
Figure 4C) that included nine key genes: MMP14, ITGA2,
THBS2, COL1A1, COL3A1, COL11A1, COL6A3, COL12A1
and COL5A2. All nine key genes were upregulated in PDAC.

Visualization of the miRNA-Gene-Pathway
and Annotation Networks
The miRNA-gene-pathway and annotation networks demonstrated
the regulatory relationships between the miRNAs and key genes, as
well as the enriched pathways and annotations of the key genes
(Figure 5). Among them, hsa-mir-424 regulated COL12A1; hsa-
mir-3613 regulated COL11A1, COL6A3, COL5A2, COL3A1,
COL1A1, MMP14 and TSBH2; hsa-mir-4772 regulated COL12A1
and ITGA2; hsa-miR-126 regulated COL12A1 and COL11A1.
KEGG pathway analysis indicated that COL6A3, COL3A1,
ITGA2, COL1A1, COL5A2, THBS2, and COL11A1 were
involved in the ECM-receptor interaction pathway; and COL6A3,
COL3A1, ITGA2, COL1A1, COL5A2, THBS2, and COL11A1 were
involved in the focal adhesion pathway. Regarding the GO
annotation, COL3A1, ITGA2, COL6A3, COL12A1, THBS2, and
COL11A1 were enriched in the biological adhesion and cell
adhesion (GO-BP); COL3A1, COL12A1, COL1A1, COL5A2, and
TABLE 3 | Regulatory relationships between the prognostic miRNAs and common genes.

miRNA Common gene

mir-424 BTG2 PTPRR EPB41L4B PDCD4 KIF23
KCNN4 SLC4A4 COL12A1 ESRRG C2CD4B
SLC7A2 AHNAK2 MTMR11 GLS2 ANLN
PGM2L1 PDK4 TMC7 NRP2 BACE1

mir-3613 PTPRR EPB41L4B MET LRRN1 COL1A1
PDCD4 FNDC1 KIAA1324 EPHA4 LONRF2
SDR16C5 OLR1 TRHDE NR4A3 CD109
LMO7 IAPP MMP14 MCOLN3 MPP6
GABRP VCAN ATRNL1 COL11A1 KCNJ16
SLC4A4 AGR2 FOXQ1 DGKH CCDC141
SGIP1 ARNTL2 SV2B UNC79 ITGB6
SLC1A2 MATN3 GPRC5A COL3A1 PRKAR2B
INPP4B NQO1 IFI44L NR5A2 TNS4
FLRT2 NRCAM COL6A3 FBXO32 DPP10
MTMR11 MBOAT2 SLC16A10 RTKN2 IGF2BP3
PCDH7 SLC6A6 EDNRA PROX1 COL5A2
PDK4 IGFBP5 EFNA5 ADAM28 TMEM97
SCG3 FAM129A SCGN NPR3 DCDC2
ABHD17C TMEM45B ASPM LIFR THBS2
PAIP2B PLAC8 MMP9

mir-4772 ITGA2 NR4A3 LMO7 SLC30A8 MMP6
COL12A1 FOXQ1 SV2B PAK3 F8
PRKAR2B FGD6 MBOAT2 RTKN2 ASAP2
NPR3 FREM1

mir-126 EPB41L4B MLPH TGFBI DKK1 GJB2
SCEL REG3G DCDC2 FAM129A ETV1
ANGPTL1 PKHD1 PGM2L1 PCDH7 TFPI2
FABP4 FLRT2 ADAM9 ITGB6 SGIP1
ESRRG DGKH BAIAP2L1 ESM1 ST6GALN
COL12A1 KCNJ16 COL11A1 ADHFE1 AC1
HOXB5 LONRF2 ACADL
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COL11A1 were enriched in the extracellular matrix structural
constituent (GO-MF); and COL6A3, MMP14, and COL1A1 were
enriched on the plasma membrane (GO-CC); and COL3A1,
MMP14, COL5A2, COL6A3, COL12A1, COL1A1, and COL11A1
were enriched on the proteinaceous extracellular matrix (GO-CC).
Frontiers in Oncology | www.frontiersin.org 767
Establishment of Prognostic Model Based
on the Key Genes
We further put the nine key genes into one prognostic model,
and its prognostic risk score was calculated according to the
following formula: Risk score = (-3.290e-01 × COL11A1) +
FIGURE 3 | Functional enrichment analysis of 118 common genes. The x-axis represents the P value, and the y-axis represents the pathways and annotations. The
bubble size increases with the number of enriched genes.
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(-1.358e+00 × COL12A1) + (3.811e+00 × COL1A1) + (-1.293e
+01 × COL3A1) + (3.860e+00 × COL5A2) + (1.044e+01 ×
COL6A3) + (-2.232e-01 × ITGA2) + (4.880e+00 × MMP14) +
(-4.655e+00 × THBS2). Then, the samples were divided into a
high-risk group and a low-risk group based on the medium risk
score. The risk score curve, survival status map and heatmap
were plotted (Figure 6A). High risk score correlated with a poor
prognosis. Survival analysis showed that the mortality rate
increased as the risk score increased. Compared with high-risk
group, low-risk group survival rate was notably higher (P =
2.15e-05; three-year survival rate, low-risk group: 35.50%, 95%
CI = 20.21%-62.30%; high-risk group: 9.52%; 95% CI = 2.75%-
32.9%) (Figure 6B). The AUC value of the ROC curve of the
model was 0.765 (Figure 6C), which also possessed strong
prognostic ability, indicating that these nine key gene we
screened out were quiet reliable.
DISCUSSION

PDAC is a fatal digestive tumor that is difficult to diagnose and
treat and is associated with a very poor prognosis (22); therefore,
it is very important to identify novel molecular biomarkers or
therapeutic targets. MiRNAs collectively act on protein-coding
genes and are the main regulators of vital biological processes,
such as cell proliferation, apoptosis, virus infection and
carcinogenesis. Therefore, miRNAs have also become the focus
of research in the field of tumor development.
Frontiers in Oncology | www.frontiersin.org 868
To identify new credible prognostic miRNAs and important
regulatory genes of PDAC, we screened 22 DEMs and 402 DEGs
related to PDAC from the TCGA and GEO databases. Using Cox
proportional hazards regression analysis and survival analysis, we
obtained four miRNAs that are closely related to PDAC (hsa-mir-
424, hsa-mir-4772, hsa-mir-126 and hsa-mir-3613) and
incorporated them into a four-miRNA prognostic model with an
AUC value of the survival ROC curve of 0.78. Then, 5147 target
genes of thesemiRNAswere obtained fromTargetScan andmiRDB
prediction, and 118 genes in the intersection of the target genes and
DEGs were defined as common genes. Finally, the common genes
were analyzed with STRING and Cytoscape plug-ins, and nine key
genes (MMP14, ITGA2, THBS2, COL1A1, COL3A1, COL11A1,
COL6A3, COL12A1 and COL5A2) related to PDAC were further
acquired. We also constructed a prognostic model formed by these
nine key genes, and the AUC value of its survival ROC curve was
0.765, indicating that these nine key genes screened out were
quite reliable.

All four prognostic miRNAs (hsa-mir-424, hsa-mir-3613,
hsa-mir-4772 and hsa-mir-126) are downregulated in PDAC
according to our analysis. Among them, hsa-mir-126, hsa-mir-
3613 and hsa-mir-424 have been experimentally verified to be
underexpressed in PDAC. However, the downregulation of hsa-
mir-4772 in PDAC has yet to be experimentally confirmed.

Previous studies have already proven that downregulated mir-
126 andmir-3613 are involved in the development of PDAC,which
agrees with our prediction. Hamada et al. (23) illustrated that in
pancreatic cancer tissues, miR-126 is notably downregulated, while
A B

C

FIGURE 4 | PPI network diagram. (A) PPI network of 118 common genes. (B) Results of the cytoHubba topological analysis. Different node colors represent the
logFC value of the DEGs. (C) MCODE network module diagram. The shade and shallowness of the red lines represent the combined score between proteins.
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ADAM9 (a disintegrin and metalloprotease 9), the target gene of
miR-126, is significantly upregulated. miR-126 upregulation
induces ADAM9 suppression to further repress the metastasis
and invasion ability of PDAC cells (23). Jiao et al. (24) also
demonstrated inhibited miR-126 expression in PDAC tissue, and
by increasing miR-126 expression, its target gene KRAS was
repressed, thereby inhibiting the occurrence and development of
PDAC. Jiang et al. (25) showed that lowmiR-3613 expression leads
to a poor prognosis in PDAC patients, and their functional
experiments demonstrated that miR-3613-5p inhibits
proliferation and enhances the apoptosis of PDAC cells,
indicating that hsa-miR-3613 acts as a tumor suppressor gene
(25). All these results prove that the low expression of hsa-mir-
126 and hsa-miR-3613 in pancreatic cancer tissue is related to the
carcinogenesis of pancreatic cancer, but the specific mechanisms
involved need to be further studied.

It has also been reported thatmir-424 is abnormally expressed in
PDAC; the results indicate that miR-424 suppresses PDAC
development, which is inconsistent with our prediction. Wu et al.
(26) found that miR-424-5p is upregulated in PDAC tissue
compared to that in normal pancreatic tissue. Overexpressed
miR-424-5p suppresses its target gene SOCS6 (suppressor of
cytokine signaling 6), which further inhibits the expression of
BCL-2 and MCL-1 in the ERK1/2 pathway, while downregulating
Frontiers in Oncology | www.frontiersin.org 969
overexpressedmiR-424-5p inhibits theproliferation,migration and
invasion of PDAC cells and promotes their apoptosis (26). These
findingswere inconsistent with our predictions in PDAC; however,
it has been reported that miR-424 is downregulated in other
cancers, in agreement with our calculations. For example, Fang
et al. (27) showed that miR-424 is downregulated in colorectal
cancer cells and patient biopsy tissues and that the upregulation of
miR-424 can lead to proliferation inhibition and apoptosis
induction in colorectal cancer cells. Wang et al. (28) showed that
miR-424-5p expression is repressed in both tissues and cell lines of
basal breast cancer and that low miR-424-5p expression is
significantly associated with an advanced malignant status;
however, the upregulation of miR-424-5p inhibits the
proliferation and motility of basal breast cancer cells. Piao et al.
(29) illustrated that miR-424-5p levels were significantly lower in
liver cancer tissues than in normal liver tissues, while an increase in
miR-424-5p levels can inhibit the expression of its target gene
YAP1, leading to proliferation inhibition and apoptosis induction.
Dong et al. (30) demonstrated that miR-424 is downregulated in
endometrial cancer tissues compared to normal tissues and that the
overexpression of miR-424 inhibits invasion and sphere formation
in endometrial cancer cells. The above research shows that hsa-mir-
424canact as a tumor suppressor.Thedisagreementconcerning the
role of hsa-mir-424 in PDAC and other cancers in the literature
FIGURE 5 | The miRNA-gene pathway and annotation networks represent the relationships among miRNAs, common genes, key genes and gene enrichment
results. MiRNAs, common genes, key genes and enrichment terms are represented by red, blue, green and orange circles, respectively.
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aroused our interest. Thus, we carried out an experiment in which
real-time quantitative PCR was applied to detect the expression
level of mir-424 in the pancreatic cancer cell lines SW1990 and
PANC-1 and the normal pancreatic epithelial cell line HPDE6C7.
The experiments showed that hsa-mir-424 expression was
significantly lower in PDAC cells than in normal cells (P<0.001),
confirming our calculation (i.e., that hsa-mir-424 was indeed
downregulated in PDAC cells; supplementary file, Figure S1). We
cannot explain the difference between the results obtained by Wu
et al. (26) and those obtained by us, but the expression of hsa-mir-
424 in pancreatic cancer and its specific mechanism in the
occurrence and development of pancreatic cancer are worthy of
further investigation.

To date, no relevant experiment has proven that hsa-mir-
4772 plays a role in PDAC; nevertheless, one bioinformatics
study proposed that mir-4772 affects PDAC carcinogenesis,
concordant with our results. Gupta et al. (31) illustrated the
downregulation of miR-4772 in pancreatic cancer tissue through
differential analysis and survival analysis of samples from the
TCGA database and concluded that miR-4772 can be used as a
prognostic marker to detect early pancreatic cancer. Thus,
mir-4772 may suppress PDAC progression, bit its specific
mechanism in PDAC is worthy of further exploration.

According to our prediction, the expression of nine key genes
related to the prognosis of pancreatic cancer (MMP14, ITGA2,
THBS2, COL1A1, COL3A1, COL11A1, COL6A3, COL12A1 and
COL5A2) was upregulated. Among these proteins, the
Frontiers in Oncology | www.frontiersin.org 1070
overexpression of MMP14, ITGA2, THBS2, COL1A1, COL3A1,
COL11A1 and COL6A3 has been experimentally confirmed in
PDAC, while that of COL12A1 and COL5A2 has been shown in
other types of cancer.Table 4 shows the expression of these nine key
genes that have experimentally verified in PDAC and other cancers
andwhether they are consistentwith our prediction results in PDAC.

MMP14 (matrix metalloproteinase 14), also known as MT1-
MMP, was the first member of the MMP family identified as a
transmembrane protein (32). MMP14 is a collagenase that causes
ECM degradation and leads to metastasis (32). Haage et al. (33)
found that in pancreatic cancer, MMP14 promotes local ECM
degradation and mediates cancer cell migration and invasion by
activatingMMP-2/9,while the inhibitionofMMP14 suppresses cell
migration (33). Dangi-Garimella et al. (34) demonstrated that the
overexpression of MMP14 upregulates HMGA2, which increases
the resistance of PDAC cells to the anticancer drug gemcitabine,
A B

C

FIGURE 6 | Construction of a prognostic model based on nine key genes. (A) The risk score curve, survival status and heatmap are shown from top to bottom.
(B) Survival curve. (C) ROC curve of the prognostic model.
TABLE 4 | Features of key genes in previous studies.

Gene MMP14 ITGA2 THBS2 COL1A1 COL3A1
Feature ▲ ▲ ▲ ▲ ▲

Gene COL11A1 COL6A3 COL12A1 COL5A2
Feature ▲ ▲ △ △
M
ay 2021 | Volu
me 11 | Articl
▲ These genes were experimentally determined to be upregulated in PDAC, and their
expression was consistent with our prediction in PDAC. △ These genes were
experimentally determined to be upregulated in other cancers, and their expression was
consistent with our prediction in PDAC.
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subsequently leading to a poor prognosis. ITGA2 (integrin subunit
alpha 2) is an important member of the integrin family (35). This
geneencodes the transmembrane receptoralpha subunit of collagen
and related proteins (35). ITGA2 affects cell proliferation, invasion,
metastasis and angiogenesis in cancer. Ren et al. (36) demonstrated
that ITGA2 is significantly upregulated in PDAC cells and tissues,
and silencing overexpressed ITGA2 represses the progression of
PDAC. They also demonstrated that ITGA2 upregulates the
phosphorylation of STAT3, indicating that ITGA2 enhances
proliferation and invasion by activating the STAT3 pathway (36).
Gong et al. (37) illustrated that ITGA2 expression is elevated in
PDACcells,whilemiR-107downregulates the expressionof ITGA2
and suppresses the migration process by acting on the focal
adhesion pathway. THBS2 (thrombospondin 2) is a member of
the thrombospondin family (38). It is a disulfide-linked
homotrimeric glycoprotein that mediates the interaction between
cells and between cells and substrates (38). THBS2 is an effective
inhibitor of tumor growth and angiogenesis. Kim et al. (39) showed
that the THBS2 antigen is overexpressed in both cancer tissues and
plasma of PDAC patients and might be related to the poor
vascularization of PDAC. Le Large et al. (40)also revealed that
THBS2 was significantly increased in pancreatic cancer tissues
compared with normal tissues. In addition, both Kim (39) and Le
Large (40) showed that the combined expression of THBS2 and
CA19/9 in plasma can be used as a biomarker for PDAC patients.
The above studies have shown that the overexpression of MMP14,
ITGA2 and THBS2 promotes pancreatic cancer occurrence and
development and indicate that they possess the ability to become
therapeutic targets of PDAC.

COL1A1, COL3A1, COL11A1, COL6A3, COL12A1 and
COL5A2 belong to the collagen family. The entire family contains
19 types of collagen and more than ten types of collagen-like
proteins and is encoded by more than 30 different genes (41).
Due todifferences in itsmolecular structure, collagen canbedivided
into two categories: fibrogenic collagen and nonfibrogenic collagen
(41). Types I, II, III, V, and IX collagen are fibrogenic (41). The
extracellular matrix (ECM) is composed primarily of collagen,
which is a macromolecular substance that supports the cell
structure and regulates the physiological activities of the cell (42).
ECM degradation is one of the most important steps that leads to
cancer cell invasionandmetastasis (43). Stably expressed collagen is
necessary to maintain the normal functions of cells and tissues.
However, the abnormal overexpression of collagen is associated
with a variety of pathological processes, especially in
malignant tumors.

COL1A1 is a member of the type I collagen family and encodes
the pro-a 1 chains of type I collagen (44). Yang et al. (45) found that
the miRNA sponge hsa-circRNA-0007334 inhibits hsa-mir-577
expression, leading to the overexpression of themir-577 target gene
COL1A1and subsequently causingPDACcellmigration. They also
demonstrated that high COL1A1 shortens the survival time of
PDAC patients (45). COL3A1 is a type III collagenase whose lack
causes perforation, tearing, fracture and even fragmentation of
connective tissue-related structures in the body (46). Hall et al.
(47) revealed that the overexpression of COL3A1 in patients with
pancreatic cancer can be significantly downregulated after
Frontiers in Oncology | www.frontiersin.org 1171
gemcitabine combined with EC359 treatment. COL11A1 is a
specific type XI collagen cleavage fragment. This gene encodes
oneof the twoa chainsof typeXIcollagen(48). It comprisesamajor
part of the ECM and affects the occurrence and development of a
variety of cancers (49, 50). Kleinert et al. (51) reported that
COL11A1 was significantly increased (by 5.52 times) in subjects
with pancreatic cancer relative to those with normal chronic
pancreatitis. Overexpression of the COL11A1 protein may be
related to connective tissue proliferation events and can shorten
the survival time of PDAC patients (51). Garcıá-Pravia et al. (52)
also demonstrated that the COL11A1 gene was significantly
overexpressed in subjects with pancreatic cancer relative to those
with chronic pancreatitis, and they further revealed that the
detection of proCOL11A1 by immunostaining can accurately
distinguish PDAC from chronic pancreatitis. COL6A3, as a type
VI collagen a chain, can interact with various components in the
ECM (53). Its abnormal expression in various cancers suggests that
COL6A3 affects cancer formation. Svoronos et al. (54) showed that
in thePDACstroma,COL6A3 is themajoroverexpressed gene, and
overexpressed COL6A3 leads to a poor prognosis in PDAC. Arafat
et al. (55) also showed that a high level of COL6A3 expression is
found in the tissues of PDAC patients, especially those in later
disease stages, and that patients in earlier stages present relatively
low COL6A3 levels. The above experimental results indicate the
oncogenic roles of COL1A1, COL3A1, COL11A1 and COL6A3 in
PDACformationandsuggest that theymayalsopossesspotential as
therapeutic targets of PDAC.

Although the upregulation of COL12A1 and COL5A2 has not
been experimentally shown in pancreatic cancer, their abnormal
overexpression has been experimentally shown in other cancer
types. COL12A1 is encoded by a gene at chromosome position
6q12-q13 (56). COL12A1 connects fibers, and its mutation can
cause muscle diseases (56). COL12A1 overexpression has been
proven in several cancers, indicating its oncogenic role in human
cancer. Jiang et al. (57) demonstrated that COL12A1 is upregulated
in gastric cancer. The overexpression ofCOL12A1 is also associated
with invasion, lymph node metastasis, distant metastasis and an
advanced TNM stage of gastric cancer (57). Zhang et al. (58) first
demonstrated COL12A1 overexpression in colorectal cancer cells
using bioinformatics and then validated their results
experimentally. The COL5A2 gene encodes a 46 kDa nuclear
localization transcriptional inhibitor protein that has been
reported to affect cancer progression (59). Fischer et al. (60)
illustrated that in normal colon tissue, COL5A2 is not expressed,
but in colon cancer tissues, COL5A2 is expressed. Chen et al. (61)
showed that in osteosarcoma,COL5A2 expression can be repressed
by the tumor suppressor gene NKX2-2. Thus, these two genes are
upregulated in other cancers and have a great impact on the
progression of those cancers, indicating that they may also affect
the progression of PDAC in the same manner. However, the role
and mechanism of COL12A1 and COL5A2 in PDAC deserve
further study.

As shown in Table 3, there were 12 targeting relationships
between the 4 prognostic miRNAs and 9 key genes. Specifically,
COL12A1 is the target gene of hsa-mir-424; COL12A1 and
COL11A1 are the target genes of hsa-mir-126; MMP14, TSBH2,
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COL3A1, COL1A1, COL11A1, COL6A3 and COL5A2 are the
target genes of hsa-miR-3613; and ITGA2 and COL12A1 are the
target genes of hsa-mir-4772. To date, none of the abovementioned
targeting relationships have been confirmed experimentally.
Therefore, the targeting relationships between these miRNAs and
their target genes need to be confirmed in future studies.

In the KEGG pathway analysis of the 9 key genes, the ECM-
receptor interaction pathway was enriched, and there are reports
that this pathway can affect cell proliferation and differentiation,
adhesion and metastasis (62). MMP14 and COL family genes are
involved in tumor ECM regulation, which is very important for
the study of cancer lymph node metastasis (32, 63). Therefore, it
can be boldly speculated that MMP14 and these key COL family
genes affect metastasis by acting on the ECM-receptor
interaction pathway in pancreatic cancer. Regarding the GO
functional annotations, cell adhesion has a profound impact on
tumor proliferation and metastasis. Cell adhesion and
connection maintain the integrity of the endothelial barrier,
and malignant cancer cells metastasize through the blood or
lymphatic vessels as soon as endothelial cells are impaired (64).
MMP14 and ITGA2 are involved in cell adhesion according to
previous studies. Munaut et al. (65) revealed that overexpressed
MMP14 promotes the migration and invasion of glioblastoma
cells by activating MMP-2 and upregulating VEGF. Ren et al.
(36) also noted that ITGA2 reduces the adhesion of malignant
tumor cells by acting on the STAT3 signaling pathway.
Therefore, by affecting cell adhesion, MMP14 and ITGA2 may
cause lymph node metastasis in PDAC cells. In summary, ECM
regulation and cell adhesion will become the key to studying the
mechanism of PDAC.

We also conducted bioinformatics analysis of mature miRNAs
related to pancreatic cancer in the TCGA database in the same
manner described above (Figure S2, Table S1). Analysis of the
maturemiRNAs revealed threemiRNAs that can be used to predict
the prognosis of pancreatic cancer patients, namely, hsa-miR-126-
3p, hsa-miR-424-5p, andhsa-miR-3613-5p (Table S2). Themature
prognosticmodel basically correlateswith the precursor prognostic
model, which also includes hsa-miR-4772 as an independent
prognostic factor, while the mature model can distinguish
between the 3p and 5p arms of miRNAs. The AUC value of the
ROC curvewas 0.784, which indicated that the prognostic ability of
thematuremiRNAprognosticmodelwas slightly better than thatof
the precursor model (AUC = 0.78 (Figure S3). A mature miRNA
contains 3p and 5p arms, limiting the prediction of the target genes
of mature miRNAs and reducing the number of target genes.
Therefore, by intersecting the mature miRNA target genes and
DEGs of the GSE28735 dataset, only 28 common genes were
obtained (Table S3). STRING analysis of the common genes
showed that they are not very closely related, so a PPI network
was not formed; therefore, the key genes were not obtained. That is,
in this scenario, the precursor miRNAs provide more information
than mature miRNAs. However, although the use of precursor
miRNAs to construct a prognostic model may not be as reasonable
as the use of mature miRNAs, our research shows that, consistent
with previous experimental studies, prognosticmodels of precursor
miRNAs and key genes are also reliable and accurate.
Frontiers in Oncology | www.frontiersin.org 1272
CONCLUSIONS

In this study, by conducting a bioinformatics analysis on the
miRNA and gene profiles of pancreatic cancer, we obtained a
reliable four-miRNA (hsa-mir-424, hsa-mir-126, hsa-mir-3613
and hsa-mir-4772) prognostic model of PDAC. Further, nine key
genes were identified: MMP14, ITGA2, THBS2, COL1A1,
COL3A1, COL11A1, COL6A3, COL12A1 and COL5A2, which
could also form an accurate prognostic model of PDAC. Among
them, hsa-mir-4772, COL12A1 and COL5A2 were identified as
novel PDAC biomarkers in PDAC that need to be experimentally
proven. In addition, contrary to a previous study, mir-424 was
confirmed to be downregulated in pancreatic cancer cells by
qRT-PCR, agreeing with our prediction. These prognostic
miRNAs and genes possess great potential as targets and
biomarkers for PDAC treatment and prognosis. Our research
can offer novel ideas for future diagnosis and treatment and may
facilitate the development of new drugs.
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Pancreatic cancer is the most common lethal malignancy, with little improvement in
patient outcomes over the decades. The development of early detection methods and
effective therapeutic strategies are needed to improve the prognosis of patients with this
disease. Recent advances in cancer genomics have revealed the genetic landscape of
pancreatic cancer, and clinical trials are currently being conducted to match the treatment
to underlying mutations. Liquid biopsy-based diagnosis is a promising method to start
personalized treatment. In addition to genome-based medicine, personalized models
have been studied as a tool to test candidate drugs to select the most efficacious
treatment. The innovative three-dimensional organoid culture platform, as well as patient-
derived xenografts can be used to conduct genomic and functional studies to enable
personalized treatment approaches. Combining genome-based medicine with drug
screening based on personalized models may fulfill the promise of precision medicine
for pancreatic cancer.

Keywords: precision medicine, patient derived organoid, patient derived xenograft, liquid biopsy,
molecular subtypes
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies, with an average
5-year survival rate of less than 10% (1). More than half of patients are diagnosed with metastatic
disease, which is associated with a 5-year survival rate of only 3% (1). Early detection methods and
effective therapies need to be developed to improve the prognosis of PDAC (2). The recent
revolutionary improvement in genetic analysis technology offers the promise of using genetic
information for personalized medicine. In pancreatic cancer, a number of studies have described a
genetic background characterized by a set of commonly mutated genes in core molecular pathways
and significant intratumoral heterogeneity. Resistance to chemotherapeutic agents has also been
attributed to difficulties in drug delivery through a rich stromal microenvironment, as well as the
nature of the cancer itself. For these reasons, the development of therapeutics for pancreatic cancer
has been challenging, and many promising drugs have failed in clinical trials.

Clinical trials are currently underway to tailor treatment to underlying mutations (3–5).
Basically, three groups of pancreatic cancer patients benefit from personalized medicine (Table 1
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and Figure 1). Patients with BRCA1 and BRCA2 mutations
benefit from platinum-based therapy and poly (ADP-ribose)
polymerase (PARP) inhibitors (3, 4, 6–9). Patients with
microsatellite instability-high (MSI-H) benefit from immune
checkpoint blockade (ICB) therapy (5, 10). Patients with wild-
type KRAS (KRASWT) often carry other oncogenic mutations
Frontiers in Oncology | www.frontiersin.org 276
such as BRAF (3, 4), which can be candidates for small-molecule
therapy. To enroll patients in genome-based precision medicine,
recent reports have suggested that diagnosis by liquid biopsy is
promising (11). However, the number of patients who can
benefit from precision medicine is limited due to the limited
number of mutations leading to precision medicine (3, 4).
TABLE 1 | Ongoing clinical trials.

Homologous reconbination deficiency (HRD) related therapies

Targets Patients Drugs Trials

HRD genes metastatic PDAC with germline/somatic BRCA,
PALB2 mutations

Rucaparib Phase 2 NCT03140670

solid tumors with germline/somatic DDR gene
mutations

Rucaparib Phase 2 NCT041717000

metastatic PDAC with DDR gene mutations Rucaparib Phase 2 NCT03337087
metastatic PDAC with DDR gene mutations Rucaparib Phase 2 NCT02890355
advanced PDAC with BRCA1/2, PALB2, CHEK2 or
ATM mutations

Niraparib Phase 2 NCT03601923, Phase 2 NCT03553004

metastatic PDAC with DDR gene mutations Niraparib Phase 1b/2 NCT03404960

Mismatch repair deficiency (MMR-D) or microsatellite instability high (MSI-H)

Targets Patients Drugs Trials

PD-1 advanced/metastatic PDAC Pembrolizumab Phase 2 NCT04058964, Phase 2 NCT03331562,
Phase 2 NCT03264404, Phase 2b NCT02907099, Phase 1 (Part
B) NCT04007744

advanced/metastatic PDAC Nivolumab Phase 2 NCT03697564

KRAS wild-type

Targets Patients Drugs Trials

NTRK fusion advanced/metastatic solid tumors with NTRK/ROS1/
ALK gene rearrangements

Entrectinib Phase 2 NCT02568267

ALK, ROS1 gene
translocations

solid tumors with ALK, ROS1 translocations Crizotinib Phase 2 NCT02465060(MATCH screening trial) Phase
2 NCT02465060(MATCH screening trial)

BRAFV600E solid tumors with BRAFV600E/R/K/D Dabrafenib Phase 2 NCT02465060(MATCH screening trial)
HER2 advanced PDAC, biliary cancers Afatinib Phase 1b NCT02451553

solid tumors with NRG1 fusion Zenocutuzumab Phase 1/2 NCT02912949
FIGURE 1 | Outline of genome-based precision medicine.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Miyabayashi et al. Precision Medicine for Pancreatic Cancer
The recent identification of two major transcriptional
subtypes of PDAC with characteristic histopathological
features and different prognoses has provided a new
perspective for developing therapies (12–15). These include a
“basal-like” (or squamous) subtype, which is poorly
differentiated and carries a worse prognosis, and a “classical”
(or progenitor) subtype, which is well differentiated and has a
better prognosis (13, 14, 16). Basal-like and classical subtypes can
predict the response to chemotherapy (12, 17–19) and are
associated with stromal subtypes. Stroma-targeted therapies
have largely failed because of their complicated features and
models which recapitulate the tumor microenvironment (TME),
and drug responses to stroma-targeted therapies are needed. In
addition to precision medicine based on molecular profiling,
phenotypic profiling, such as drug screening using personalized
models, is useful in the clinic. The patient-derived xenograft
(PDX) has been established as a preclinical tool to improve drug
screening and development; however, the PDX model requires
sufficient tissue for transplantation, and failures are not
uncommon (20–23). A recently described, organoid culture
system can be exploited for molecular and phenotypic profiling
to enable personalized therapeutics (24, 25). A variety of
approaches using co-culture of organoids with stromal cells
have been established and used for ICB therapy testing.
Organoid technology may bridge the gap between cancer
genetics and clinical trials, enabling personalized therapy.

Several studies have described the usefulness of precision
medicine based on molecular profiling (3–5) and phenotypic
profiling (24, 25). Approaches using both genome-based
medicine and individualized model-based drug screening will
be useful for achieving precision medicine for pancreatic cancer.
MOLECULAR SUBTYPES OF
PANCREATIC CANCER

Genomic Subtypes
Recent genomic analyses have revealed the mutational landscape
of PDAC (14, 26–28). More than 90% of PDAC harbor activating
KRAS mutations. Mutations in KRAS are seen in all stages of
pancreatic intraepithelial neoplasia (PanIN). The commonly
accepted model of carcinogenesis describes a stepwise
progression from normal pancreatic epithelium to PanIN and
finally to adenocarcinoma due to accumulation of genetic
alterations. Inactivation of tumor suppressor genes, such as
TP53, SMAD family member 4, and cyclin-dependent kinase
inhibitor 2A, is seen with progressive PanIN development and
occurs in more than 50% (29, 30). The prevalence of recurrently
mutated genes then decreases to ~10%, which aggregates into
core molecular pathways, including KRAS, wingless and int
(WNT), NOTCH, DNA damage repair, RNA processing, cell
cycle regulation, transforming growth factor beta (TGF-b)
signaling, switch/sucrose non-fermentable, chromatin
regulation, and axonal guidance (14, 26–28). Pancreatic tumors
exhibit a high frequency of chromosomal rearrangement (31),
Frontiers in Oncology | www.frontiersin.org 377
and a subset of PDAC tumors may progress via chromosomal
rearrangements instead of stepwise progression via
accumulation of genetic mutations (31). Chromosomal
rearrangements and amplification of KRAS are reportedly
linked to poor outcomes in PDAC patients (32).

Pathway analyses based on genetic changes have detected
associations of various pathways with outcome in PDAC
patients. DNA repair-associated pathways are associated with a
poor prognosis, whereas beta-catenin signaling is associated with
improved outcomes (33). Many of these pathways can be
actionable therapeutic targets in preclinical models and in
the clinic. Molecular profiling suggests that up to 25% (range
12–25%) of pancreatic cancers harbor actionable molecular
changes (5). Three main groups, such as genetic changes in
homologous recombination deficiency (HRD), mismatch repair
deficiency (MMR-D)/high microsatellite instability (MSI-H),
and oncogene alterations, such as BRAF mutation and NTRK
gene fusions in KRASWT, are considered potential actionable
mutations. In the American Society of Clinical Oncology
(ASCO) guidelines, early testing for actionable genomic
changes (both germline and somatic) is recommended for
pancreatic cancer patients who are likely to be potential
candidates for additional treatment after first-line therapy (34).
Patients with BRCA mutations, MMR-D/MSI-H, and NTRK
gene fusions can be given tailored therapies, such as PARP
inhibitors, ICB therapy, and TRK fusion inhibitors,
respectively. A retrospective analysis of the Know Your Tumor
program testing matched therapies following molecular profiling
revealed significantly longer overall survival (OS) after PARP
inhibitor therapy in patient with BRCA mutations or after ICB
therapy in those with MMR-D compared with patients who
received unmatched therapies (2.58 vs. 1.51 years) or those
without an actionable molecular change (2.58 vs. 1.32 years)
(3). In this study, the most common actionable alteration was
mutations in the DNA damage response (DDR) pathway,
including BRCA mutations. These data suggest promise for this
personalized approach.

HRD
Diverse defects in HR DNA repair genes, such as germline
mutations in BRCA1, BRCA2, and PALB2, somatic mutations
in BRCA1 and BRCA2, and promoter methylation of BRCA1,
have been reported in breast and ovarian cancers (35, 36). BRCA
mutations are also associated with an increased risk for
pancreatic cancer, and 4% to 7% of patients with pancreatic
cancer have a germline BRCA mutation (8). BRCA genes encode
for proteins involved in the HR repair of DNA double-stranded
breaks. Cells with deficient HR repair are sensitive to PARP
inhibition. PARP enzymes are key components in the repair of
DNA single-stranded breaks and replication fork damage (37).
PARP inhibition causes accumulation of such lesions through
catalytic inhibition and trapping of PARP on DNA at the sites of
single-stranded breaks. These processes eventually result in
double-stranded breaks, which cannot be accurately repaired in
tumors with HRD. Thus, PARP inhibitors cause accumulation of
DNA damage and tumor-cell death. Accordingly, PARP
June 2021 | Volume 11 | Article 682872
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inhibitors are selectively effective for cells with HRD due to
BRCA1 or BRCA2 mutations (38, 39).

Recent investigations of genomic profiling in large cohorts of
PDAC have reported the significance of HRD in predicting
sensitivity to platinum-based therapy and PARP inhibitors (3,
4, 6, 7). According to ASCO guidelines, treatment with platinum-
based chemotherapy or the PARP inhibitor olaparib is
recommended for patients who have a germline BRCA1 or
BRCA2 mutation. A recent randomized phase III trial (POLO)
demonstrated the efficacy of olaparib, a PARP inhibitor, in
germline BRCA-mutated metastatic PDAC (8). Among the 154
enrolled patients, progression-free survival (PFS) was
significantly longer in the olaparib group than the placebo
group (7.4 vs. 3.8 months). Furthermore, another recent
randomized phase II trial showed that patients with germline
BRCA1/2- or PALB2-mutated PDAC benefit from first-line
platinum chemotherapy, with median OS and PFS of 15.5
(14.6–19) and 7 (6.1–8.1) months, respectively. Patients with
HRD had improved PFS compared with no HRD when treated
with first-line platinum therapy but not with first-line non-
platinum therapy (9). These results suggest that HRD can
effectively be targeted in PDAC.

In addition to mutations in canonical HR genes, a
comprehensive evaluation of HR gene mutations is needed
beyond germline BRCA mutations to understand their
sensitivity to DDR-targeted therapies, including platinum-based
therapy. Multiple groups have identified a broader group of
patients with HRD sensitive to DDR-targeted therapies (3, 4, 7).
The concept of “BRCAness” was introduced to describe the
clinical and biological features in some sporadic tumors shared
with tumors harboring germline BRCA1/2 mutations. Polak et al.
(40) explored signature 3, a mutational signature prevalent in
tumors with BRCAness, and found altered expression of PALB2
and RAD51, which are genes that are important in the HRR
pathway. In addition, signature 3 has been found in tumors with
both germline and somatic BRCA1/2 mutations (40). Thus,
signature 3 can be considered a potential biomarker that could
lead to BRCAness-targeting therapies. O’Reilly and colleagues (7)
evaluated the mutational status of HR genes and HRD genetic
signatures to determine their benefit to platinum therapy. They
observed that patients with HRD had significantly improved PFS
when treated with first-line platinum-based therapy compared
with those who received first-line non-platinum-based therapy.
Subgroup analyses suggest that patients with either pathogenic
somatic or germline BRCA1, BRCA2, or PALB2mutations, as well
as biallelic loss of other rarer HR genes, such as ATM and CHEK2,
could be recommended for platinum-based therapy. Aguirre and
colleagues (4) observed four samples that did not have clear DNA
changes or mRNA downregulation of BRCA1, BRCA2, PALB2, or
RAD51C but nevertheless had enrichment of HRD/signature 3
compared with samples with HRD. These data suggest that
signature 3 can be recommended for platinum-based therapy
and PARP inhibitors. Furthermore, patients with biallelic HRD
show higher tumor mutation burden (TMB), indicating the
potential benefit from immunotherapy as shown in other types
of cancer (41, 42).
Frontiers in Oncology | www.frontiersin.org 478
MMR-D/MSI-H
Immune checkpoint inhibitors have been an effective therapy for
MMR-D/MSI-H cancers regardless of tumor type, although
activity may vary by tumor type. MMR-D occurs as a
consequence of loss-of-function changes in MMR genes
(MLH1, PMS2, MSH2, MSH6) because of the inherited
germline mutations known as Lynch syndrome, or because of the
biallelic somatic inactivation of MMR genes. In PDAC,
approximately 1% of patients have MMR-D or MSI-H due to
Lynch syndrome or somatic MMR gene mutations (43, 44). The
normal MMR system can correct the process of DNA replication
errors but MMR-D results in an inappropriate response to DNA
mismatches, increasing the possibility of gene mutation. MMR-D
causes MSI-H bymissing or inserting one or more of the repeating
units in the inappropriate process of DNA replication and repair.
MMR-D and MSI-H are generally associated with high TMB. A
highTMB increases the potential number of neoantigens, and these
neoantigens can be presented by the tumor cell and recognized by
host immune cells, which are also known as tumor-infiltrating
lymphocytes (TILs) that migrate into TME (45, 46). TILs,
particularly CD8+ cytotoxic T cells, orchestrate a significant
antitumor response to eliminate tumor cells (45, 46). Detection of
MMR-D and/or MSI-H was proposed as a biomarker of an
immunogenic tumor and response to ICB therapy, such as anti-
programmed cell death protein 1 (PD-1) inhibition. The immune
checkpoint inhibitor pembrolizumab is currently approved for
treatment of MMR-D/MSI-H cancer regardless of the histology.
In ASCO guidelines, pembrolizumab is recommended as a second-
line therapy for PDAC patients with MMR-D or MSI-H (34).

The recently published KEYNOTE 158 study (10) and NCI-
MATCH study (5), which investigated the efficacy of ICB
therapy in non-colorectal cancers, clearly suggested that MMR-
D in solid tumors is a predictor of the response to ICB therapy.
However, ICB therapy has low efficacy against pancreatic cancer,
suggesting that cancer type-specific responses show variable
clinical outcomes, and that disease-specific biological factors
may have an independent impact on ICB response, regardless
of MMR-D status. Regarding the underlying mechanisms, the
degree of T-cell infiltration is critical for predicting the efficacy of
ICB therapy in other types of cancers (47–52), and a small subset
of patients with MSI-H tumors exhibit T-cell infiltration and
sensitivity to immunotherapy (53). In pancreatic cancer, dense
stroma with desmoplastic reaction may function as a physical
barrier and affect the infiltration of myeloid-derived suppressor
cells and T cells in tumor stroma (54, 55). In addition, PDAC
exhibits substantial immunological heterogeneity, with tumors
influencing T-cell infiltration (45, 56–58). For example, Stanger
et al. (46) observed heterogeneity in the degree of T-cell
infiltration in their cohort of 12 PDAC patients (none of
whom were MSI-H), in line with prior reports for PDAC (45).
The abundance of PD-1+CD8+ T cells was more predictive of
immunotherapy response than was total CD8+ T cell infiltration
alone. Furthermore, Leach and colleagues (59) identified mucin
16 neoantigens as T-cell targets in PDAC and as potential
biomarkers of immunogenic tumors that may guide the
application of immunotherapies (59). These results suggest that
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both the quality and quantity of tumor-infiltrating CD8+ T cells
are critical for predicting the immunotherapy response, and
novel biomarkers are needed to predict the status of tumor-
infiltrating CD8+ T cells.

Furthermore, the abovementioned results suggest that MMR-
D status is not a perfect predictor of immunotherapy response.
Loss-of-function changes in MMR genes can sometimes be a
passenger mutation/change and responses to immune
checkpoint inhibitor therapy could be affected by founder
mutations that determine the molecular behavior of cancer
(60). MSI-H and high TMB may be a better predictor of the
immune checkpoint inhibitor response, as these markers are
highly associated with MMR-D-driven carcinogenesis (61). The
basis for these differences in T-cell infiltration is poorly
understood in PDAC, where most tumors share the same
oncogenic mutations. Further prospective studies are needed to
evaluate the predictor role of characterization of T-cell
infiltration on ICB response/resistance in cancer patients with
MMR-D tumors.

KRASWT

KRAS mutation is a major driver mutation in pancreatic cancer
and more than 90% of pancreatic cancer patients harbor KRAS
mutation. Recently drugs targeting KRASG12C are available and
clinical trials suggested promising results (62–64). However,
KRASG12D and KRASG12V mutations are more common in
pancreatic cancer, and these mutations are still undruggable. In
KRASWT PDAC patients, NTRK fusions, ALK rearrangements,
ROS, NRG1 rearrangements, BRAF, PIK3CA, and a number of
cancer-associated genes representing potential drivers have been
identified (e.g., ERBB2, STK11, GNAS, CHEK2, and RB1), as
potential targets.

Gene fusions involving NTRK1, NTRK2, or NTRK3 (TRK
fusions) are found in many pediatric and adult malignancies
(65). NTRK fusions are rare in PDAC and are identified in less
than 1% of tumors (66). Pishvaian et al. (67) reported a partial
response to entrectinib, a potent TRK and ROS1 inhibitor in a
subgroup of advanced PDAC patients. Larotrectinib, a highly
selective small-molecule inhibitor of the TRK kinases, has shown
efficacy in preclinical models and in patients with tumors
harboring TRK fusions. In ASCO guidelines, in patients with
tumors harboring NTRK fusions, treatment with larotrectinib or
entrectinib is recommended as treatment options after first-line
therapy such as FOLFIRINOX and gemcitabine plus nab-
paclitaxel (GnP) (34). NRG1 rearrangement contributes to
susceptibility to ERBB inhibitors and anti-EGFR antibodies
and clinical trials are ongoing (68, 69). ALK gene
translocations have been reported in 0.16% of PDAC, and
crizotinib is reportedly effective for a PDAC patient with ALK
gene translocation (70).

BRAFV600E mutations occurred at a frequency of 3% and were
mutually exclusive with KRAS mutations. BRAFV600E could be a
driver event based on mouse models (71). Analyses of PDAC
cells revealed that BRAFV600E cells are sensitive to the FDA-
approved BRAF inhibitor PLX-4032, while cells with KRAS
mutations are resistant (33). These data suggest that a subset
of patients may benefit from targeted therapy along the KRAS/
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BRAF axis. Aguirre et al. (4) reported the first therapeutic
experience with mitogen-activated protein kinase (MAPK)
inhibition in a patient harboring a BRAF in-frame deletion.
The patient had a partial response to the MEK inhibitor
trametinib. A second patient with rapidly progressive disease
harboring a BRAFmutation was also treated with trametinib but
failed to show a response. This heterogeneity in resistance
mechanisms will require effective combination treatments with
MAPK inhibitors. The Cancer Genome Atlas Research Network
reported that the KRASWT tumors had significantly elevated
tuberous sclerosis complex/mammalian target of rapamycin
(TSC/mTOR) signaling pathway activity compared with KRAS
mutant tumors, indicating that functional activation of the
mTOR signaling pathway may be an alternative oncogenic
driver in KRASWT pancreatic cancer (15).

These data suggest that larger multicenter clinical trials are
needed to fully investigate the therapeutic efficacy of the
inhibition of upstream and downstream signaling of RAS in
KRASWT patients with other oncogenic mutations.

Liquid Biopsy
Although genome-based precision medicine, such as platinum-
based therapy and PARP inhibition, in PDAC patients with HRD
is promising, tissue-based genomic sequencing for first-line
treatment decision making in PDAC remains challenging due
to the turn-around time of obtaining sequencing results, which is
3 to 6 weeks. To enroll patients in genome-based precision
medicine, recent reports have suggested that diagnosis by
liquid biopsy with a short turn-around time has emerged.
Liquid biopsy includes analyses of tumor materials obtained in
a minimally invasive or noninvasive manner by collecting blood
or other body fluids. Liquid biopsy samples are obtained from
saliva, stool, or urine. They include circulating tumor cells
(CTCs), circulating tumor DNA (ctDNA), extracellular
vesicles, cell-free DNA, and microRNA. More recently, next-
generation sequencing-based methods have enabled ctDNA
profiling as an alternative to tumor tissue sequencing (72, 73).
For example, the TARGET study recently reported the screening
of 100 patients using ctDNA sequencing for trial enrollment
(74). Most recently, Yoshino and colleagues (11) reported that
ctDNA genotyping significantly shortened the screening
duration (11 vs. 33 days; P < 0.0001) and improved the trial
enrollment rate (9.5 vs. 4.1%; P < 0.0001) compared with
tumor tissue sequencing. Overall, ctDNA was detected in
91.4% (1,438/1,573) of patients; however, the ctDNA detection
rate of PDAC was the lowest (83.4% (304/363) compared with
other types of cancers, such as esophageal squamous-cell
carcinoma cancer (99.1% (107/108) and CRC (96.0%, 628/
654). Overall, they detected multiple biomarkers relevant to the
selection of treatment, including KRAS, NRAS, BRAF, and
PIK3CA muta t i on s ; ERBB2 , FGFR1–2 , and MET
amplifications; FGFR2–3, ALK, NTRK1, and RET fusions; and
MSI. Liquid biopsy also enables the collection of repeated
samples during the course of the treatment of patients and the
collection of clones resistant to ongoing therapy. Thus, this
technology has the potential to promote innovation in
precision medicine.
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Transcriptomic Subtypes
Cancer Cell Subtypes
Targeting drugs, according to tumor subtypes, have improved
treatment outcomes in other cancers. Identification of
therapeutic molecular subtypes in PDAC has been challenging.
In addition to genomic subtypes, transcriptomic subtypes have
been evaluated to understand the biology of pancreatic cancer.
The recent identification of PDAC transcriptional subtypes has
provided a new perspective relevant to the development of
therapies. These include basal-like/squamous and classical/
progenitor (hereafter referred to as basal-like and classical,
respectively) (12–14, 75–77). Basal-l ike tumors are
associated with poor outcomes and treatment resistance (12–
14, 16–19, 75–77). Two independent clinical trials revealed that
basal-like tumors are resistant to FOLFIRINOX-based regimens
(19, 78). In those studies, RNA in situ hybridization or
immunohistochemical analysis of GATA-binding protein 6
(GATA6) was used to differentiate basal-like and classical
tumors. The resistance of basal-like tumors to FOLFIRINOX is
supported by a recent report by Tiriac et al. (24), who showed
that patient-derived organoid (PDO) chemotherapy signatures
may predict treatment response. The signatures representing
individual cytotoxic agents were applied to the COMPASS
cohort, suggesting that basal-like tumors are most likely to
have a non–oxaliplatin-sensitive signature (24). To apply
molecular subtyping in treatment decision-making for PDAC
patients, Rashid et al. (79) revealed that the tumor-intrinsic two-
subtype schema of Moffitt et al. is the most replicable, and they
developed the Purity Independent Subtyping of Tumors, a
clinically usable single-sample classifier based on gene
expression data obtained using multiple platforms, including
microarrays, RNA sequencing, and NanoString.

The development of subtype-based therapies remains
challenging because the genetic and epigenetic aberrations that
promote the stable or dynamic regulation of subtypes are
unknown. The basal-like subtype consists of small subgroups
that are regulated by different mechanisms (14). The master
regulators of the basal-like subtype have been identified, and the
basal-like subtype is associated with the activation of genes
involved in the epithelial–mesenchymal transition, activation
of transcription factors such as MYC and TP63, and
downregulation of markers for endoderm such as HNF4A and
GATA6 (12–14). In addition, expression of the DN isoform of
TP63 (DNp63) and GLI2 promotes the basal-like identity in
PDAC (80, 81). Several epigenetic regulator genes, including
KDM6A, KMT2C, and KMT2D, are associated with the basal-like
subtype (12, 14, 82). Mueller et al. (83) divided the basal-like
subtype into the TP63-related transcriptional program with
squamous differentiation and the RAS/epithelial–mesenchymal
transition-related transcriptional program with undifferentiated
cancers. Further characterization of the master regulators of
molecular subtypes may lead to the identification of
biomarkers and targets for tailored therapies.

Because KRAS is the most commonly mutated gene in PDAC,
the association between KRAS addiction (KRAS dependency)
and a molecular subtype has been debated. KRAS-addicted cells
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have been previously observed as more classical and epithelial in
monolayer cell cultures (12). Collisson et al. (12) showed that
classical PDAC cells are relatively more dependent on KRAS and
more sensitive to erlotinib than basal-like PDAC cells.
Conversely, basal-like PDAC lines are more sensitive to
gemcitabine than classical PDAC (12). KRAS ablation induces
a basal-like phenotype in surviving cells in vivo (80). A study of
the inducible KrasG12D;Trp53-/- PDAC mouse model (84)
revealed cancer cell-intrinsic mechanisms enabling bypass of
KRAS dependency and tumor recurrence (85). Specifically, Yap1
amplification and overexpression enabled escape in
approximately one-third of KRAS-negative recurrent PDAC
tumors (85) and serves a similar role in lung cancer (86).
However, allelic imbalance and elevated expression of mutant
KRAS have been associated with aggressive and undifferentiated
histological phenotypes in PDAC (32, 83). Furthermore,
increased dosage of mutant KRAS is sufficient to induce basal-
like features (32, 87). These results suggest that mutant KRAS
plays an important role in oncogenesis in PDAC, but other
epigenetic or microenvironmental factors are critical in
regulating molecular phenotypes.

Stromal Subtypes
Pancreatic cancer is characterized histologically by a dense
stromal reaction with desmoplasia, which creates a physical
barrier around the tumor cells and prevents appropriate
vascularization and delivery of chemotherapeutic agents (88).
The surrounding desmoplasia was formerly considered to
promote cancer, and a number of clinical trials targeting the
stroma have been conducted to prove this. However, most of
those trials failed, and the current understanding is that the
stroma is multi-faceted (89–91). To reveal the heterogeneity of
stromal components, studies based on single-cell RNA
sequencing have been conducted (92–95). Cancer-associated
fibroblasts (CAFs) play an important role in the TME, and
cancer-derived IL-1 or TGF-b can stimulate the differentiation
of surrounding fibroblas ts into inflammatory and
myofibroblastic CAFs, respectively (93). IL-6 secreted by
inflammatory CAFs promote proliferation of the tumor,
whereas myofibroblastic CAFs produce the surrounding
stroma. Because cancer cells create an environment favorable
to themselves, these stromal subtypes are linked to the cancer cell
subtypes mentioned above. Mauer et al. (77) reported CAF
subtypes using laser capture microdissection and RNA
sequencing of pathologically verified PDAC epithelia and their
adjacent stroma. The authors detected two subtypes reflecting
ECM deposition and remodeling (ECM-rich) versus immune-
related processes (immune-rich). There was a strong association
between ECM-rich stroma and basal-like tumors, whereas
immune-rich stroma occurred more often in association with
classical tumors (77, 96). As such, the epithelial and stromal
subtypes were partially linked, suggesting potential biomarkers
for stroma-targeted therapies in PDAC.

As mentioned previously, TILs are associated with the
response to immune checkpoint inhibitors. Therapeutic
strategies targeting immune modulators have emerged. Bailey
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et al. (14) identified an immunogenic cancer subtype, which
shares many of the characteristics of classical tumors but is
uniquely associated with significant immune-cell infiltration.
This cancer cell subtype, as well as Mauer et al.’s immune-rich
subtype, has potential as a biomarker for immune therapy.
Furthermore, studies using mouse models have revealed
potential targets such as colony-stimulating factor 1 receptor,
cytotoxic T-lymphocyte-associated protein 4 (97, 98), and CXC
chemokine receptor 2 (99, 100), which led to clinical trials.
However, due to their complexity, TME-targeted therapies
have largely failed (101, 102). Clinical trials of such therapies
have been reviewed recently (103). Further investigations are
warranted to discover effective TME-targeted therapies.
PATIENT-DERIVED MODELS

PDO
Organoids are three-dimensional structures that are grown
in vitro and recapitulate many aspects of corresponding organs
in vivo, providing many novel human cancer models.
Theoretically, PDOs allow expansion of small tumor samples,
enabling the analyses of cancer at any stage. Various human
carcinomas have been established from resected specimens and
biopsy samples (24, 104–116). Pancreatic tumors contain
abundant stromal components and exhibit low neoplastic
cellularity, which contribute to the low accuracy of genetic and
transcriptional analyses of the neoplastic compartment in bulk
tumor tissues. In organoid culture, only the epithelial component
expands, thus providing high-quality research materials (24).

The organoid culture system is a powerful tool for personalized
medicine and is used in co-clinical trials because the response of
PDOs to drugs largely mimics the initial response of
corresponding patients to the same drugs (24, 108, 111, 117,
118) (Figure 2). Tiriac et al. (24) established a biobank of 66
pancreatic cancer PDOs, from both biopsy samples and resected
specimens, and compared the gene expression of those PDOs with
responses to standard cytotoxic drugs and identified
transcriptional gene signatures of responders to different
chemotherapies. They found that the transcriptional gene
signature reflects a drug response in an independent cohort of
PDAC patients. Currently, clinical trials using PDOs are ongoing,
and PDO can be used to select second-line or adjuvant treatments
because the time required to generate and test PDOs is about 4–6
weeks (25). Pancreatic cancer frequently acquires resistance to
chemotherapy. Tiriac et al. (24) reported their experience with
longitudinal collection of organoids from the same patient
undergoing chemotherapy. Interestingly, an organoid collected
before the corresponding patient acquired resistance to
FOLFIRINOX and gemcitabine/nab-paclitaxel regimens was
sensitive to gemcitabine, paclitaxel, 5-FU, and oxaliplatin,
whereas organoids collected after the chemoresistance developed
were resistant to those chemotherapeutic agents. In addition, the
first organoid collected was resistant to mTOR inhibition, whereas
subsequent organoids were sensitive to mTOR inhibition. These
results suggest that collecting organoids during chemotherapy
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enables drug selection according to chemosensitivity in PDAC
patients. Collecting organoids from metastatic and recurrent sites
is difficult. However, Gao et al. (119) demonstrated the feasibility
of growing organoids from CTCs from a prostate cancer patient to
overcome this shortcoming.

As mentioned, pancreatic cancer is characterized by a dense
stromal reaction with desmoplasia. To mimic the tumor
environment, co-culture systems have been developed. The co-
culture system of pancreatic stellate cells, a resident
mesenchymal cell, with pancreatic cancer PDOs, has been
established (92). This system enables to produce the
desmoplastic stroma and led to the specification of pancreatic
CAF subtypes , inc luding inflammatory CAFs and
myofibroblastic CAFs (93). Several approaches of co-culturing
PDOs with immune and fibroblastic components have been
established to predict the efficacy of immune checkpoint
inhibitors in other types of cancer (120) (121), which can be
applicable to PDOs in PDAC. As with the PDX mouse model,
organoid transplant mouse models are a powerful tool for drug
screening and biological research. Boj et al. (122) reported that
orthotopic transplantation of organoids led to the development
of all stages of disease progression including early PanIN, late
PanIN, invasive ductal adenocarcinoma, and metastasis. A recent
study reported the usefulness of an intraductal transplantation
mouse model of PDOs (87), which models the progressive
switching of molecular subtypes. These models are promising
tools to evaluate human PDAC at any stage to understand its
fundamental biology and to identify biomarkers of early disease
as well as biomarkers of subtype switching at later stages,
contributing to discovery of novel therapeutic strategies.

PDX
PDXs have emerged as an important platform to discover novel
therapeutic strategies and biomarkers (21, 22, 123). PDX models
retain key features of donor tumors both histologically and
biologically, and effectively recapitulate the chemosensitivity of
corresponding patients compared with conventional two-
dimensional cell-line-based xenograft models (124–127).
Analyses of genetic profiles show good concordance between
primary tumors and the tumors derived from PDX models,
although there were differences in genes involved in the
stromal and immune compartments due to the replacement of
the human stroma by murine elements. The key characteristics
and practical applications of PDXs can be found in recent
reviews (20–23).

PDXmodels of PDAC patients have been reported (128–130),
and one study found a good correlation between response to
gemcitabine in PDXs and in PDAC patients (131). The drug
response of PDXmodels remains stable across generations (up to
10 passages) (128, 132). Hidalgo et al. (133) performed an
empirical treatment of PDX models with a panel of drugs
while the patients were receiving first-line therapy and showed
that GnP is effective in PDX models, which is correlated with the
efficacy of this combination in the clinic (134). Similarly, lack of
efficacy in preclinical studies with PDX predicted failure of the
same therapies in the clinic, such as the SRC inhibitor saracatinib
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and the mTOR inhibitor sirolimus in PDAC (124, 135). Based on
these data, PDX models are an essential part of the preclinical
screening for new chemotherapeutic agents (Figure 2).

PDX models are also used in co-clinical trials, in which they
are developed from patients enrolled in clinical trials and treated
with the same experimental agents (Figure 2). These models are
used to evaluate the clinical response based on appropriate
endpoints such as response rate or tumor growth delay. PDX
models are also powerful tools for simulating tolerance after
exposure to therapies used in the clinical setting and to develop
strategies for overcoming resistance (136, 137). Furthermore,
biological and genetic comparisons between sensitive and
resistant models could lead to the discovery of biomarkers of
drug efficacy as well as biomarkers for inclusion in clinical
studies. In PDAC, PDX studies using gemcitabine revealed
expression of deoxycytidine kinase, the gemcitabine-activating
enzyme, as a predictor of drug efficacy (128, 138). Similarly, PDX
models have been used to determine metabolic and imaging
biomarkers (139, 140). This strategy provides an interesting
platform to evaluate drug response in the patients and PDX
models simultaneously, and to investigate biomarkers of
sensitivity and resistance, as well as new combination strategies
to overcome emerging resistance pathways. These findings
suggest that PDX models hold promise for precision medicine
in PDAC.

Regarding the drawbacks, in most patients, obtaining
individualized PDXs to guide treatment is not feasible because
of the low success rate of engraftment, the discrepancy between
the time needed for PDX expansion and treatment, and the
rapidity of disease progression in patients (131, 133). PDX
models are generally established from surgical specimens,
which provide a large amount of tumor tissue. However,
because most PDAC patients are inoperable, generating PDX
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from smaller samples, such as fine-needle aspiration for
personalized therapy, is more useful. To resolve this problem,
CTC-derived xenografts are now applied to evaluate other types
of cancer such as breast cancer (141), prostate cancer (142),
gastric cancer (143), small-cell lung cancer (SCLC) (144), and
melanoma (145). A major obstacle is that PDX models require
the use of immunocompromised mice, which prevents the
evaluation of immunomodulators, such as vaccines, anti-PD-1,
and anti-cluster of differentiation 40 (CD40) antibodies.
Humanized mice with human immune system in which
selected immune components have been introduced may solve
the problems. However, human tumor stroma in the cancer
specimens are rapidly replaced by mouse stromal cells including
fibroblasts, inflammatory cells, blood vessels, and immune cells,
and these elements are difficult to introduce in humanized
mouse. As reported, expression profiling based on species-
specific RNA sequencing of PDXs provides a unique
opportunity to distinguish mouse stroma-derived transcripts
from human cancer cell-derived transcripts without physically
separating the two components prior to RNA extraction (87).
Novel approaches, such as short-term primary cultures or
organoids, are being developed and are expected to be applied
to preclinical screening studies (24). Clinical trials using PDOs
are ongoing (25), and PDX-derived organoids are useful for
drug screening.
CONCLUSIONS

Integrated analyses of the genome, epigenome, and transcriptome
are yielding biological insights with potential therapeutic relevance
in PDAC. Genome-based therapies have led to paradigm-
changing treatments for other cancers and have dramatically
FIGURE 2 | Patient-derived models for precision medicine.
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improved survival and cure rates. Therapeutic strategies based on
gene alterations in cancer cells, including HRD andMMR-D/MSI-
H, have improved the survival of PDAC patients. In the You Know
Tumor trial, the OS was significantly longer in patients who
received a tailored therapy than in those without an actionable
molecular change. However, this remains an unfulfilled promise in
PDAC because of the limited number of patients and the rapidity
of disease progression. The rapid analysis of genetic mutations
using liquid biopsy and new biomarkers, such as BRCA-ness,
signature3, and higher TMB, may allow more patients to be
recruited for personalized therapy. In addition, the difficulty of
drug delivery through the stromal barrier in tumors contributes to
high resistance to available chemotherapeutic agents, and
therapeutic strategies targeting stromal components have failed
due to their complexity. In addition to genomic subtypes,
transcriptomic analyses revealed the associations of cancer cell
and CAF subtypes with immune cell components, providing
biological insights relevant to the treatment of PDAC.
Furthermore, phenotypic characterization of individualized
models such as PDXs and PDOs will provide additional
information for selecting tailored therapies for PDAC patients.
Individualized PDXs have the potential to identify effective
therapies; however, they have significant limitations, including
long lead times and the need for large amounts of tumor tissue for
testing. The PDO platform can be exploited for genomic and
Frontiers in Oncology | www.frontiersin.org 983
functional studies even during chemotherapy, with the possibility
of selecting sensitive therapeutic agents after acquisition of
chemoresistance. New approaches such as co-culture of PDOs
with stromal components and humanized PDX may bridge the
gap between cancer genetics and patient clinical trials and allow
for personalized therapy, although further studies are needed to
validate this approach. A multi-parameter approach that
combines genome-based medicine with drug screening using
individualized models will be key for precision medicine.
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The stroma-rich, immunosuppressive microenvironment is a hallmark of pancreatic ductal
adenocarcinoma (PDA). Tumor cells and other cellular components of the tumor
microenvironment, such as cancer associated fibroblasts, CD4+ T cells and myeloid
cells, are linked by a web of interactions. Their crosstalk not only results in immune evasion
of PDA, but also contributes to pancreatic cancer cell plasticity, invasiveness, metastasis,
chemo-resistance, immunotherapy-resistance and radiotherapy-resistance. In this
review, we characterize several prevalent populations of stromal cells in the PDA
microenvironment and describe how the crosstalk among them drives and maintains
immune suppression. We also summarize therapeutic approaches to target the stroma.
With a better understanding of the complex cellular and molecular networks in PDA,
strategies aimed at sensitizing PDA to chemotherapy or immunotherapy through re-
programing the tumor microenvironment can be designed, and in turn lead to improved
clinical treatment for pancreatic cancer patients.

Keywords: pancreatic cancer, tumor microenvironment, immune suppression, T cells, myeloid cells, cancer-
associated fibroblasts
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDA) is the most common form of pancreatic cancer, the third
leading cause of cancer related death in the United States, with a 5-year survival rate of around 10% (1,
2). Over 80% of PDA patients are diagnosed at a late stage when the tumor is already locally advanced or
metastatic to distant organs and therefore do not qualify for surgery (1). Standard chemotherapy, such as
Gemcitabine alone or in combination of Albumin-bound paclitaxel (Abraxane) has long been the
standard of care for PDA. However, it provides only modest survival benefit since a large percentage of
patients are either intrinsically resistant or develop resistance soon after treatment starts (3). Multidrug
regimens such as FOLFIRINOX (combination of oxaliplatin, irinotecan, leucovorin, and fluorouracil)
have become standard of care for those patients that can tolerate it, as they increase patient median
overall survival to 11.1 months. However, FOLFIRINOX is associated with high toxicity (4). Therefore,
there is urgent need for the development of novel therapeutic strategies for PDA patients. Immune
checkpoint blockade has achieved significant therapeutic success for a subset of cancer patients.
Unfortunately, single agent immunotherapy has been ineffective in PDA (5). The reasons for this
failure are complex, and likely stem from the nature of the stroma-rich tumormicroenvironment (TME)
in PDA, with abundant immunosuppressive cells such as cancer associated fibroblasts (CAFs) (6),
July 2021 | Volume 11 | Article 682217188
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CD4+ T cells (7) and myeloid cells including tumor associated
macrophages (TAMs) and myeloid derived suppressor cells
(MDSCs) (8–11). The stromal and immune compartments are
linked by a web of interactions that promotes immune evasion of
PDA cancer cells and contributes to the onset and progression of
pancreatic carcinogenesis, affecting cell plasticity, metastasis,
chemo-resistance and radiotherapy-resistance (3, 7, 12–18). This
review summarizes the crosstalk between several key cell types that
are dominant within the immunosuppressive TME of pancreatic
cancer and discusses the most promising immune regulatory
approaches to activate anti-tumor immune responses in PDA.
THE IMMUNOLOGICALLY “COLD” TME
IS MODULATED BY ONCOGENIC
PATHWAYS IN PDA

PDA initiates with activating mutation of oncogenes such as KRAS
(mutant in over 90% of tumors, and present in the majority of
precursor lesions as well) (19) and followed by inactivation of
tumor suppressors such as CDKN2A or P53 (altered in 90% and
70% of PDAs, respectively) (20–23). Pancreatic cancer develops from
precursor lesions such as pancreatic intraepithelial neoplasia (PanIN)
that over time progress to advanced and metastatic stage (24). Other
types of precursor lesions such as intraductal papillary mucinous
neoplasms andmucinous cystic neoplasms (25) are less commonand
have been reviewed elsewhere (20). Genetically engineered mouse
models (GEMMs) that harbor pancreas-specific expression of
oncogenic Kras, such as KC (LSL-KrasG12D; p48/Pdx-1-Cre) (26)
and iKras* model (p48-Cre; R26-rtTa-IRES-EGFP; TetO-KrasG12D)
(27), recapitulate the stepwise carcinogenesis process of humanPDA.
PanIN occurs spontaneously in these models and can progress to
metastatic cancer with long latency. Using the KCmodel, researchers
discovered that immunosuppressive cells, including CD4+ FOXP3+

regulatory T cells (Tregs), TAMs, and MDSCs, accumulate both in
PanIN and PDA stages compared to normal pancreas (28). CD8+

cytotoxic T cells are scarce in PanIN and only present in a subset of
PDA; even when they are present, they lack effector function (28).
Similar kinetics of leukocytic infiltration were also described in the
more aggressive KPC (KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx-1-Cre)
GEMM (29). Reduced infiltration of CD8+ cytotoxic T cells and
increased infiltration ofCD4+FOXP3+CD25+Tregs inPDAhave also
been shown in human patient samples (30, 31). The evidence from
bothGEMMs andpatient samples indicate an immunologically ‘cold’
TME of PDA. Even when CD8+ T cells are present within the tumor
nest in a small cohort of PDA patients, they are dysfunctional or
exhausted(32).Recently, our laboratorydefinedanexhaustedCD8+T
cell phenotype in human PDA by expression of T cell
immunoglobulin and ITIM domains (TIGIT), an immune
checkpoint that is relatively understudied (11). Using a combination
of mass cytometry, single-cell RNA sequencing (scRNA-seq) and
multiplex immunohistochemistry, we found increased markers of
CD8+ T cell dysfunction with an up-regulation of TIGIT in PDA
compared to non-malignant pancreas samples; further, the
dysfunctional status of CD8+ T cells was more pronounced at later
stages of carcinogenesis (11).
Frontiers in Oncology | www.frontiersin.org 289
Oncogenic KRAS is a key mediator of immune suppression in
PDA. A recent study using scRNA-seq approaches and TCGAdata
analysis suggest greater immune infiltration in KRAS independent
and KRAS-low tumors compared to KRAS dependent and KRAS-
high groups (33). In thismodel, inactivation ofmutantKras inPDA
cells did not affect their tumorigenic capacity, but led to failure to
evade the host immune system (33). The authors determined that
KRAS knockout (KO) PDA cells had a striking up-regulation of
major histocompatibility complex I (MHC I) genes compared with
KRAS intact control cells, underlying increased susceptibility to
anti-tumor immunity. M1-like TAMs, CD8+ cytotoxic T cells and
natural killer T (NK T) cells dominated in KRAS KO tumors.
Mechanistically, this study identified BRAF and MYC as key
downstream regulators of KRAS-driven tumor immune
suppression for PDA maintenance (33). MHC I accumulation in
the cell is also negatively regulated by autophagy, which is in turn
activated by oncogenic KRAS (34).

KRAS activates essential pathways to control the expression and
secretion of cytokines and chemokines from tumor cells, thereby
regulating the recruitment and development of immune cells. For
example, granulocyte–macrophage colony-stimulating factor
(GM-CSF) produced by pancreatic cancer cells carrying the
KRASG12D mutation recruits immunosuppressive myeloid cells
(35, 36). A key downstream effector of KrasG12D is the mitogen
−activated protein kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK) pathway. Mitogen-activated protein
kinases (MAPK)/ERK targets include interleukin-10 (IL-10) and
transforming growth factor beta (TGF-b), which in turn induce
Treg differentiation (37). MAPK/ERK signaling also induces
expression of intercellular adhesion molecule (ICAM-1), which
acts as chemoattractant for macrophages (38). Besides, growth and
differentiation factor 15 (GDF-15), a direct target of nuclear factor
kappa B (NF-kB) in tumor cells, suppresses the pro-apoptotic
activity of macrophages by inhibiting tumor necrosis factor
(TNF) and nitric oxide (NO) production (39). Depletion of GDF-
15 in the KPC mouse model delayed tumor development and was
accompaniedby increased infiltrating antitumormacrophages (39).
Extracellular KrasG12D in tumor-derived exosomes directly
promotes alternatively activated or M2-like macrophage
polarization via signal transducer and activator of transcription 3
(STAT3)-dependent fatty acid oxidation (40). Blocking KrasG12D

release from tumor cells and uptake by macrophages suppresses
macrophage-mediated pancreatic tumor growth in vivo (40). Other
inflammatorymediators secreted by PDA cells include granulocyte
colony-stimulating factor (G-CSF) (41), IL-6 (42), IL-1a (43), IL-1b
(44, 45), ubiquitin specific peptidase 22 (USP22) (46), C-X-Cmotif
chemokine ligand 8 (CXCL8) (47), matrix metallopeptidase 9
(MMP-9) and indoleamine-2,3-dioxygenase (IDO) (48), which all
contribute to the establishment of immunosuppressive TME in
pancreatic cancer (Figure 1).

PDA cells can also induce immune suppression by engaging
critical immune checkpointpathways suchasprogrammedcell death
protein 1 (PD1)/programmed death-ligand 1 (PD-L1). In addition,
we recently discovered that Poliovirus receptor (PVR), one of the
checkpoint TIGIT ligands, is expressed by tumor epithelial cells (11).
Previouslywe showed that expressionofPD-L1 inPDAcancer cells is
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regulated by epidermal growth factor receptor (EGFR)/MAPK
signaling cascade (49). PD-L1 expressed by PDA cells directly
induced the apoptosis of PD-1-expressing T cells, and its
expression positively correlated with poor prognosis and inversely
correlatedwith tumor-infiltratingTcells, particularlyCD8+Tcells, in
pancreatic cancer (50). These pre-clinical data have encouraged
clinical trials targeting PD-1 and PD-L1, either as monotherapy or
in combinationwith radiationor chemotherapy, inpancreatic cancer
(Table 1, current active clinical trials, and Table 2, past clinical trials
targeting pancreatic cancer TME). However, single agent immune
checkpoint blockade has thus far been unsuccessful in PDA patients.
One potential reason for this failure is the exclusion of active T cells
from TME, which reveals an urgent need for strategies transforming
the immunologically ‘cold’ microenvironment into ‘hot’. Targeting
oncogenic signaling pathways such as KRAS, BRAF and MEK
potentially provides an opportunity to alter the TME and sensitize
PDA to immune checkpoint blockade (33, 51).
CD4+ T CELLS AND THEIR CROSSTALK
WITH STROMAL CELLS NEGATIVELY
REGULATE THE TUMOR IMMUNITY
IN PDA

CD4+ T cells infiltrate into the pancreas starting at early stages
(PanINs) of carcinogenesis (28). Genetic depletion of CD4+ T
Frontiers in Oncology | www.frontiersin.org 390
cells increased tumor infiltrating CD8+ T cells and up-regulated
their capacity to produce IFN-g and granzyme B, therefore
inhibiting tumorigenesis in a GEMM of PDA in a CD8+ T
cell-dependent manner (7). This highlights that the formation of
immunosuppressive microenvironment occurs even at the onset
of pancreatic tumorigenesis, and shows that CD8+ T cells
mediated anti-tumor immunity during PDA initiation is
negatively regulated by CD4+ T cells.

CD4+ T cells include several subtypes, such as T helper 1
(Th1) cells, T helper 2 (Th2) cells, IL-17-producing T helper
(Th17) cells, and Tregs (10). Th1 cells secrete pro-inflammatory
cytokines such as Interferon gamma (IFN-g), IL-2, TNF-a, IL-8,
and IL-1b and can have anti-tumor effects (52). In contrast, Th2
cells secrete anti-inflammatory cytokines, such as IL-4, IL-5, and
IL-10, and are tumor-promoting (53, 54). In human PDA, Th2
(GATA-3+) cells are predominant over Th1 (T-bet+) cells and
the ratio of Th2/Th1 is an independent predictive marker of
reduced patient survival (54). CD25+ Th17 cells express high
levels of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
and mediate CD8+ T cell suppression in an immune checkpoint
dependent manner (55). IL-17 secreted by Th17 cells accelerates
PanIN initiation and progression by acting directly on epithelial
cells that express the IL17 receptor (56). IL17 also recruits
neutrophils, triggers neutrophil extracellular traps and excludes
cytotoxic CD8+ T cells from tumors (57). Thus, pharmacological
and genetical inhibition of IL17/IL17RA signaling in the KPC
model increased immune checkpoint blockade sensitivity (57).
FIGURE 1 | Tumor epithelial cells modulate immunosuppressive tumor microenvironment through oncogenic pathways and immune checkpoint pathways in PDA.
CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; ERK, extracellular signal-regulated kinase; G-CSF, granulocyte-colony stimulating factor;
GDF-15, growth/differentiation factor-15; GM-CSF, granulocyte-macrophage colony-stimulating factor; ICAM-1, intercellular adhesion molecule 1; MDSCs, myeloid-
derived suppressor cells; MEK, mitogen−activated protein kinase kinase; NF-kB, nuclear factor kappa B; PD-1, anti-programmed cell death 1; PD-L1, programmed
cell death ligand 1; PVR, poliovirus receptor; TAMs, tumor associated macrophages; TGF-b, transforming growth factor b; TIGIT, T cell immunoreceptor with Ig and
ITIM domains; Tregs, regulatory T cells; USP22, ubiquitin specific peptidase 22.
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TABLE 1 | Currently active clinical trials targeting the microenvironment of PDA.

Target Agent Combination Identifier Phase Subjects

CCR2/5 BMS-813160 Chemotherapy or Nivolumab NCT03184870 1/2 Pancreatic cancer
GVAX, Nivolumab and SBRT NCT03767582 1/2 Locally Advanced PDA

CD40 CDX-1140 Pembrolizumab, or chemotherapy NCT03329950 1 Pancreatic adenocarcinoma
Selicrelumab Atezolizumab + Chemotherapy NCT03193190 1/2 Metastatic pancreatic ductal

adenocarcinoma
CSF1R IMC-CS4 GVAX/CY and Pembrolizumab NCT03153410 1 Pancreatic cancer
CTLA-4 Ipilimumab Nab-Paclitaxel/Gemcitabine, Nivolumab and

SBRT
NCT04247165 1/2 Locally advanced pancreatic cancer

Ipilimumab + Nivolumab Radiotherapy NCT02866383 2 Pancreatic cancer/Metastastic
pancreatic cancerNCT03104439 2

NCT04361162 2
Tremelimumab + Durvalumab Minimally invasive surgical microwave ablation NCT04156087 2 Non-resectable pancreatic cancer

CTLA-4 +
LAG3

XmAb22841 Monotherapy/Pembrolizumab NCT03849469 1 Pancreatic cancer

CXCR1/2 SX-682 Nivolumab NCT04477343 (phase)
1

Pancreatic cancer

DC DC Vaccine NCT03592888 Pancreatic adenocarcinoma
NCT04157127 (phase)

1
NCT04627246

GM-CSF GVAX/CY NCT01088789 2 Pancreatic cancer
Nivolumab NCT02451982 1/2 Pancreatic cancer
IDO1 inhibitor (Epacadostat), Pembrolizumab, and
CRS-207

NCT03006302 2 Metastatic pancreatic adenocarcinoma

Nivolumab and SBRT NCT03161379 2 Pancreatic cancer
CRS-207, Nivolumab, and Ipilimumab NCT03190265 2 Pancreatic cancer

OH2 (oncolytic virus expressing
GM-CSF)

NCT04637698 1/2 Locally advanced/metastatic pancreatic
cancer

IL-1b Canakinumab Spartalizumab, Nab-paclitaxel, and Gemcitabine NCT04581343 1 Metastatic pancreatic ductal
adenocarcinoma

IL-12 Oncolytic adenovirus expression
IL-12

Standard chemotherapy NCT03281382 1 Metastastic pancreatic cancer

IL-6 Siltuximab Spartalizumab NCT04191421 1/2 Metastatic pancreatic adenocarcinoma
Tocilizumab Nab-Paclitaxel and Gemcitabine NCT02767557 2 Unresectable panreatic carcinoma

Ipilimumab, Nivolumab and SBRT NCT04258150 2 Pancreatic cancer
PD-1 Cemiplimab Plerixafor NCT04177810 2 Metastastic pancreatic cancer

Motixafortide (CXCR4 inhibitor), Nab-paclitaxel,
and Gemcitabine

NCT04543071 2 Pancreatic cancer

Nivolumab Losartan, Folfirinox and SBRT NCT03563248 2 Pancreatic cancer
Tadalafil and vancomycin NCT03785210 2 Metastatic liver cancer from pancreatic

cancer
FT500 (iPSC-derived NK cell product) NCT03841110 1 Pancreatic cancer
Chemotherapy NCT03970252 1/2 Resectable pancreatic cancer
Stereotactic radiotherapy NCT04098432 1/2 Locally advanced non-resectable

pancreatic cancer
Irreversible electroporation NCT04212026 2 Metastastic pancreatic cancer
SX-682 (CXCR1/2 inhibitor) NCT04477343 1 Pancreatic ductal adenocarcinoma

Pembrolizumab Neoadjuvant chemoradiation NCT02305186 1/2 Resectable pancreatic cancer
CPI-006 (CD73 antibody) NCT03454451 1 Pancreatic cancer
SBRT NCT03716596 1 Pancreatic cancer
Defactinib NCT03727880 2 Resectable pancreatic ductal

adenocarcinoma
Lenvatinib (VEGFR inhibitor) NCT03797326 2 Pancreatic cancer
GB1275 (CD11b modulator) NCT04060342 1/2 Pancreatic adenocarcinoma
NT-I7 (Efineptakin Alfa) NCT04332653 1/2 Pancreatic cancer
EGFR/TGFb Fusion Protein BCA101 NCT04429542 1 Pancreatic cancer

PD-L1 Durvalumab Stereotactic ablative body radiotherapy (SABR) NCT03245541 1/2 Pancreatic adenocarcinoma
Oleclumab (CD73 antibody) and chemotherapy NCT03611556 1/2 Metastatic pancreatic adenocarcinoma

TGFbR1 PF-06952229 NCT03685591 1 Pancreatic neoplasms
Frontiers in On
cology | www.frontiersin.org
 491
Clinical trial identifier from https://clinicaltrials.gov. CCR, C-C motif chemokine receptor; CSF1R, colony-stimulating factor 1 receptor; CTLA-4, cytotoxic T-lymphocyte-associated protein
4; CXCR, C-X-C motif chemokine receptor; DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; GVAX, GM-CSF gene transduced irradiated prostate cancer
vaccine cells; IDO1, indoleamine 2,3-dioxygenase 1; LAG3, lymphocyte activating 3; PD-1, anti-programmed cell death 1; PDA, pancreatic ductal adenocarcinoma; PD-L1, programmed
cell death ligand 1; SBRT, stereotactic body radiation; TGFbR, transforming growth factor b receptor.
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Tregs, defined as CD4+FOXP3+CD25+ T cells, are the most
abundant CD4+ T cell subpopulation in PDA TME (28). High
number of Tregs positively correlates with the progression and
poor prognosis of PDA patients (31, 58). Tregs can be recruited
by C-C chemokine ligand 5 (CCL5) (59). Disrupting CCL5/C-C
chemokine receptor 5 (CCR5) signaling inhibited Treg migration
to tumor (60). Tregs promoted the development of PDA through
the suppression of IFN-g-producing-CD8+ T cells in an
orthotopic implantation model with primary KrasG12D-
expressing pancreatic ductal epithelial cells (61). In this model,
Frontiers in Oncology | www.frontiersin.org 592
intratumoral Tregs directly interacted with tumor associated
CD11c+ dendritic cells (DCs) and reduced their expression of
costimulatory molecules necessary for CD8+ T cell activation
such as CD40, CD80 and CD86 (61). Ablation of Tregs led to the
restoration of immunogenic tumor-associated CD11c+ DCs and
increased CD8+ T cell-dependent antitumor immunity, which
resulted in an inhibition of tumor growth (61). Interactions
between T cells and myeloid cell subsets are summarized in
Figure 2, and we will further discuss their crosstalk within
pancreatic cancer TME in Section 4.
TABLE 2 | Past clinical trials targeting the microenvironment of PDA.

Target Agent Combination Identifier Status Results

BTK ACP-196 Pembrolizumab NCT02362048 Completed Well tolerated, limited clinical activity
Ibrutinib Durvalumab NCT02403271 Completed Well tolerated

Gemcitabine and Nab-Paclitaxel NCT02562898 Active, not recruiting Ineffective
CD40 CP-870,893 chemotherapy NCT00711191 Completed Partially effective

RO7009789 Gemcitabine and Nab-Paclitaxel NCT02588443 Completed Acceptable toxicity and clinical activity
APX005M Gemcitabine and Nab-Paclitaxel with or without Nivolumab NCT03214250 Active, not recruiting Manageable toxicity and early efficacy

CSF1R Pexidartinib Durvalumab NCT02777710 Completed Acceptable toxicity
Cabiralizumab Nivolumab NCT02526017 Completed Partially effective

Nivolumab NCT03336216 Active, not recruiting Ineffective
DC DC vaccine NCT03114631 Completed Safe with early clinical efficacy
RIPK1 GSK3145095 NCT03681951 Terminated Serious adverse events
TGFbR1 Galunisertib Durvalumab NCT02734160 Completed Partially effective
Ju
Clinical trial identifier from https://clinicaltrials.gov. BTK, Bruton tyrosine kinase; CSF1R, colony-stimulating factor 1 receptor; DC, dendritic cell; Receptor-interacting serine/threonine
protein kinase 1 (RIPK1); TGFbR, transforming growth factor b receptor.
FIGURE 2 | The dynamic cellular and molecular interactions between T cells and myeloid cell subsets in pancreatic cancer. DC, dendritic cell; IL, interleukin; MDSCs,
myeloid-derived suppressor cells; NO, nitric oxide; TAMs, tumor associated macrophages; TGF-b, transforming growth factor b; Th, T helper; Tregs, regulatory T cells.
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Recently, a new study from our laboratory showed that Treg
depletion failed to relieve immunosuppression and accelerated
tumor progression in the KC and KPC GEMMs (62). Our study
suggests that Tregs are a key source of TGFb which facilitates the
expansion of a-smooth muscle actin (aSMA)+ CAFs. Depletion
of Tregs reprogramed the fibroblast populations inducing loss of
tumor-restraining aSMA+ CAFs. The reprogramed fibroblasts
secreted increased level of chemokines such as CCL3, CCL6, and
CCL8 that act as chemoattractant for suppressive myeloid cells.
Therefore, Treg depletion resulted in increased Arginase1
(Arg1)+ and PD-L1+ TAMs, restoring the immunosuppressive
TME and promoting carcinogenesis. This effect was inhibited by
an inhibitor for the common CCL3/6/8 receptor CCR1. Treg
depletion also led to an increase in Th2 cytokine profile,
indicating that the absence of Tregs fails to restore immune
surveillance, likely because of compensation driven by other sub-
populations of CD4+ T cells and immunosuppressive myeloid
cells. Thus, a better approach might be reprogramming Tregs
rather than depleting them altogether.
TARGETING TUMOR MYELOID CELLS AS
A CRUCIAL THERAPEUTIC STRATEGY TO
RELIEVE IMMUNOSUPPRESSION IN PDA

Myeloid cells, including immature myeloid cells (also commonly
referred to as MDSCs), TAMs and tumor associated neutrophils
(TANs) accumulate during the progression of pancreatic cancer
(10). Myeloid cells directly promote acinar cell dedifferentiation
during the earliest stages of pancreatic cancer (63). Our group
has shown that myeloid cells are required for the establishment
of an immunosuppressive environment in pancreatic cancer
(49). EGFR ligands secreted by tumor infiltrating myeloid cells
stimulated EGFR/MAPK signaling and increased the expression
of PD-L1 on the epithelial cells to activate the PD-1/PD-L1
checkpoint (49). Depletion of myeloid cells by administration of
Diphtheria Toxin (DT) to CD11b-diphtheria toxin receptor
(DTR) mice reversed immune suppression and enabled CD8+

T cell activity, thus preventing PanIN formation in the iKras∗;
CD11b-DTR GEMM and inhibiting tumor growth in CD11b-
DTR mice transplanted with PDA cells (49). Therefore,
controlled regulation of myeloid cells is an essential avenue for
improvement of clinical efficacy against PDA.
Myeloid-Derived Suppressor Cells in
Cooperation With Tregs to Suppress
T Cell Activation in PDA
MDSCs are Gr-1+CD11b+ myeloid cells that suppress T cell
activation. Inducible nitric oxide synthase (64) enzyme in
MDSCs regulates the release of nitric oxide from MDSCs,
which subsequently causes DNA damage in CD8+ T cells (65).
A recent study demonstrated that in vivo depletion of MDSCs led
to a reduction in Tregs in pancreatic tumors (66). Through light
sheet fluorescent microscopy and ex vivo functional assays, the
Frontiers in Oncology | www.frontiersin.org 693
authors showed that MDSCs induced Tregs by cell-cell direct
interaction, which was lost in the Transwell system, and Tregs in
turn affected the survival and/or proliferation of MDSCs (66).
GM-CSF is necessary and sufficient to drive the development of
Gr-1+CD11b+ cells (35, 36). GM-CSF blockade resulted in
reduced MDSC infiltration and higher number of active CD8+

T cells in KPC tumors (36). Further, stroma-derived Dickkopf-1
(DKK1) activates b-catenin in MDSCs and regulates the
recruitment and immunosuppressive effects of MDSCs (67).
The two main categories of MDSCs are monocytic-MDSCs
(Mo-MDSCs), characterized by the surface markers
CD11b+Ly6G-Ly6CHi, and granulocyte-derived MDSCs (Gr-
MDSCs) by CD11b+Ly6G+Ly6CLow. Selective targeting of Gr-
MDSCs was sufficient to induce the activation and proliferation
of systemic and intratumoral CD8+ T cells (8).

CD11b+Ly6G+ cells are also identified as tumor associated
neutrophils (TANs). In PDA, the abundance of TANs is strongly
associated with poor prognosis (68). High level of CXCL5, a
chemokine for the recruitment of neutrophils, as well as its
receptor C-X-C chemokine receptor 2 (CXCR2), which is highly
expressed on TANs, has been associated with poor outcome in
PDA patients (68). CXCR2 inhibition prevented TAN
accumulation in PDA TME, potently suppressed tumor growth
and metastasis and sensitized PDA tumors to anti-PD-1 therapy
(12, 13). The absence of TANs correlated with significant
infiltration of activated T cells in the TME (13).Thus, inhibition
of trafficking or depletion of MDSCs may offer a potential strategy
to enhance the efficacy of immunotherapy for PDA. The role of
CXCR2 ligands/CXCR2 biological axis in pancreatic cancer has
been studied in a clinical trial (NCT00851955, results are
pending). An ongoing clinical trial will evaluate the safety and
tolerability of a CXCR1/CXCR2 inhibitor in combination with
anti-PD1 as a maintenance therapy in patients with metastatic
pancreatic ductal adenocarcinoma and will also assess the
immunophenotypic and stromal changes to the tumor
microenvironment after treatment (NCT04477343).
Reprogramming of Tumor-Associated
Macrophages in PDA as a Strategy to
Restore Anti-Tumor Immune Responses
TAMs originate from inflammatory monocytes and tissue resident
macrophages with different functions (69). Monocyte-derived
TAMs function in antigen presentation whereas embryonically
derived TAMs exhibit a pro-fibrotic transcriptional profile (9).
TAMs can be recruited by cytokines and chemokines such as
colony-stimulating factor-1 (CSF1), CCL2 and CCL5, and
polarized into different states (70–76). Pro-inflammatory
cytokines such as IFN-g, TNF-a, and IL-12 secreted by
classically activated M1-like macrophages recruit Th1 cells and
stimulate anti-tumor activity (77), while alternatively activated
M2-like TAMs produce anti-inflammatory cytokines such as IL-
10 and TGF-b to promote the expansion of Th2/Th17 cells and
Tregs (77–79). M2-like TAMs also produce Arg1 which in turn
depletes L-arginine that is necessary for T cell function (80, 81).
TAMs can exert opposite roles in cancer, either promoting or
July 2021 | Volume 11 | Article 682217
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restraining tumorigenesis based on their polarization (82, 83). In
PDA, TAMs have a highly dynamic and heterogeneous status,
although as a whole they are inclined to be M2-like and have a
profound influence on tumorigenesis and metastasis, as well as on
immunosuppression and chemotherapeutic resistance. Currently,
a growing interest in the field is to disrupt TAM recruitment or to
reprogram TAMs to hinder tumor development, boost antitumor
immunity and improve clinical therapy.

The CSF1 receptor (CSF1R) is expressed on F4/80+

macrophages and on monocytes in mice. Targeting TAMs
through CSF1R inhibitor (CSF1Ri) or a CSF1 neutralizing
antibody inhibited tumor growth, reduced metastatic burden and
prolonged survival in KPC mice (84, 85). CSF1Ri treatment
decreased the number of CD11b+Ly6G-Ly6CLoF4/80HiMHCII+

macrophages and CD11b+Ly6G-Ly6CHi Mo-MDSCs (86). The
expression of immunosuppressive molecules, including Pdcd1lg2,
Il10, Arg1, Tgfb1, and Ccl22, was reduced in macrophages while
proinflammatory genes, such as Il12a, Ifna, Ifnb1, Ifng, Cxcl10, and
Nos2, were upregulated, indicative of reprogramming of TAMs
toward a M1-like phenotype (86). Consistently, CD3+CD8+

cytotoxic T cells and CD3+CD4+FOXP3- effector T (Teff) cells
were significantly up-regulated upon treatment with CSF1Ri,
while CD4+FOXP3+ Tregs were down-regulated, ending up with
a significantly improved Teff/Treg ratio (86). Ex vivo assays also
revealed that CSF1 blockade alleviated immunosuppressive
activities and enhanced antigen-presenting potential in both
TAMs and DCs (86). Moreover, CSF1Ri upregulated PD-1 and
CTLA-4 expression on T cells and sensitized PDA to immune
checkpoint blockade. CSF1Ri-treated tumors also displayed less
prominent aSMA+ stromal expansion, which was partly due to
reduction of granulin, a secreted glycoprotein that stimulates
fibroblast activation and migration. The expression of granulin is
mediated by CSF1/CSF1R signaling in TAMs (87). CSF1R
inhibitors Pexidartinib and Cabiralizumab have been tested in
clinical trials with standard therapies or immune checkpoint
blockade in advanced pancreatic cancer patients (NCT02777710,
NCT03336216, NCT02526017). Although the toxicity of CSF1R
inhibitor combined with immune checkpoint blockade was
generally consistent with monotherapy, and the combination
resulted in dose-related reduction of circulating monocytes1 (88),
unfortunately, in phase II study (NCT03336216) the combination of
Cabiralizumab and nivolumab (anti-PD1) with or without
chemotherapy failed to improve progression-free survival of
patients with advanced pancreatic cancer2. One possible reason of
the unresponsiveness to these immunomodulatory approaches
could still be the lack of active T cells in the ‘cold’ tumors. CSF1R
inhibitor IMC-CS4 is currently being tested in combination with
pancreatic cancer vaccine and immune checkpoint blockade in
pancreatic cancer patients (NCT03153410).
1https://www.businesswire.com/news/home/20171109005417/en/Bristol-Myers-
Squibb-and-Five-Prime-Present-Phase-1a1b-Data-Evaluating-Cabiralizumab-
anti-CSF-1-receptor-antibody-with-Opdivo-nivolumab-in-Patients-with-
Advanced-Solid-Tumors
2https://www.businesswire.com/news/home/20200218005144/en/Five-Prime-
Therapeutics-Provides-Update-on-Phase-2-Trial-of-Cabiralizumab-Combined-
with-Opdivo®-in-Pancreatic-Cancer
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Other approaches developed to reprogram TAMs include
targeting Receptor-interacting serine/threonine protein kinase 1
(RIPK1), a critical receptor kinase on TAMs. Targeting RIPK1
with a small molecule GSK3145095 up-regulated STAT1
signaling in TAMs and reprogrammed intratumoral TAMs
toward an MHCIIhiTNFa+IFNg+ immunogenic phenotype
with a reduction in CD206, IL-10, TGF-b and Arg1 (89).
RIPK1-inhibited TAMs induced cytotoxic T cell activation and
the differentiation of T helper cells toward a mixed Th1/Th17
phenotype. RIPK1 inhibition thus led to active innate and
adaptive immunity in both orthotopic KPC tumors and in
organotypic models of human PDA. RIPK1 inhibition also
synergized with anti-PD-1 treatment (89). However, the
clinical trial of GSK3145095 was terminated because 50% of
patients (4/8) involved in part 1 of this phase I/II study developed
serious adverse events (NCT03681951).

While targeting TAMs emerges as a potential therapeutic
strategy in pancreatic cancer, tumor-associated neutrophils
might compensate for the loss of TAMs in PDA. Treatment
with a CCR2 inhibitor to target CCR2+ TAMs resulted in a
compensatory influx of CXCR2+ TANs in PDA patients (90).
Accordingly, combination targeting of both CCR2+ TAMs and
CXCR2+ TANs further augmented the anti-tumor immunity and
enhanced the efficacy of chemotherapy in PDA. The CCR2/5
inhibitor BMS-813160 is under investigation in combination
with chemotherapy or immune checkpoint blockade in
advanced PDA patients (NCT03184870, NCT03767582).

Dendritic Cell Scarcity and Insufficient
T Cell Priming Contribute to the Cold
Tumor of PDA
Increasing evidence points to the possibility that insufficient T
cell priming due to lack of dendritic cells in PDA is a root cause
of its nature as an immunologically cold tumor. Conventional
dendritic cells (cDCs) have been recognized as one of the
antigen-presenting cells that mediate T cell priming and
cytotoxic T cell activity. A recent study showed that
endogenous antigen-specific responses in PDA were aberrant
due to a scarcity of DCs and an expansion of Th2/Th17
responses (91). Moreover, dysfunction of type 1 conventional
dendritic cells (cDC1s) occurred in the earliest stages of
tumorigenesis in KPC mice due to elevated apoptosis induced
by IL-6 (92). Neutralization of IL-6 or combination treatment of
CD40 agonist and Flt3 ligand rescued cDC1 abundance, leading
to the control of tumor outgrowth (92). Restoring cDCs in KPC
mice also blocked Th2 and Th17 cells and enhanced Th1 and
CD8+ T cell activity, which ultimately resulted in reduced and
lower-grade PanIN lesions accompanied by decreased collagen
deposition and aSMA+

fibroblast density (91). Another study
found that a distinct subset of DCs (CD11b+CD103-)
predominated in PDA and induced tumor-promoting FOXP3-

IL-10+IL-17+IFNg+ regulatory CD4+ T cells through the
secretion of IL-23 and TGF-b (93). This DC mediated-CD4+

T-cell differentiation was modulated by retinoic acid
signaling (93).

Increasing attention has turned toward restoring T cell
priming to overcome checkpoint unresponsiveness. CD40 is a
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cell surface molecule that regulates dendritic cells to promote
T cell activation. CD40 on DCs binds to CD154 on CD4+ T
helper cells and enables DCs to prime cytotoxic T cells (94).
Activation of CD40 reprograms macrophages to destroy tumor
stroma (95). Combination of CD40 activating antibody and anti-
PD-1/CTLA-4 resulted in tumor regression and immunological
memory in KPC mice (96). The T cell activating effect of this
combination therapy was dependent on CD103+ DCs without
the need for innate immune sensing pathways such as TLR,
stimulator of interferon genes (STING) or interferon-a receptor
(IFNAR) pathways, indicating that the CD40 pathway represents
a distinct and alternative bridge between DCs and adaptive
immunity in PDA (96). A previous clinical trial showed CD40
agonist monoclonal antibody (mAb) selicrelumab (formally
named as CP-870,893 or RO7009789) with gemcitabine was
well tolerated and therapeutic efficacy was observed in a cohort
of patients with metastatic PDA (95) (NCT00711191). Another
phase 1b study combining agonistic CD40 APX005M
(sotigalimab) with gemcitabine plus nab-paclitaxel, with and
without nivolumab, in 30 patients with metastatic PDA
showed encouraging clinical activity and manageable toxicity
(97). A recent phase 1b study used selicrelumab with or without
gemcitabine and nab-paclitaxel in 16 resectable PDA patients
prior to surgery followed by adjuvant chemotherapy and
selicrelumab. The results showed CD40 agonist induced T cell
immune response both at the tumor site and systemically in
those early-stage PDA patients3. Currently, there’re more clinical
trials exploring the combination of CD40 agonist with immune
checkpoint blockade and/or chemotherapy in advanced
pancreatic cancer (NCT03193190, NCT03329950).

In addition, there are encouraging results of dendritic cell-
based immunotherapy to activate cytolytic T cell responses in
pancreatic cancer from preclinical and clinical pilot studies (98,
99). In one study (NCT03114631), DCs generated from blood
monocytes and pulsed with tumor lysates or tumor antigens
MUC1 and WT1 were injected subcutaneously to 26 patients
with stage II–IV pancreatic cancer. The preliminary results
indicate DC-based immunotherapy is safe and provides
immediate favorable outcome in pancreatic cancer patients
(100). More clinical trials of DC vaccines in PDA patients are
on-going (NCT04627246, NCT04157127, NCT03592888).
B CELLS CONTRIBUTE TO THE
DISFUNCTION OF T CELL-DEPENDENT
ANTITUMOR IMMUNE RESPONSES IN PDA

B cells are another immune cell population that plays a significant
role in PDA progression, although some controversy regarding
their precise function remains. Depletion of B cells using a CD20-
specific mAb reduced PanIN formation in KC mice (101). An IL-
35 expressing CD1dhiCD5+ B cell subset is required for the pro-
tumorigenic effect of B cells in PDA (102). The growth of
orthotopic KC cells in B cell-deficient (mMT) mice was
3https://www.abstractsonline.com/pp8/#!/9325/presentation/5136

Frontiers in Oncology | www.frontiersin.org 895
significantly inhibited, a phenotype that was rescued by the
reconstitution of CD1dhiCD5+ B cells through IL-35 mediated
promotion of tumor cell proliferation (102). Bruton tyrosine kinase
(BTK), a key B cell and macrophage kinase, contributes to the
regulation of T cell-dependent anti-tumor immune responses in
PDA (103). Phosphatidylinositol 3-kinase-gamma (PI3Kg)
activated BTK on B cells and Fc receptor g-chain (FcRg)+ TAMs,
resulting in M2-type macrophage programming that suppressed
CD8+ T cell cytotoxicity (103). BTK inhibitors Ibrutinib and ACP-
196 were relatively well tolerated in metastatic PDA patients with
the combination of chemotherapy or immune checkpoint blockade
(NCT02403271, NCT02362048, NCT02562898). However, in the
phase III trial patients with metastatic pancreatic cancer treated
with Ibrutinib in combination with gemcitabine and nab-paclitaxel
didn’t show improved progression free survival and overall survival
(NCT02562898) (104). Besides, either monotherapy of ACP-196 or
combined with pembrolizumab showed limited clinical activity in
phase II study despite consistent reduction ofMDSCs in peripheral
blood (105). Only in two patients treated with combination therapy
profound anti-tumor responses were observed, highlighting the
necessity of targeting multiple TME components to improve
efficacy as well as the need to better understand the complex
human pancreatic tumor microenvironment, which may in part
contributed to the failure of BTK inhibitors in this disease despite
its success in hematologic malignancies (106).
EXTENSIVE NETWORK OF
CANCER-ASSOCIATED FIBROBLASTS
TO REGULATE IMMUNE SUPPRESSION
IN PDA

CAFs are the major contributor to the desmoplastic stroma in
PDA (107, 108). Extracellular matrix (ECM) and soluble factors
secreted by CAFs are believed to activate key signaling pathways
in cancer cells leading to cancer progression, cell survival,
metastasis and drug resistance (107, 109, 110). ECM can also
act as a physical barrier that prevents drug delivery (111). Sub-
populations of CAFs have been noticed by several independent
groups (112–115). A subpopulation of CAFs, myofibroblastic
CAFs (myCAFs), are found adjacent to cancer cells. They have
high expression of aSMA and have been hypothesized to restrict
tumor progression. Inflammatory CAFs (iCAFs) are located in
the desmoplastic stromal areas of the tumor. They express low
level of aSMA but high levels of cytokines and chemokines such
as IL-6, IL-11 and leukemia inhibitory factor (LIF) and promote
tumor growth. A third sub-population of CAFs is antigen
presenting CAFs (apCAFs), also described as mesothelial cells
(116, 117). These CAFs express MHC class II related genes and
can present antigens to CD4+ T cells. While these subpopulations
of CAFs are spatially separated and phenotypically distinct, they
still show some dynamic feature since myCAFs and iCAFs are
interconvertible and apCAFs can also convert into myCAFs
under certain conditions (113, 114).

Due to the heterogeneity of CAFs, they play a complex role in
the regulation of PDA progression and TME (Figure 3).
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Depletion of aSMA+ myofibroblasts starting at either the PanIN
or the PDA stage led to invasive, undifferentiated, hypoxic
tumors with diminished survival (118). Myofibroblast
depletion also decreased overall immune infiltration in PDA
but increased CD4+FOXP3+ Tregs, resulting in a reduction in
both the Teff/Treg ratio and the cytotoxic CD8+/Treg ratio (118).
A similar effect was observed when the Collagen 1 gene Col1a1
was inactivated in a mouse model of pancreatic cancer (118).
Due to the increased CTLA-4 expression following myofibroblast
depletion, anti-CTLA4 immunotherapy reversed the disease
acceleration caused by myofibroblast depletion and prolonged
animal survival in p48-Cre; LSL-KrasG12D; Tgfbr2flox/flox (PKT)
GEMM (118). On the other hand, the depletion of fibroblast
activation protein (FAP)+ CAFs reduced the tumor growth and
improved the efficacy of anti-CTLA-4 and anti-PD-L1 in KPC
GEMM (6). FAP+ CAFs is the main source of CXCL12 in PDA,
which coats and protects the cancer cells. Inhibiting CXCR4, a
CXCL12 receptor, induced T cell accumulation among cancer
cells and synergized with anti-PD-L1 to cause cancer regression
(6). Pancreatic stellate cells (PSCs), characterized by lipid
droplets in the cytoplasm, were found as a subset of pancreatic
CAFs that correlates with increased suppressive immune cell
populations and decreased T cells, natural killer (NK) cells, NK T
cells and M1-type TAMs in the PDA tumor tissues (119, 120).
The infiltration of CD8+ T cells was regulated through NFkB-
mediated expression of CXCL12 in PSCs (121). PSCs also
Frontiers in Oncology | www.frontiersin.org 996
enhanced the differentiation and function of MDSCs through
the production of MDSC-promoting cytokines IL-6, vascular
endothelial growth factor (VEGF), CSF1 and chemokines
CXCL12 and CCL2 (122). IL-6 secreted from PSCs led to the
phosphorylation of STAT3 in peripheral blood mononuclear cells
(PBMCs), which promoted the differentiation of PBMCs intoMDSCs
(122). Finally, when we inhibited Hedgehog (Hh) signaling, thus
shifting the CAF population to a predominant iCAF phenotype, we
also observed a decrease in cytotoxic T cells and an expansion of
Tregs, indicating increased immunosuppression (123).

As mentioned above, CAFs secrete a variety of soluble factors
that in turn shape the PDA TME, including IL-6, which plays
multiple roles in the modulation of the immune response in PDA.
Il6 not only is responsible for DC disfunction and MDSCs
differentiation, as described earlier, but also regulates NK cell
activity and Treg infiltration in PDA (124, 125). Combination
blockade of IL-6 and PD-L1 led to increased Th1 T cell infiltration
and decreased tumor growth (126). In iKras*; IL-6-/- model, we
observed deficiency of IL-6 resulted in reduction of tumor
infiltrating macrophages and MDSCs (127). Clinical trials
targeting IL-6 in PDA patients include IL-6 antibodies
Tocilizumab and Siltuximab (NCT02767557, NCT04258150,
NCT04191421). Other proteins secreted by CAFs as messenger to
crosstalk with immune cells in PDA include but are not limited to
CXCL1 (128), CXCL10 (129), IL-33 (130), ETS2 (131), galectin-1
(132), thymic stromal lymphopoietin (TSLP) (54) and big-h3 (133).
FIGURE 3 | Crosstalk between tumor associated fibroblasts and other TME components within pancreatic cancer. CAF, cancer associated fibroblasts; CCL, C-C
motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; DC, dendritic cell; HH, hedgehog; IL, interleukin; MDSCs, myeloid-derived suppressor cells; TAMs,
tumor associated macrophages; TGF-b, transforming growth factor b; Tregs, regulatory T cells; VEGF, vascular endothelial growth factor.
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The phenotype and function of CAFs in PDA TME is under
control of epithelial cells as well as immune cells. For example,
inactivation of oncogenic KRAS in the epithelial cells at the PanIN
stage reduced a-SMA expression and inhibited CAF proliferation
(14). Hedgehog ligands from tumor cells activated the Hh signaling
in CAFs and promoted their expansion (134–136). Further study
identified the Hh signaling effector glioma-associated oncogene
homolog 1 (GLI1) as a critical transcriptional effector in this
process (137). Deletion of a single allele of Gli1 in iKras∗ GEMM
was enough to disrupt the recruitment of immune cells by activated
fibroblasts (137). Recently, our laboratory demonstrated that
hedgehog signaling inhibition with smoothened antagonist
LDE225 altered fibroblast composition with reduced myCAF and
increased iCAF numbers in the KPC model (123). Immune cells,
such as myeloid cells and Tregs, also participate in the regulation of
CAFs. Stromal inactivation and remodeling of ECM were observed
in both myeloid cell-depleted PanINs (49) and in CSF1Ri-treated
PDA tumors (87). IL-1 and TGF-b have also been identified as
ligands to promote CAF heterogeneity (125, 138). Recently, our lab
showed that the loss of TGFb1 upon Treg depletion reprogramed
the fibroblast population with loss of aSMA+ myCAFs (62).
Notably, TGFb receptor inhibitor Galunisertib has been
investigated in clinical trial in combination with durvalumab
(anti-PD-L1) for metastatic PDA patients (NCT02734160). Newly
published results of this trial showed phase II dose of galunisertib co-
administered with durvalumab was tolerable and the disease control
rate was 25% (8 patients had partial response or stable disease
among 32 patients enrolled). The limited clinical benefit might be
due in part to the aggressive nature of the advanced stage of disease
(139). TGFb receptor inhibitor PF-06952229 is currently under
investigation in advanced solid tumors including pancreatic cancer
patients (NCT03685591).
CONCLUDING REMARKS

The stroma-rich, immunosuppressive microenvironment is a
hallmark of pancreatic cancer. Tumor evasion of immune
surveillance happens at the very early stages of tumorigenesis.
Abundant immunosuppressive cells such as macrophages, Tregs
and activated fibroblasts are evident even at the onset of acinar-
ductal metaplasia (ADM), a key event for PDA initiation (140,
141). In contrast, antitumor effector cells such as CD8+ T cells are
either scarce or excluded from the tumor nests. When
intratumorally CD8+ T cells are present they are usually
exhausted and express checkpoints such as TIGIT (11),
lymphocyte-activation gene 3 (LAG-3) and PD-1 (32, 142).
Recent research identified intratumoral exhausted T cells
(PD-1+Lag3+Tox+) as induced by myeloid cell derived IL-27 in
an orthotopic model of PDA (143). Those intratumoral T cells not
only produced less IFNg and Granzyme B but also expressed more
IL-10, thus contributing to immune suppression in an autocrine
manner. T cell exhaustion in cancer can be self-regulated through
cell intrinsic mechanisms, however, the interaction between other
cells or cytokines in the TME play an essential role in inducing
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T cell dysfunction. The TME in pancreatic cancer is composed of
various types of cells that secrete abundant cytokines, including
tumor cells, immunosuppressive cells, CAFs, inhibitory cytokines
such as IL-6, IL-10 and TGF-b. The TME collectively form a
complex and integrated immunosuppressive network to limit T
cell differentiation, priming and drive T cell exhaustion. Therefore,
when tumors have more CD8+ T cells they often also have
increased granulocytes, immunosuppressive macrophages, and
Tregs, and thus remain immune suppressive (32).

NK cells also play an important role in immune defense and
immune regulation in cancer. In addition to their cytolytic
activity, NK cells produce cytokines to modulate adaptive
immune responses (144). In PDA, NK cells are reported being
dysfunctional. NK cells from PDA patients exhibited a significant
decrease in cytotoxic degranulation compared with those from
healthy controls, a phenomenon that was associated with
increased TGF-b1 expression in tumors (145). Future studies
are needed to fully understand the mechanisms adopted by the
TME to restrain NK cell activity in PDA, which might potentially
provide new opportunities to devise new combination treatments
for enhanced cancer immunotherapy response.

Significant progress has been made in the application of active
immunotherapies including cytokines, immunomodulatory
mAbs, and cancer vaccines or passive immunotherapies such as
cell‐based therapies in cancer (146, 147). Mono-immunotherapies
such as single immune checkpoint inhibitor anti-CTLA4
(ipilimumab), anti-PD1 (nivolumab, pembrolizumab) or anti-
PD-L1 (duravalumab) have very limited benefits for PDA
patients. It is now widely accepted that due to the complicated
cellular crosstalk in PDA, targeting one immune-modulating
pathway or a single population of stromal cells has very limited
efficacy on reactivating immune system and restraining tumor
progression. Therefore, simultaneously targeting multiple
immunosuppressive components may acquire therapeutic
benefits or improve the efficacy of immunomodulating
anticancer therapeutics in PDA patients. In fact, a large number
of clinical trials have explored the possibility of combination
strategy such as the combination of multiple immunotherapy-
based treatments, or combining immunotherapy with
chemotherapy, radiation, and other cancer targeted therapies. So
far, encouraging results from preclinical and clinical studies have
demonstrated that combining an immunostimulatory approach,
such as T cell priming via CD40 activation, with immune
checkpoint blockade to prevent negative feedback signals on
activated T cells represents the most promising treatment
strategy to achieve clinical therapeutic benefit in this
immunologically “cold” disease. We summarized a number of
promising TME-targeting approaches for pancreatic cancer that
are currently under clinical investigation in Figure 4 and Table 1.

The advent of next-generation sequencing technology and large-
scale tumor molecular profiling has shed light on the heterogeneous
immune infiltration and tumor microenvironment in human PDA
both across and within tumors and the heterogeneity in the
expression levels of checkpoints on tumor infiltrating T cells (11,
148–150). Based on these considerations, it is important to
understand the variety and individual differences in immune
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response for future translational studies and clinical trials, including
personalized immunotherapy approaches.

With a better dissection of cell heterogeneity and their crosstalk
involving cancer and stromal cells within the TME, strategies
aimed at targeting multiple mechanisms with synergistic effects
may sensitize PDA tumors to chemotherapy or immunotherapy
through re-programing the tumor microenvironment of PDA.
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Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the most invasive solid
malignancies. Immunotherapy and targeted therapy confirmed an existing certain curative
effect in treating PDAC. The aim of this study was to develop an immune-related molecular
marker to enhance the ability to predict Stages III and IV PDAC patients.

Method: In this study, weighted gene co-expression network (WGCNA) analysis and a
deconvolution algorithm (CIBERSORT) that evaluated the cellular constituent of immune
cells were used to evaluate PDAC expression data from the GEO (Gene Expression
Omnibus) datasets, and identify modules related to CD4+ T cells. LASSO Cox regression
analysis and Kaplan–Meier curve were applied to select and build prognostic multi-gene
signature in TCGA Stages III and IV PDAC patients (N = 126). This was followed by
independent Stages III and IV validation of the gene signature in the International Cancer
Genome Consortium (ICGC, N = 62) and the Fudan University Shanghai Cancer Center
(FUSCC, N = 42) cohort. Inherited germline mutations and tumor immunity exploration
were applied to elucidate the molecular mechanisms in PDAC. Univariate and Multivariate
Cox regression analyses were applied to verify the independent prognostic factors. Finally,
a prognostic nomogram was created according to the TCGA-PDAC dataset.

Results: A four-gene signature comprising NAPSB, ZNF831, CXCL9 and PYHIN1 was
established to predict overall survival of PDAC. This signature also robustly predicted
survival in two independent validation cohorts. The four-gene signature could divide
patients into high and low-risk groups with disparity overall survival verified by a Log-rank
test. Expression of four genes positively correlated with immunosuppression activity (PD-
L1 and PD1). Immune-related genes nomogram and corresponding calibration curves
showed significant performance for predicting 3-year survival in TCGA-PDAC dataset.

Conclusion: We constructed a novel four-gene signature to predict the prognosis of
Stages III and IV PDAC patients by applying WGCNA and CIBERSORT algorithm scoring
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to transcriptome data different from traditional methods of filtrating for differential genes in
cancer and healthy tissues. The findings may provide reference to predict survival and was
beneficial to individualized management for advanced PDAC patients.
Keywords: pancreatic ductal adenocarcinoma, immunocytes infiltration, CIBERSORT, WGCNA, bioinformatics
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
devastating human invasive solid malignancies in the world.
Because of its early metastasis and chemotherapy-resistant, the
5-year survival rate of PDAC is less than 5% (1). However,
PDAC patients of the same TNM stage may differ in survival,
perhaps by reason of the complex immune microenvironment
and the of PDAC. Thus, a better understanding of the
pathogenesis of cancer and better signatures to help predict
prognosis are imperative for improving individualized
treatment for PDAC patients.

In recent decades, advances in high-throughput techniques
have provided scientists with new insight into PDAC. Yan et al.
revealed a four-gene signature (with LYRM1, KNTC1, IGF2BP2,
and CDC6) that predicts OS (overall survival) from a PDAC
dataset in TCGA using Cox proportional hazards regression
analysis (2). Raman et al. developed a five-gene prognostic model
that significantly related to the progression of pancreatic cancer
through the same method (3). However, on account of the
barrier of overfitting in high-dimensional microarray data, this
method is not appropriate at some time. Least Absolute
Shrinkage and Selection Operator (LASSO) regression could
make up for the defects and has been widely used for optimize
selection of genes (4). Additionally, PDAC is highly
heterogeneous and the pathological characteristics of PDAC
with different stages are quite different. Compared to Stage I
patients, conventional chemotherapy and cancer immunotherapies
have become the standard for first-line treatment of advanced
PDAC patients. However, there was no particularity molecular
markers for immunotherapy of Stages III and IV PDAC patients.
Therefore, a more accurate prognosis immune-related molecular
markers for PDAC patients is important to direct better
management strategies.

In this study, we explore the effect of the tumor immune
microenvironment and performed a systematic and
comprehensive gene signature of PDAC. Weighted gene co-
expression network analysis (WGCNA) was performed using
PDAC Gene Expression Omnibus (GEO) gene expression data
(5). The T-cell compositions of samples were estimated by the
Cell type Identification by Estimating Relative Subsets ff RNA
Transcripts (CIBERSORT) algorithm (6). A four-gene signature
was constructed to predict the prognosis of Stages III and IV
PDAC patients using the LASSO Cox regression model and was
validated in two independent validation cohorts including the
Fudan University Shanghai Cancer Center (FUSCC) and the
International Cancer Genome Consortium (ICGC). A prognostic
nomogram incorporating the gene signature and clinical
2105
prognostic factors was established to predict 3-year survival in
advanced PDAC patients.
MATERIAL AND METHODS

Collection of Genomic Data
We downloaded the PDAC RNA expression data from the Gene
Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/),
which contain data related to 36 tumor samples. The dataset of
GSE16515 was obtained applying the platform Affymetrix
Human Genome U133 Plus 2.0 Array (HG U133 Plus 2.0). R
package “limma” was used to normalize the RNA sequencing
data (7). A little variation of sequence data often represents noise,
so we employed Coefficient of Variation values to screen the
most variant genes, which were then applied to construct
the network.

Evaluation of Tumor-Infiltrating
Immune Cells
In this study, the R package “CIBERSORT” was utilized to
estimate the fraction of immune cells of GSE16515 samples.
Specifically, the CIBERSORT algorithm was applied to assess the
fractions of the 22 types of tumor‐infiltrating immune cells
(TIICs). The CIBERSORT is thought to be better than
previous deconvolution methods for analysis of unrevealed
mixture content and noise. This algorithm could be drawn to
estimate the relative composition of cell subpopulations from
complex tissue expression profiles, making it a practical tool to
estimate the abundances of special cells in intricate tissue.

Co-Expression Network Construction
Expression values of 2,537 genes were put into construct a weight
co-expression network utilizing the R package “WGCNA” (5).
First, according to the Pearson’s correlation value among
paired genes, the expression levels of microarray data were
converted into similarity matrixes. Next, the similarity matrixes
were reconstructed to adjacency matrix, on the basis of
amn = |cmn| b (cmn = Pearson’s correlation between paired
genes; amn = adjacency between paired genes). To classify genes
with comparable expression patterns into different modules, we
applied a dynamic hybrid cutting method, applying a bottom-up
algorithm with a module least value cutoff of 30.

Construct Module Trait Relationships
Module eigengenes were used to carry out component analysis of
each module. We judge the correlation between module
eigengenes and the infiltration level of T cells to conclude the
July 2021 | Volume 11 | Article 674897
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significance of modules by Pearson test. We picked the interest T
cell subtype and module with the highest correlation coefficient
and deemed that as a hub module when P <0.05.

Bioinformatic Analysis
The web tool “Metascape” (http://metascape.org) for enrichment
analysis was applied to recognize the function of genes in the hub
module (8). The top 20 enriched terms were displayed as a bar
graph. Aiming to investigate the relationship between terms, a
network graph was presented by similarity greater than
0.3 terms.

Identification of Hub Genes
Candidate hub genes were selected determined by the modular
connectivity and relationship of gene in the hub module. Module
connectivity and is clinical trait relationship identified as the
absolute value of the Pearson ’s correlation (Module
Membership) and gene and the trait (Gene Significance). We
set the Module Membership >0.6 and the Gene-Significance >0.3
for candidate hub genes. Moreover, we selected genes in the hub
module and applied the Search Tool for the Retrieval of
Interacting Genes (STRING; https://string-db.org/) online
database to construct PPI network and looked for central
nodes (9). Genes with a combined score of >0.4 and node
connectivity of > 15 were recognized as central nodes.
Cytoscape, a free bioinformatics platform, was used to visualize
the network (https://cytoscape.org/) (10).

Establishment of the LASSO Regression
Model and Calculation of Risk Score
The candidate genes selected by Venn analysis to compare
candidate hub genes and central nodes in the PPI network
were selected to construct LASSO Cox regression analysis
models with the R package “glmnet”. The “glmnet” package
returned a sequence of models (11). For each model, the tuning
parameter l was conversely related with the complexity of the
model and the value of deviance. Kaplan–Meier analysis were
employed to calculate predictive differences between the high-
and low-risk groups based on a cutoff median risk score in the
discovery and other two validation datasets. Additionally, a
nomogram and corresponding calibration curves were built
according to the TCGA cohort for clinical application.

RNA Extraction, Reverse Transcription,
and qRT-PCR Analysis
Total RNA was acquired from 42 patient were diagnosed as
Stages III and IV PDAC samples at the FUSCC by using TRIzol
Reagent (Invitrogen, USA). TaKaRa PrimeScript RT Reagent Kit
(TaKaRa, Japan) was adopted to reverse transcription. ABI
7900HT Real-Time PCR System (Applied Biosystems, USA)
was performed to detect the expression of candidate genes. The
primers verified in this study are shown in Supplementary
Table S1.

Statistical Analysis
Statistical analysis was performed in R (version 3.6.2, www.r-
project.org). Spearman correlation analysis was used to
Frontiers in Oncology | www.frontiersin.org 3106
determine the association of gene signature expression with
PD1 and PDL1 expression. Calibration plots were produced to
assess whether actual outcomes matched predicted outcomes for
the nomogram.
RESULTS

RNA Expression Data
The results of this study are summarized in a flow chart
(Figure 1). We obtained RNA expression data of 36 PDAC
samples in the Gene Expression Omnibus (GEO) database. The
median ranking value was used as the expression value if several
probes matched a single gene. Approximately 2,568 genes with
Coefficient of variation values greater than 0.15 were chosen for
the following analysis (Figure 2A).

The CIBERSORT Algorithm Evaluation of
Tumor-Infiltrating Immune Cells
CIBERSORT is a systematic algorithm that analyzes RNA
expression data to estimate the abundance of various cell
subtypes for each sample. The fractions of 22 TIICs were
evaluated by the R package “CIBERSORT”. CD8+ T cell, naive
CD4+ T, memory resting CD4 + T cells, activated memory
CD4+ T cells were accounted for a large proportion of PDAC
samples of immune cell infiltration. Then, four subtypes of T
cells of 22 TIICs in tumor sample were chosen as trait data of
WGCNA (Figure 2B).

Gene Co-Expression Network of PDAC
The expression values of the 2,568 genes were applied to build a
co-expression network by the R package “WGCNA” We
estimated average linkage and Pearson’s relation values to
cluster the samples of GSE16515. Soft threshold power analysis
revealed the scale-free fit index of the network topology in the
WGCNA pipeline. The optimal soft threshold was 7, where the
fitting curve approached 0.9 (Figure 2C). Dynamic hybrid
cutting was adopted to construct hierarchical clustering tree.
Each leaf on the tree shows an independent single gene and genes
with similar expression data are close together and form a branch
of the tree which represent the gene module (Figure 2D).

Identification of Hub Modules and
Functional Enrichment Analysis
Heatmap of module–trait relationships showing the correlations
between module eigengenes and TIICs profile traits. Among the
modules, the pink module was highly associated with T cells CD8
(CD8+ T cells) (R2 = 0.34, P = 0.04), T cells CD4 naïve (R2 = 0.36,
P = 0.03) and T cells CD4 memory activated (R2 = 0.47, P =
0.004). We were focused specifically on the CD4+ T cells, so the
pink module was identified as a hub module due to the high
correlation with CD4+ T cells (Figure 3A). Genes consisting of
pink module were taken into the next analyzation for pathway
and process enrichment by the web tool “Matascape”. The 20
highest representative enrichment terms were all immune-
related terms, and the four most highly enriched terms were
July 2021 | Volume 11 | Article 674897
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lymphocyte activation, adaptive immune response, antigen
receptor-mediated signaling pathway and alpha-beta T cell
activation. We then chose a subset of representative terms
from this cluster and transformed them into a network
layout (Figure 3B).

Identification Hub Genes and Establish
Prognostic Signature
The highly connected genes consist of pink module were
investigated as key factors associated with CD4+ T cell
infiltration level. From the protein–protein interactions (PPI)
Frontiers in Oncology | www.frontiersin.org 4107
network, the top 100 genes in pink module were selected as
central nodes according to Degree rich integrals built using the
String database and we visualized these results as network layout
using Cytoscape (Figure 4A). Furthermore, according to the cut-
off standard (Module Membership >0.6 and Gene-Significance
>0.3), 77 genes in pink module met these criteria and were
selected as candidate hub genes (Figure 4B). Finally, 62 genes
were selected in both analyses by Venn analysis and designated
as hub genes (Figure 4C). The LASSO coefficient profiles of the
62 genes are presented in Figure 5. The LASSO risk score was
obtained as follows:
FIGURE 1 | Flowchart presenting the process of establishing the gene signature in this study.
July 2021 | Volume 11 | Article 674897
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Risk score = (0:32605651� expression level of CXCL9) − (0:03660404� expression level of NAPSB)

−(0:07097911� expression level of PYHIN1) − (0:24647254� expression level of ZNF831)

The samples with low-risk scores showed better overall
survival (OS) times than those with high-risk group patients in
the TCGA discovery cohort (P = 0.0011; Figure 5E). The finding
was subsequently validated in ICGC (P = 0.045; Figure 5F) and
FUSCC (P = 0.038; Figure 5G) validation datasets.

Validation of the Expression of and
Immunosuppression Alterations in the
Four Genes
To explore the association between these hub genes and CD4+ T
cells, we investigated the expression data for four genes in the
TIMER database. The results revealed positive correlation of the
expression values of the four genes with the infiltration levels of
CD4+ T cells (Figure 6A). To investigate the relation between
the expression of four genes and immunosuppression markers
(PD1 and PDL1), we use the expression data obtained from the
TCGA and ICGC database to validate the correlation test.
Furthermore, we collected 42 patients’ samples from our center
(FUSCC) to test if these expression of four genes was associated
Frontiers in Oncology | www.frontiersin.org 5108
with PD1 and PDL1 expression. Taking an unbiased approach,
we found that four genes showed a positive and significant
correlation with PD1 and PDL1counts in three databases
(Figures 6B–D).

Correlations Between the Three-Gene
Signature and Clinical Characteristics
To validate the reliability of the results of the risk‐score of four
genes (NAPSB, ZNF831, CXCL9, PYHIN1), their actual
expression of 42 PDAC samples were examined with
quantitative reverse‐transcription polymerase chain reaction
(qRT‐PCR). The results showed that NAPSB and CXCL9 were
upregulated in PDAC tumor tissues with statistical significance
(Figures 7A–D). Univariate and multivariate Cox proportional
hazards regression showed risk score could predict poor survival
of PDAC patients, as shown in Supplementary Table S2 and
Figure 7E (P = 0.0013; 0.00561). The patients from the TCGA
dataset were used to establish a prognostic nomogram predicting
a 3-year overall survival probability in PDAC patients according
to the stepwise Cox regression model (Figure 7F). Calibration
plots showed that the nomogram presented good agreement at
A B

C D

FIGURE 2 | Selection of the appropriate beta value to construct a hierarchical cluster number. (A) Selected genes with Coefficient of variation values greater than
0.15. (B) Estimate fraction of immune cells by CIBERSORT algorithm in GSE16515. (C) Analysis of the scale-free fit index and of the average connectivity of 1–20
soft threshold power. (D) Genes are grouped into diverse modules by hierarchical clustering. Different colors represent different modules.
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predicting overall survival and the actual proportion in
pancreatic cancer patients (Figure 7G).
DISCUSSION

PDAC remains a major cause of cancer-related death worldwide,
and the incidence and mortality are estimated to increase
substantially by 2030 (12). Several studies have reported
signatures that could effectively predict overall patient survival,
including a five-miRNA signature (13), and a 3-lncRNA
signature (14). There are less models that focus on Stages III
and IV patients, and the prognosis is rather heterogeneous for
these group. In addition, these commonly-used models only
incorporate clinical and pathological factors, without considering
the role of immune cells from the tumor microenvironment play
in tumor progression and prognosis of PDAC patients. Thus, a
more precise prognosis model for advanced patients is necessary.

With the rapid development of bioinformatics technology,
many tools have been developed to find biomarkers (15).
Frontiers in Oncology | www.frontiersin.org 6109
The CIBERSORT is a deconvolution algorithm to quantify the
cellular composition of immune cells, such as prostate cancer
and kidney cancer (16, 17). The WGCNA is another
bioinformatics tool that can be used to recognize correlation
modules and hub genes for cancer. Immune checkpoint
inhibitors have shown promising initial efficacy in advanced
PDAC. This has increased focus on exploring the potential
immune-related factors for immunotherapy. CD4+ T cells play
a key role in immunotherapy. In the current study, a four-gene
signature correlated to CD4+ T cell infiltration level was
identified by utilizing the LASSO Cox regression model. In this
study, we utilized WGCNA and CIBERSORT algorithms to
perform gene expression matrix to establish the co-expression
network and estimated the infiltration level of T cells by, and
interactions were adopted to identify the genes most related to
CD4+ T cells. The gene enrichment analysis of the selected hub
module also proves that it is a highly immune-related module.
Based on this information, a four-gene signature correlated to
CD4+ T cell infiltration level was identified by utilizing the
LASSO Cox regression model. Querying the relationship
A

B

FIGURE 3 | Key modules and feature notes. (A) Heatmap and Eigengene-dendrogram show the correlations of module eigengenes with T-cell infiltration. (B) The
first 20 enriched terms are shown as a bar chart on the left. The protein–protein interaction networks diagram on the right is constructed with each enrichment term
as a node and which colored by different cluster ID.
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between these four-genes (NAPSB, ZNF831, CXCL9 and
PYHIN1) and immune cells in the TIMER database revealed
positively correlated expression of these genes with CD4+ T cells.
Positive correlation between four-gene expression and
immunosuppression markers (PD1 and PDL1) was proved in
the TCGA, ICGC and FUSCC datasets.

Chemokines are a group of small cytokines that can cause
directed chemotaxis. Secreted by various types of cells including
inflammatory macrophages dendritic cells (particularly the
cDC1 subtype), endothelial cells, fibroblasts, and tumor cells
themselves, chemokines could be categorized based on their
behaviors and structure characteristics (18). The CXC
chemokines are a family of 17 a-chemokines that carried out
multiple pathological or physiological functions. The role of
CXCL9 play in human cancers remains ambiguous and
contradictory. It had been found that CXCL9 is expressed in
most types of human cancers, such as hepatocellular carcinoma,
Frontiers in Oncology | www.frontiersin.org 7110
melanoma, gastric carcinoma, cervical cancer, as well as PDAC
(18). Some previous studies have delineated that CXCL9 could be
presented as both having promoting and suppressing effects on
CD8+ cytotoxic T cells. In prostate tumors it was found out that
there is strong positive correlation between CXCL9 and CD8
expression (19). Chow et al. also proved that CXCL9 facilitated
the dendritic cell-CTLs interaction and activated the CD8+
T cells response in the tumor microenvironment (20).
Additionally, a recent report by Gao et al. shows that CXCL9
activated STAT3 signaling in CD8+ T cells of PDAC cell, and
suppression of STAT3 could recover the proliferation and
secretion of anti-tumor cytokines of CD8+ T cells (21). The
PYHIN1 (Pyrin and HIN Domain Family, Member 1) gene is
predicted to encode six different protein isoforms as a result of
alternative mRNA splicing (a1, a2, b1, b2, g1, and g2). Each of
the isoforms has a common N-terminal region, which contains a
PYD and an NLS. Functionally, roles for PYHIN1 in controlling
A

B C

FIGURE 4 | Identification of hub genes. (A) PPI network of top 100 genes was selected from the pink module. (B) A scatter plot of the genes in the pink module.
(C) Hub genes were selected according to the overlap between PPI and pink module in co-expression networks.
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cell cycle, differentiation, and apoptosis growth have been
reported (22). PYHIN1 expression has been presented to be
reduced in breast tumors. Recent studies have delineated that
PYHIN1a1 controls tumor suppressive activity mediated by the
destabilization of the oncoprotein HDM2 (23). Information
about ZNF831 and NAPSB is scarce in the literature.
Frontiers in Oncology | www.frontiersin.org 8111
CONCLUSION

In conclusion, our study successfully identified potential CD4+
T cell related biomarkers and a prognostic nomogram
incorporating the gene signature and clinical prognostic factors
for prediction of OS in Stages III and IV PDAC patients. Novel
A B

C D

E F G

FIGURE 5 | A four-gene signature system was established to predict the overall survival of Stages III and IV PDAC patients in the TCGA discovery and two
independent validation cohorts. (A, B) LASSO coefficient profiles of the 62 immune-related’ genes. LASSO, least absolute shrinkage and selection operator method.
(C) The expression level of the risk score in mutation status of TP53 in Stages III and IV PDAC patients of TCGA dataset. (D) The expression level of the risk score in
mutation status of KRAS in Stages III and IV PDAC patients of TCGA dataset. (E) The Kaplan–Meier plot of 5-year overall survival in TCGA Stages III and IV PDAC
cohort. (F) The Kaplan–Meier plot of 5-year overall survival in ICGC Stages III and IV PDAC cohort. (G) The Kaplan–Meier plot of 5-year overall survival in FUSCC
Stages III and IV PDAC cohort.
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A

B

C

D

FIGURE 6 | NAPSB, ZNF831, CXCL9 and PYHIN1 associated with CD4+ T lymphocyte infiltration and immunosuppression markers. (A) The Timer web tool was
performed to estimate the association between the expression levels of four genes with the infiltration level of CD4+ T immune cells in PDAC samples. (B) Correlation
between four-gene expression and PD1 and PDL1 in PDAC samples of TCGA dataset. Top of Scatter plots depicts R2 and p-values. (C) Correlation between four-
gene expression and PD1 and PDL1 in PDAC samples of ICGC dataset. (D) Correlation between four-gene expression and PD1 and PDL1in PDAC samples of
FUSCC dataset.
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insights into the relationship between immune and PDAC were
shown in this study. Future investigations on the molecular
mechanisms and prospective randomized clinical trials will
bring a roadmap for precision medicine.
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Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal types of cancer.
Despite major advances in defining the molecular mutations driving PDAC, this disease
remains universally lethal with an overall 5-year survival rate of only about 7–8%. Genetic
alterations in PDAC are exemplified by four critical genes (KRAS, TP53, CDKN2A, and
SMAD4) that are frequently mutated. Among these, KRAS mutation ranges from 88% to
100% in several studies. Hippo signaling is an evolutionarily conserved network that plays a
key role in normal organ development and tissue regeneration. Its core consists of the serine/
threonine kinases mammalian sterile 20-like kinase 1 and 2 (MST1/2) and large tumor
suppressor 1 and 2. Interestingly, pancreas-specific MST1/2 double knockout mice have
been reported to display a decreased pancreas mass. Many of the genes involved in the
Hippo signaling pathway are recognized as tumor suppressors, while the Hippo transducers
Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ)
are identified as oncogenes. By dephosphorylation, YAP and TAZ accumulate in the nucleus
and interact with transcription factors such as TEA domain transcription factor-1, 2, 3, and 4.
Dysregulation of Hippo signaling and activation of YAP/TAZ have been recognized in a variety
of human solid cancers, including PDAC. Recent studies have elucidated that YAP/TAZ play a
crucial role in the induction of acinar-to-ductal metaplasia, an initial step in the progression to
PDAC, in genetically engineered mouse models. YAP and TAZ also play a key role in the
development of PDAC by both KRAS-dependent and KRAS-independent bypass
mechanisms. YAP/TAZ have become extensively studied in PDAC and their biological
importance during the development and progression of PDAC has been uncovered. In this
review, we summarize the biological significance of a dysregulated Hippo signaling pathway
or activated YAP/TAZ in PDAC and propose a role for YAP/TAZ as a therapeutic target.

Keywords: pancreatic cancer, Hippo signaling pathway, Yes-associated protein, TAZ, KRAS mutation, pancreatic
ductal adenocarcinoma
Abbreviations: ADM, Acinar-to-ductal metaplasia; CAFs, cancer-associated fibroblasts; CTGF, connective tissue growth
factor, CYR61, cysteine-rich angiogenic inducer 61; DKO, double knockout; ECM, extracellular matrix; EMT, epithelial-to-
mesenchymal transition; FBXW7, F-box and WD repeat domain containing 7; FOLFIRINOX, 5-fluorouracil, folinic acid,
irinotecan, and oxaliplatin; GEMM, genetically engineered mouse model; GnP, gemcitabine plus nab-paclitaxel; ICMT,
Isoprenylcysteine carboxylmethyltransferase; LATS1/2, large tumor suppressor 1/2; MST1/2, mammalian sterile 20-like kinase
1/2; MMR, mismatch repair; PDAC, pancreatic ductal adenocarcinoma; TAZ, transcriptional co-activator with PDZ-binding
motif; TEAD, TEA domain transcriptional factor; PD-L1, programmed cell death-ligand 1; Pdx-1, pancreatic and duodenal
homeobox 1; YAP, Yes-associated protein.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains one of the
most lethal types of cancer (1). Genetic alterations in PDAC are
exemplified by four critical genes that are frequently mutated
(KRAS, TP53, CDKN2A, and SMAD4). Some of these mutations
occur when the tumors are in a preneoplastic condition (2).
Despite major advances in defining the molecular mutations
driving PDAC, this disease remains universally lethal, with an
overall 5-year survival rate of only about 7–8%. Although recent
developments in systemic chemotherapy such as FOLFIRINOX
(5-fluorouracil, folinic acid, irinotecan, and oxaliplatin) and GnP
(gemcitabine plus nab-paclitaxel) regimens have provided
improved survival outcomes of patients with metastatic PDAC
(3, 4), chemoresistance to current systemic chemotherapies
(FOLFIRINOX and GnP) is a major treatment issue.
Furthermore, of the patients who receive surgical treatments,
60% relapse within 12 months; this is most likely due to micro-
metastases that were not detected during the diagnostic
computed tomography scan (5). Although approximately 25–
30% of patients respond to chemotherapeutic drugs, most
eventually become resistant. Resistance mechanisms include
deficiencies in drug uptake, alteration of drug targets,
activation of DNA repair pathways, and resistance to apoptosis
(6). Heterogeneity caused by admixture of tumor cells and
stromal cells also produces chemoresistance and limits the
targeted therapy of PDAC (7). Unfortunately, our knowledge
of the genetic and biological backgrounds in this deadly disease
has not yet been linked to improved patient survival. Further
developments in therapeutic approaches by continued
elucidation of the genetics and molecular biology of PDACs
may be the next approach to overcoming this poor prognostic
disease and improving survival outcomes.

The Hippo signaling pathway was first discovered from
studies in Drosophila melanogaster (8–10). Hippo signaling is
an evolutionarily conserved network that plays a key role in
normal organ development and tissue regeneration (11).
Multiple inputs control Hippo signaling, ranging from
mechanical cues instructed by the cellular microenvironment
(mechano-transduction) to soluble factors and metabolic
pathways (12, 13). The Hippo pathway also displays extensive
crosstalk with other signaling pathways such as transforming
growth factor-beta (14, 15), Wnt (16, 17), Sonic hedgehog (18,
19), and Notch (20, 21). Its core consists of the serine/threonine
kinases mammalian sterile 20-like kinase 1 and 2 (MST1 and
MST2; Hippo in Drosophila) and large tumor suppressor 1 and 2
(LATS1 and LATS2). MST1/2 cooperate with salvador homolog
1 to phosphorylate and activate LATS1/2 kinases. LATS1/2
kinases then combine with the adaptor MOB kinase activator 1
to phosphorylate the Hippo transducers Yes-associated protein
(YAP) and transcriptional co-activator with PDZ-binding motif
(TAZ) (9, 22) (Figure 1). Many of the genes involved in the
Hippo signaling pathway are recognized as tumor suppressors,
while YAP/TAZ are oncogenes. In addition, YAP and TAZ can
be phosphorylated at numerous sites (23, 24). Active LATS1/2
kinases phosphorylate YAP at 5 serine residues (S61, S109, S127,
S164, and S381) and TAZ at 4 serine residues (S66, S89, S117,
Frontiers in Oncology | www.frontiersin.org 2116
and S311) (23, 24). Among these, S127 (S89 in TAZ; as noted
below, the two proteins share moderate sequence similarity) and
S381 (S311 in TAZ) are key phosphorylation sites in suppressing
YAP/TAZ oncogenic activity (24, 25). Phosphorylation of YAP
and TAZ results in their cytoplasmic translocation, sequestration
by 14-3-3 proteins, and recruitment of the b-TrCP (SCF)
ubiquitin ligase complex (24).

Upon dephosphorylation, YAP and TAZ accumulate in the
nucleus and interact with transcription factors such as TEA
domain transcriptional factor (TEAD)1, TEAD2, TEAD3, and
TEAD4. YAP/TAZ also transcriptionally activate target genes
such as connective tissue growth factor (CTGF) and cysteine-rich
angiogenic inducer 61 (CYR61) (11). Deregulation of Hippo
signaling has been recognized in a variety of human solid
cancers, including PDAC (26–28). YAP/TAZ induce the
epithelial-to-mesenchymal transition (EMT) and also induce a
more undifferentiated state with malignant behavior in cancer
cells (25, 29). YAP/TAZ also contribute to the strongly
immunosuppressive microenvironment characteristic of mouse
and human PDAC (30). Although YAP and TAZ have very
similar structural topologies, share nearly half of their overall
amino acid sequences, and are thought to be largely redundant,
they may differ in their regulation and downstream functions
(31, 32).

YAP/TAZ have become extensively studied in PDAC and
their biological importance during the development and
progression of PDAC has been uncovered. In this review, we
summarize the biological significance of a dysregulated Hippo
signaling pathway and activated YAP/TAZ in PDAC, and
propose a role for YAP/TAZ as a therapeutic target.
BIOLOGICAL ROLE OF HIPPO SIGNALING
PATHWAY DURING NORMAL PANCREAS
DEVELOPMENT

The mammalian pancreas is a dual-function organ that is critical
for the regulation of basic metabolism. In the mouse, development
of the pancreas is divided into two stages, commonly denoted as
the primary and secondary transitions (33). In a report using
pancreatic MST1/2 double knockout (DKO) mice, George et al.
(34) found that YAP is broadly expressed throughout the
pancreatic and duodenal homeobox 1 (Pdx1)-positive
embryonic day (E)12.5 mouse pancreas (primary transition)
(34) (Figure 2). YAP expression then gradually becomes limited
to prospective ductal and acinar regions at E16.5 (secondary
transition). At E16.5, the productal cells show high YAP
expression in the nucleus, whereas acinus-fated cells display
expression mainly within the cytoplasm. Strikingly, prospective
endocrine cells are negative for YAP expression. Pancreas
development at E12.5 is characterized by compartmentalization,
whereas E16.5 is characterized by massive cell proliferation and
differentiation throughout the pancreas epithelium. In the adult
mouse pancreas at 6 weeks (34), YAP expression is markedly
decreased and strong expression is largely confined to ductal and
terminal-duct centroacinar cells, unlike in the embryonic pancreas.
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YAP expression in acinar cells displays a weak cytoplasmic staining
pattern, and is undetectable within islets. YAP expression in the
adult human pancreas mirrors that in the mouse. On the other
hand, phosphorylated-MST1/2 expression (indicative of active
Hippo signaling) is broadly detectable in adult human pancreas,
and islet cells display strong expression of phosphorylated MST1/2
(34). In another report using pancreaticMST1/2DKOmice by Gao
et al. (35), nuclear YAP staining was observed in the “trunk”
regions at E15.5, and was almost undetectable at birth. Thereafter,
YAP expression is weak and confined mainly to the ductal
compartment at postnatal day (P)7 and later stages. MST1/2
mRNA levels are highest at E15.5 and lowest at birth; MST1
mRNA expression reappears at P7 and later stages. Interestingly,
YAP expression is decreased and absent during the late embryonic
and perinatal periods, raising the possibility that YAP must be
silenced for proper pancreas differentiation. Such sequential
changes in YAP expression have a crucial role for proper
pancreas development (34, 35).

Indeed, in pancreatic MST1/2 DKO mice, abundant YAP
expression was observed in the abnormally numerous duct-like
structures from P7 to P14 (35). Furthermore, the duct-like cells
inMST1/2DKOmice originated from acinar cells. In the absence
of MST1/2, acinar cells differentiate normally but fail to maintain
their differentiated state and de-differentiate or trans-
differentiate into a duct-like state (35). On the other hand,
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MST1/2 deletion does not affect perinatal YAP expression,
suggesting that perinatal YAP repression occurs via an MST1/
2-independent mechanism (35).

In addition, pancreatic MST1/2 DKO mice show the
histologic features of acute pancreatitis. While no discernible
difference is observed between control and pancreatic Mst1/2
DKOmice at E12.5 (primary transition), a dramatic reduction in
the overall expression of amylase is found in the pancreatic
MST1/2 DKO mice at E16.5 (secondary transition), suggesting a
defect in exocrine differentiation (34). In these mice, acini fail to
form the classic rosette-like structure (34, 35). Robust immune
cell infiltration and TUNEL-positive cell death are also detectable
with a pancreatitis-like phenotype (35). These findings further
suggest that Hippo signaling becomes active during the
secondary transition where it regulates acinar cell proliferation
and differentiation.

By 6 weeks, the majority of pancreatic cells are not
proliferating in mice (34). In contrast, one-third of amylase-
positive acinar cells and cytokeratin 19-positive ductal cells
display sustained cell proliferation with BrdU incorporation in
the pancreaticMST1/2DKOmice (34). Thus, MST1/2 play a role
as suppressors of proliferation in the mammalian pancreas.

On the other hand, for endocrine cells, YAP is not expressed in
glucagon- or insulin-expressing cells at E12.5 and E16.5,
respectively (34). Even at P30, YAP is not detectable in the b-
FIGURE 1 | Regulation of the Hippo signaling pathway in mammalian cells. See text for details.
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cells (35). YAP remains undetectable within endocrine cells even
in the absence of MST1/2 (34). Additionally, islet cells are largely
Ki-67-negative, in agreement with undetectable YAP expression in
both control and pancreaticMST1/2 DKO mice (34). The ratio of
insulin-positive to glucagon-positive cells is not different between
control and MST1/2 DKO mice (34), and blood glucose level also
shows no significant difference between them (34, 35). On the
other hand, complete loss of YAP in Yapflox/flox:p48-Cre mice also
has no effect on blood glucose level (36). Hippo signaling does not
play a crucial role in the pancreatic endocrine compartment.

As a consequence of the above features, the pancreas in
pancreatic MST1/2 DKO mice is smaller (approximately 2-fold
decrease in pancreas mass), displaying a pale white color and
atrophy (34, 35). While Hippo deficiency in liver results in liver
hypertrophy (37, 38), the Hippo-deficient pancreas is reduced in
size (34, 35). Thus, pancreas mass and tissue architecture are
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greatly disrupted in the absence of MST1/2. YAP plays a crucial
role downstream of MST1/2 during pancreas development, and
dysregulation of Hippo signaling may contribute to human
pancreatic disease phenotypes.
BIOLOGICAL ROLE OF THE HIPPO
SIGNALING PATHWAY IN PANCREATIC
CANCER DEVELOPMENT—LESSONS
FROM GENETICALLY ENGINEERED
MOUSE MODELS

The genetic landscape of PDAC is characterized by four
frequently mutated genes: KRAS, TP53, CDKN2A (p16), and
SMAD4 (39). The four predominant gene mutations appear to
FIGURE 2 | MST1/2 and YAP expression during normal pancreas development. MST1/2 mRNA levels are highest during the embryonic phase and lowest at birth.
MST1 mRNA expression reappears at postnatal day 7 and later stages. Phosphorylated MST1/2 expression (active Hippo signaling) is broadly detectable in adult
human pancreas, and islet cells display strong expression of phosphorylated MST1/2. YAP is broadly expressed throughout the pancreatic and duodenal E12.5
mouse pancreas (primary transition), but then gradually becomes restricted to prospective ductal and acinar regions at E16.5 (secondary transition). In the adult
mouse pancreas, YAP expression is markedly decreased and the strong expression is largely confined to ductal and terminal-duct centroacinar cells, unlike in the
embryonic pancreas. In pancreatic MST1/2 double knockout (DKO) mice, nuclear YAP staining is observed in the “trunk” regions during the embryonic phase, but is
almost undetectable at birth. Thereafter, YAP expression is weak and confined mainly to the ductal compartment at birth and later postnatal stages. In pancreatic
MST1/2 DKO mice, abundant YAP expression was observed in abnormally numerous duct-like structures during the postnatal phase. YAP remains undetectable
within endocrine cells even in the absence of MST1/2. Pancreatic MST1/2 DKO mice show the histologic features of acute pancreatitis and decreased size (an
approximately 2-fold decrease in pancreas mass).
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occur sequentially as PanIN progresses. KRAS mutations can be
found even in normal pancreas and in PanIN1. In PDAC, KRAS
mutation ranges from 88% to 100% in several studies (40–45).
Although the initial step in PDAC development remains to be
elucidated, oncogenic KRAS mutation is a key event, as
evidenced by its presence in PanIN lesions (46, 47) and the
development of PanIN lesions in oncogenic KRAS-driven
genetically engineered mouse models (GEMMs) (48, 49). The
oncogenic KRAS mutation perturbs the constitutively activated
RAS protein, and results in the dysregulated activation of
proliferation and survival pathways. GEMMs have provided
several insights into the development of PDAC (50–53).
Although oncogenic KRAS mutations are recognized early
events in PDAC development, they are not entirely sufficient
for the development of fully invasive PDAC. Indeed, only 5–10%
of animals in GEMMs with mutated KRAS (without additional
genetic alterations) develop frank PDAC, and do so very late
(usually after 9 months) (50). PDAC development can be
enhanced by the existence of another mutation (e.g., TP53)
(51, 54). Pancreatic inflammation by administration of cerulein
Frontiers in Oncology | www.frontiersin.org 5119
accelerates the formation of PanINs and PDAC in KRASG12V

mice (55). In addition to the role of oncogenic KRAS in
development of PDAC, KRAS mutations have also been shown
to be important for PDAC maintenance (56, 57). Interestingly,
inactivation of KRASG12D in confirmed precursor lesions and
during progression to PDAC leads to tumor regression of those
lesions, showing that KRASG12D is required for tumor cell
maintenance (56, 58) (Figure 3). In an analysis of KRAS
mutation type, codon G12D mutation was the most frequent
(48%), followed by G12V (31%) and G12R (21%) (45).

Acinar-to-ductal metaplasia (ADM) caused by pancreatitis
is an initiating step in pancreatic tumor development (55).
Cerulein treatment reduces phosphorylation of LATS1, and
increases YAP/TAZ protein levels accompanied by strong
nuclear localization (59). Following cerulein treatment,
cytokeratin 19 (duct cell marker) expression is also
increased, consistent with acinar-to-ductal reprogramming
(59). Thus, YAP/TAZ activity is accelerated in the injured
pancreas, particularly in the subset of cells undergoing
ADM (Figure 3).
FIGURE 3 | Pancreatic tumor development and maintenance by KRAS-dependent and KRAS-independent mechanisms via YAP activation. Oncogenic KRASmutation is a
key event of the development of PanIN lesions. Acinar-to-ductal metaplasia (ADM) caused by pancreatitis is an initiating step in pancreatic tumor development. The pancreatic
tumor mouse model LSL-KRASG12D; Pdx1-Cre displays increased ADM lesions and development of PanIN in response to cerulein, accompanied by YAP/TAZ expression. On
the other hand, deletion of YAP/TAZ reduces the ability of KRASG12Dmutant mice to develop ADM in response to cerulein, and these mice are free of PanIN lesions even after
cerulein-induced pancreatitis. Inactivation of KRASG12D in established tumor lesions can lead to tumor regression. Although KRASG12D extinction induces regression of
pancreatic tumors, 70% of the mice develop relapsed tumors via oncogenic KRAS-independent mechanisms involving the YAP1 oncogene. An anti-YAP1 therapeutic strategy
with KRAS-targeting agents may be required for elective tumors.
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Recent studies have demonstrated that YAP/TAZ play a crucial
role in the induction of ADM, an initial step in the progression to
PDAC, in GEMMs (36, 59). The pancreatic tumor mouse model
LSL-KRASG12D;Pdx1-Cre displays the whole spectrum of
preneoplastic lesions (50). In these mice, increased ADM lesions
and development of PanIN with strong YAP/TAZ expression are
detectable, and YAP/TAZ levels are elevated in pancreatic protein
lysates (59). Deletion of YAP/TAZ significantly reduced the ability
of KRASG12D mice to induce ADM in response to cerulein, and
these mice (KRASG12D;YAP1fl/fl;TAZfl/fl) were free of PanIN lesions
at 3 months after the transient induction of pancreatitis by
cerulein, similar to control mice (59). Thus, YAP/TAZ are
required for KRASG12D-induced ADM in response to
pancreatitis in vivo (Figure 3). Deletion of YAP/TAZ in the
KRASG12D mice reduced Ras activation even after cerulein
treatment (59). In contrast, ectopic YAP/TAZ activation in
acinar cells by adenoviral vectors converted the infected acinar
cells to duct cell morphology (59). Overexpression of
constitutively active YAP1 in primary acinar cells also enhances
Ras activity (59). YAP/TAZ are necessary and sufficient for ADM
induction (59). Acinar cell-specific YAP/TAZ signaling may be
essential for oncogenic KRASG12D-induced PanIN formation in
the context of pancreatitis.

Zhang et al. (36) genetically engineered KRASG12D/+:
TP53R172H/+:YAPflox/flox:p48-Cre mice to determine whether
YAP is involved in PDAC development. In their study,
KRASG12D/+:p48-Cre or KRASG12D/+:TP53R172H/+:p48-Cre mice
with one or two intact YAP alleles developed ADM and early
PanINs from 4 to 8 weeks of age, respectively (36). These ADM
and early PanINs progressed through late-stage PanINs and
eventually to invasive PDAC by 2 to 4 months in KRASG12D/+:
TP53R172H/+:p48-Cre mice, or from 6 months to 2 years in
KRASG12D/+:p48-Cre or KRASG12D/+ mice (36). In contrast,
when these mice underwent homozygous YAP deletion
(KRASG12D/+:YAPflox/flox:p48-Cre and KRASG12D/+:TP53R172H/+:
YAPflox/flox:p48-Cre), they entirely lacked any late-stage PanINs
or PDAC (36).

Zhang et al. generated p48-Cre;LSL-KRASG12D;FBXW7fl/fl

mice to examine whether loss of the tumor suppressor FBXW7
might be an additional gene alteration in the development of
PDAC (60). They found that the mice displayed accelerated
tumorigenesis: PDACs were detectable by P14 and all mice
yielded PDACs by P40 PDAC in p48-Cre;LSL-KRASG12D;
FBXW7fl/fl mice was preceded by earlier onset of ADM and
PanIN lesions, and accompanied by chromosomal instability and
the accumulation of YAP (60). Furthermore, in a pancreatic cell
line established from p48-Cre;LSL-KRASG12D;FBXW7fl/fl mice
and in FBXW7-deficient human pancreatic cancer cells, down-
regulation of YAP attenuated cell growth. Thus, deletion of the
tumor suppressor FBXW7 accelerates KRAS-driven pancreatic
tumorigenesis with YAP expression (60).

Kapoor et al. examined the mechanism of KRASG12D-
independent PDAC recurrence using a doxycycline-inducible
KRASG12D transgene and conditional p53 null alleles (p48Cre;
tetO_LSL-KRASG12D; ROSA_rtTA; p53L/+, designated iKras)
(61). In their investigation, KRASG12D extinction by
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doxycycline withdrawal induced complete regression of
pancreatic tumors at three weeks, as determined by MRI
imaging. However, 70% of the mice developed relapsed tumors
between 9 and 47 weeks after doxycycline withdrawal, with a
median survival of 36.6 weeks compared to 15.4 weeks for iKras
mice with continued doxycycline treatment (61). Kapoor et al.
revealed oncogenic KRAS-independent bypass mechanisms
involving the YAP1 oncogene in KRASG12D-independent
PDAC recurrence, and emphasized the potential importance of
an anti-YAP1 therapeutic strategy for elective tumors in the
clinical setting with agents that targeted KRAS and its signaling
pathways (61) (Figure 2). Shao et al. reported similar
mechanisms in KRAS-driven lung cancer (62). These findings
suggest that murine PDAC cells can survive in the absence of
oncogenic KRAS signaling and acquire alternative mechanisms
to foster their own growth (61, 63). The activity of the
transcriptional co-activator YAP plays a critical role in the
promotion and maintenance of PDAC by operating as a key
downstream target of KRAS signaling. YAP/TAZ amplification
frequency ranged from 0% to 19% in 9,125 tumor samples
among 33 cancer types from The Cancer Genome Atlas (64).
Among these 33, the top six cancer types with the highest
amplification frequency of YAP/TAZ included all five
squamous cell-involved cancers (lung squamous cell
carcinoma, esophageal squamous cell carcinoma, head and
neck squamous cell carcinomas, and bladder urothelial
carcinoma), whereas the frequency in PDAC was about 2%
and 14th among 33 cancer types (64). Overall, YAP has
emerged as a central node of transcriptional convergence in
growth-promoting signaling in PDAC cells by both KRAS-
dependent and KRAS-independent bypass mechanisms.
(Figure 3). Collectively, these observations indicate that YAP/
TAZ also play a crucial role in the development and recurrence
of PDACs.
CLINICAL IMPACT OF YAP/TAZ
EXPRESSION IN PDAC PATIENTS

The clinical function of YAP as a prognostic marker has been
investigated in several studies (Table 1), which have indicated
that YAP and/or TAZ are overexpressed in tumor samples from
patients with PDACs (61, 65–68). It has been found that nuclear
overexpression of YAP is an independent prognostic marker for
poor survival and is associated with liver metastasis (68).
Furthermore, using public mRNA expression data, YAP was
confirmed to be correlated with poor survival (69, 70). The 5-
year survival rate was 0% in patients with high YAP mRNA
expression compared to 32% in those with low expression.
Furthermore, multiple YAP/TEAD-regulated genes were
associated with poor prognosis, such as transforming growth
factor alpha, heparin-binding EGF-like growth factor, integrin
subunit alpha 2, P2Y2 receptor, G protein-coupled receptor 87,
and mucin 1. On the other hand, YAP-inhibitory pathway
components were associated with a favorable prognosis, such
as STE20-related kinase adaptor/liver kinase B1, protein kinase
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A/large tumor suppressor, and tuberous sclerosis complex/
mammalian target of rapamycin complex 1.
BIOLOGICAL ROLE OF YAP/TAZ
IN CANCER CELLS

There is accumulating evidence that YAP and TAZ promote
proliferation and growth of PDAC cells. Treatment of PDAC
cells with YAP-targeting small interfering RNA oligonucleotides
significantly reduced tumor growth (65). It has been reported
that eukaryotic translation initiation factor 5A–pseudopodium-
enriched atypical kinase 1 signaling regulates YAP and TAZ
expression and pancreatic cancer cell growth (71). Disrupting
this signaling in pancreatic cancer cells inhibited YAP/TAZ
protein expression, reducing the expression of stem cell-
associated transcription factors and tumor sphere growth (71).

In human PDAC cells, YAP functions as a downstream
effector of the crosstalk between insulin/IGF-1 receptor and G
protein-coupled receptor systems (72). Stimulation with insulin
and the G protein-coupled receptor agonist neurotensin induced
rapid YAP nuclear import and markedly augmented the mRNA
levels of YAP/TEAD-regulated genes, including CTGF and
Cyr61. The growth-promoting agonists regulated YAP activity
via PI3K and protein kinase D in PANC-1 and MiaPaCa-2 (72),
human cell lines that correspond to the squamous/quasi
mesenchymal/basal-like sub-type of PDAC. It is of great
interest that YAP function has been associated with this PDAC
sub-type, considered the most clinically aggressive form.

The epithelial-to-mesenchymal transition (EMT) is a
developmental regulatory program defined by the phenotypical
transition from an epithelial to a mesenchymal cell state. The
EMT is an essential step for metastasis and confers resistance to
therapy (73). Active YAP promotes pancreatic cancer cell
moti l i ty , invasion, and tumorigenesis in a mitotic
phosphorylation-dependent manner and contributes to the
EMT in pancreatic cancer cells by several mechanisms,
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including hyperactivation of AKT signaling (66, 67, 74, 75).
YAP/TAZ also interact with nuclear factors such as ZEB1 (29)
and SMADs (76, 77), both of which are important EMT
regulators. TGF-b is a well-known EMT inducer in cancer
cells. TGF-b enhances YAP nuclear localization and stabilizes
YAP activity, and TGF-b-induced EMT and YAP activity are
both blocked by inhibition of AKT signaling in PDAC cells (78).
Xie et al. (67) focused on TAZ activation in pancreatic cancer
cells and examined its functional roles in the EMT. Aberrant
expression and activation of TAZ in pancreatic cancer cells
promoted the EMT via down-regulation of E-cadherin and up-
regulation of vimentin expression. In contrast, depletion of TAZ
in pancreatic cancer cells suppressed the EMT phenotype (67).

PDAC is characterized by a high degree of chemoresistance.
Gemcitabine has been the standard chemotherapeutic agent in
PDAC since 1997 (79). Several mechanisms of YAP-induced
chemoresistance have been proposed. One mechanism suggests
that YAP overexpression induces the EMT in pancreatic cancer
cells by activating the AKT cascade, which can cause resistance to
gemcitabine (74). Another proposed mechanism involves
microRNA, since microRNA 181c was overexpressed in PDAC
samples and correlated with poor prognosis. microRNA 181c
directly repressed MST1, LATS2, salvador homolog 1, and MOB
kinase activator 1, leading to YAP and TAZ activation, and
gemci tabine res i s tance in v i t ro and in v ivo (80) .
Isoprenylcysteine carboxylmethyltransferase (ICMT) is the
catalytic enzymes in the three step prenylation processing that
posttranslationally modifies substrate proteins including RAS
isoforms. Suppression of ICMT inhibits cancer stem cell self-
renewal and chemoresistance of mutant KRAS pancreatic cancer
cells with TAZ protein degradation (81). On the other hand,
expression of constitutively active KRASG12V restores TAZ
protein level and the self-renewal ability of pancreatic cancer
cells. Thus, mutant KRAS plays a major role in TAZ expression
and cancer stem self-renewal in pancreatic cancer cells, and
ICMT has potential as a pharmacological target in the treatment
of mutant KRAS pancreatic cancer cells (81).
TABLE 1 | YAP/TAZ expression and functional relevance in human pancreatic cancers.

Reference Number Target Location Positive ratio Outcomes

Diep et al. (65)
64 YAP1 Primary 77% Not available

Yang et al. (66)
38 YAP Primary 61% Not available
25 YAP Metastatic site 72% Not available

Xie et al. (67)
57 TAZ Primary 82%* Not available

Salcedo Allende et al. (68)
64 YAP1 Primary 90.62% Poor OS

Rozengurt et al. (69)**
176 YAP mRNA Primary 20% Poor OS

Zhou et al. (70)***
176 YAP1 mRNA Primary 50% Poor OS
July 2021 | Volume 11 | A
*Weak, moderate, and strong expression of TAZ were identified as positive.
**A published interactive open-access database (www.proteinatlas.org/pathology) was used.
***The cohort of The Cancer Genome Atlas (TCGA) was used.
OS, overall survival.
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BIOLOGICAL ROLE OF YAP/TAZ IN THE
TUMOR MICROENVIRONMENT

An important feature of human and murine PDAC is an
extensive desmoplastic stroma (82) that increases the stiffness
of the extracellular matrix (ECM) surrounding epithelial cancer
cells (83). The Hippo/YAP pathway has been recognized to play
a critical role in mechano-transduction (84, 85) and in sensing
ECM stiffness (86). High stiffness leads to inhibition of the Hippo
tumor suppressive pathway while enhancing the activity of YAP/
TAZ. The stroma contains cancer-associated fibroblasts (CAFs),
immune cells, endothelial cells, and the ECM. Pancreatic stellate
cells are resident mesenchymal cells of the pancreas that
represent the major source of CAFs. It has been found that
YAP and TAZ are expressed at high levels in activated pancreatic
stellate cells in PDAC, as well as in chronic pancreatitis (87).

Transglutaminase 2 secreted by pancreatic cancer cells
promotes cross-linking of collagen, which activates CAFs and
stimulates their proliferation, and results in higher collagen
production by CAFs and further stiffening of the stroma. In
turn, such a stiff tumor microenvironment conveys mechanical
signals to cancer cells, leading to activation of YAP/TAZ and
tumor progression (88). Environmental stimuli, including
obesity and metabolic syndrome, also enhance the promotion
of invasive PDAC (89, 90).

PDAC is characterized by a profound inflammatory reaction
and an immunosuppressive state (91). Pancreatic tumors are
associated with immune dysfunction, partly mediated by the
recruitment of immunosuppressive cells, such as tumor-associated
macrophages and myeloid-derived suppressor cells (92, 93). These
cells are recruited to the tumor microenvironment and can inhibit
T-cell activity. YAP has been identified as a critical regulator of
the immunosuppressive microenvironment in PDAC. YAP
inactivation prevented recruitment of myeloid-derived suppressor
cells while in turn supporting infiltration of antigen-presenting
macrophages and T-cell activation, thereby promoting apoptosis of
tumor cells (30). Although T-cell activity is critical for tumor
immunity, T-cell fate is governed by Hippo signaling (94–96).
Geng et al. reported that TAZ induces Th17 cell differentiation
and suppresses the differentiation of immunosuppressive regulatory
T-cells (95). Ni et al. reported that immunosuppressive activity of
regulatory T-cells was dependent on YAP expression in melanoma,
and the anti-tumor immunity was enhanced in the absence of YAP
(97). In hepatocellular carcinoma, YAP mediates the migration
of macrophages in vitro and in vivo (98). Thus, YAP/TAZ are
capable of regulating the biological activity and function of T-cells
and macrophages, which is crucial for tumor immunity. They
thereby participate in immune escape by suppressing normal
immunological activity.

Whole-genome and whole-exome sequencing of PDACs have
revealed a mean mutation load of 1.8 and 1.1 mutations per
megabase, respectively, and only 5% of PDACs displayed a
hypermutated phenotype (99). The identification of
hypermutated PDACs is important because these tumors are
sensitive to immunotherapy (99). Furthermore, the prevalence of
microsatellite instability was found to be around 5% in many
solid tumors, while in PDAC it was only 2% (100). These DNA
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mismatch repair (MMR)-deficient tumors carried high neo-
antigen load and displayed considerably improved responses to
programmed cell death 1 blockade (100). These authors reported
that solid tumors with MMR deficiency are responsive to
immune checkpoint blockade with pembrolizumab.
Pembrolizumab has subsequently been approved by the FDA
for solid tumors with MMR deficiency, regardless of tissue of
origin (101). Furthermore, the clinical benefit of pembrolizumab
was confirmed in patients with microsatellite instability high
MMR-deficient non-colorectal cancers including pancreatic
cancer (102). Thus, immunotherapy is a rapidly progressing
field in cancer treatment. Among the immunotherapy
modalities, immune checkpoint inhibition has displayed
considerable success in several solid tumors, but there is still
no significant benefit in PDAC.

In cancers other than PDAC, there is accumulating evidence
that YAP/TAZ play a pivotal role in PD-L1 expression.
Overexpression of constitutively active YAP or TAZ by the
deletion of MST1/2 or LATS1/2 enhances PD-L1 expression in
breast and lung cancer cell lines (103). Furthermore, PD-L1
expression is also induced by YAP in BRAF inhibitor-resistant
melanoma, and the relationship between YAP and PD-L1
expression was validated in human clinical melanoma tissues
(104). In human non-small cell lung cancer, YAP regulated PD-
L1 at the transcriptional level, suggesting that YAP has potential
as an immunotherapeutic target (105). Lee et al. found that YAP
regulates PD-L1 by directly binding to the PD-L1 promoter and
that YAP/PD-L1 signaling modulated tumor cell proliferation
and migration in EGFR–TKI-resistant lung adenocarcinoma, and
also that YAP down-regulation inhibited PD-L1 expression (106).
It is worth further exploring the role of YAP/TAZ in tumor
immunotherapy. Thus, targeting YAP/TAZmay be an alternative
approach for combination with immunotherapy in cancer cells
and the tumor microenvironment.
THERAPEUTIC TARGETING OF THE
HIPPO SIGNALING PATHWAY IN PDAC

According to the abovecollectedevidence, it is reasonable todevelop
drugs that target YAP and TAZ activities in PDAC. As indicated
above, tumor cells with YAP activation can evade the requirement
for KRAS mutant expression in PDAC (63). YAP is a key element
notonlydownstreamofRasbut also as analternative route tobypass
the need of this oncogene for tumor relapse. Recently, the
KRASG12C inhibitor Sotorasib is effectively developed for solid
cancers (107). In 11 PDAC patients with KRASG12Cmutation, one
patient had a confirmed partial response, 9 had stable disease, and
one had progressive disease in response to Sotorasib (107). Even if
Ras could be effectively inhibited by this new therapy, YAP
amplification offers a potential pathway to induce tumor
recurrence. Recent studies suggest novel approaches to inhibit
YAP/TAZactivitywithdrug repositioning in clinicaluse, including
statins. Statins, which have been used to treat dyslipidemia and
prevent heart diseases, selectively inhibit 3-hydroxy-
methylglutaryl (HMG) CoA reductase (108), the rate-limiting
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enzyme in the generation of mevalonate. Accelerated mevalonate
biosynthesis through mutant p53 (109–111) and AKT/mTORC1
(111) has been reported in cancers. Themevalonate pathway plays
an important role in the generation of lipids and lipid
intermediates, including farnesyl pyrophosphate, geranylgeranyl
pyrophosphate, and cholesterol. In preclinical studies (112, 113),
statins delayed the progression of PDAC in mice harboring
KRASG12D mutation. Statins were identified as potential YAP
inhibitors by screens of molecules that changed the nuclear/
cytoplasmic distribution of YAP (114). In our previous study,
statin treatment suppressed cancer cell growth via TAZ down-
regulation in hepatocellular carcinoma (115). Several
epidemiological studies have indicated that statin use correlates
with favorable oncologic effects in PDAC (116–124), especially in
males (119, 120). A large study demonstrated that statins were
associatedwith a significantly reduced PDAC risk (by 34%), with a
stronger effect in males (119). The beneficial effects of statins
depend on the type of statins used, with several reports showing
positive associations with lipophilic (and not hydrophilic) statins
and reduced cancer risk (125–128). On the other hand, Hamada
et al. reported that regular statin use was not associated with
pancreatic cancer risk in two large prospective cohort studies in the
U.S (129). Nevertheless, Hamada et al. also reported increased
survival in PDAC patients with regular pre-diagnosis use of statins
(130). Recently, a meta-analysis of PDAC risk that included more
than 3 million participants and 170,000 PDAC patients has been
published (131). This study indicates a significant decrease in
PDAC risk with statin use, thus reinforcing the conclusion that
statin administration is associated with beneficial effects in PDAC
patients. In addition to their potential efficacy in primary
prevention and interception, statins may improve the outcome
for patients after surgical removal of their primary PDAC (116,
117, 132), indicating a possible role for statins in the prevention of
PDAC recurrence. Collectively, accumulating evidence from
epidemiological and preclinical studies indicates a protective
effect of statins in PDAC. Of the evaluated treatments in PDAC,
verteporfin (133, 134) has a direct effect on Hippo signaling by
inhibiting YAP–TEAD interactions. Erlotinib (135), FG-3019
(CTGF antagonism) (136), BIS 1 (135), LY3009120 (133) and
ICMT small molecule inhibitor (81) indirectly affect YAP and/or
TAZ signaling. Although the mechanism is not fully clarified for
several natural substances, curcumin (32, 137), resveratrol (138),
Stichopus japonicus acidic mucopolysaccharide (139), and
pseudolaric acid B (140) have been reported to target YAP/TAZ
signaling. Also, in our previous study, curcumin, a major
component of turmeric and an old Indian spice, successfully
suppressed TAZ/YAP expression and exerted anticancer effects
in hepatocellular carcinoma cell lines (32). In the future, direct or
indirect pharmacological modulation of YAP/TAZ expression
may become promising approaches to fight this deadly disease.
CONCLUSIONS

The Hippo pathway is an evolutionarily conserved signaling
pathway in mammals, and YAP and TAZ are key downstream
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regulators in the Hippo pathway that play a crucial role in the
development of the normal pancreas and of PDAC in GEMMs.
Furthermore, YAP and TAZ play a crucial role in the
development of PDAC by both KRAS-dependent and KRAS-
independent bypass mechanisms. Also in PDAC progression,
aberrant transcriptional activity of YAP and TAZ has a pivotal
role in malignant behavior, including cell growth, EMT, and
drug resistance. Besides, YAP/TAZ play a tumor-promoting
role in the tumor microenvironment. PDAC features an
extensive desmoplastic stroma, and the stroma contains CAFs
and immune cells. YAP promotes CAF activation and
subsequent fibroinflammatory responses, and the resultant
high stiffness enhances the malignant behavior of PDAC with
high activity of YAP/TAZ. In addition, YAP acts as a critical
regulator of the immunosuppressive microenvironment in
PDAC. YAP/TAZ have potential as a therapeutic target not
only for cancer cells, but also for the tumor microenvironment
in PDAC. Thus, accumulating evidence supports the biological
importance of YAP/TAZ in the development and progression of
PDACs, and the regulation of YAP/TAZ signaling is
increasingly recognized as a therapeutic target. In the near
future, direct or indirect pharmacological modulation of YAP/
TAZ may become promising therapeutic approaches in PDACs.
On the other hand, complete deletion of YAP in knockout mice
induced embryonic lethal ity at E8.5 due to severe
developmental defects (141). Although TAZ knockout mice
show only partial lethality, with 20% of the mice remaining
viable, the survivors develop renal cysts and lung emphysema
(142–144). Since YAP/TAZ has so many important
physiological functions, as evidenced by YAP-null and TAZ-
null mice, careful targeting of the YAP/TAZ signaling pathway
to minimize systemic effects is clearly a highly desirable goal in
PDAC treatment. Anti-YAP/TAZ strategies to selectively block
aberrant YAP/TAZ signal activation are attractive and rational.
Biomarker analysis to identify aberrant YAP/TAZ signal
activation may therefore be the next step to establish an
efficient therapeutic approach.
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Targeting Alternatively Spliced Tissue
Factor: Preclinical Evaluation in an
Orthotopic Model of Pancreatic
Ductal Adenocarcinoma
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Jordon K. Wang4, Henri H. Versteeg5, Bruce J. Aronow6, Syed A. Ahmad7,
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In 2021, pancreatic ductal adenocarcinoma (PDAC) is the 3rd leading cause of cancer
deaths in the United States. This is largely due to a lack of symptoms and limited treatment
options, which extend survival by only a few weeks. There is thus an urgent need to
develop new therapies effective against PDAC. Previously, we have shown that the growth
of PDAC cells is suppressed when they are co-implanted with RabMab1, a rabbit
monoclonal antibody specific for human alternatively spliced tissue factor (asTF). Here,
we report on humanization of RabMab1, evaluation of its binding characteristics, and
assessment of its in vivo properties. hRabMab1 binds asTF with a KD in the picomolar
range; suppresses the migration of high-grade Pt45.P1 cells in Boyden chamber assays;
has a long half-life in circulation (~ 5 weeks); and significantly slows the growth of pre-
formed orthotopic Pt45.P1 tumors in athymic nude mice when administered
intravenously. Immunohistochemical analysis of tumor tissue demonstrates the
suppression of i) PDAC cell proliferation, ii) macrophage infi ltration, and iii)
neovascularization, whereas RNAseq analysis of tumor tissue reveals the suppression
of pathways that promote cell division and focal adhesion. This is the first proof-of-
concept study whereby a novel biologic targeting asTF has been investigated as a
systemically administered single agent, with encouraging results. Given that hRabMab1
has a favorable PK profile and is able to suppress the growth of human PDAC cells in vivo,
it comprises a promising candidate for further clinical development.

Keywords: pancreatic ductal adenocarcinoma, tissue factor, alternative splicing, monoclonal antibodies,
orthotopic tumor model
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal
malignancy with most patients presenting at stage IV (1).
Treatment of PDAC is hindered by its undruggable genomic
drivers (mutated Kras, mutated p53), intra-tumoral heterogeneity,
and desmoplasia that impedes drug entry into the tumor. The
current chemotherapeutic standards of care, Gem-Abraxane and
FOLFIRINOX, yield a median overall survival of only 9.6 months
underscoring the need for more effective therapies (2).

Recently, we reported on the anti-tumor effects of RabMab1,
our monoclonal antibody that binds the alternatively spliced
isoform of human tissue factor (asTF), in a setting of orthotopic
co-implantation with TF-expressing human PDAC cells (3). In
humans and mice, the gene encoding tissue factor (F3) produces
two protein isoforms: full-length TF (flTF), an integral
transmembrane protein, and asTF, which has a unique
C-terminus due to a single-nucleotide shift in its open reading
frame. asTF lacks the alpha helical transmembrane domain
present in flTF, rendering asTF a soluble secreted protein (4).
flTF triggers blood coagulation by serving as an enzymatic
cofactor for the serine protease fVII(a); flTF can also promote
the activation of select protease-activated receptors (PARs) that
control intracellular pathways governing platelet activation and
wound healing (5). In contrast, asTF promotes cell proliferation,
migration, and angiogenesis in a non-proteolytic manner by
triggering the activation of PI3K/Akt, MAPK, and FAK pathways
through its interactions with a6b1 and avb3 integrins (6).
Elevated expression of total TF is positively associated with
disease severity in several solid malignancies including breast,
prostate, bone, and lower GI. One of the most extensively studied
solid cancers with elevated TF expression comprises PDAC,
where it was first identified as the protein responsible for
PDAC cell-triggered coagulation (7). Elevated TF protein
expression was first shown to correlate with the histological
grade of PDAC in 1995 (8). Follow-up studies showed that TF
promotes PDAC growth and invasion (9). TF localizes to the
invasive front of PDAC and patients with higher TF levels in
tumors have worse overall survival (10). Earlier studies of TF
protein in human tissues were done using antibodies that could
not discriminate between flTF and asTF; more recently, we
reported that flTF and asTF are both overexpressed in breast
cancer and PDAC (11, 12). In breast cancer, asTF fuels cancer
cell growth via integrin ligation (13). This has also been seen in
PDAC, where asTF promotes PDAC cell growth and spread in
an orthotopic mouse model via b1 integrin-l inked
mechanisms (3).

Given TF’s ability to drive cancer cell growth and spread,
therapeutic targeting of TF is an actively pursued area. Targeting
flTF, however, is challenging due to an increased risk of bleeding
and flTF’s expression in many normal tissues. In contrast to
targeting flTF, targeting asTF – which is dispensable to normal
hemostasis – is thus a potentially more attractive means to
disrupt TF-mediated signaling; moreover, the expression of
asTF in normal tissues is minimal compared to that of flTF
(12). We have developed a rabbit monoclonal antibody termed
RabMab1 that specifically recognizes an epitope unique to
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human asTF’s C-terminus. Tumor-suppressing properties of
RabMab1 were evident in the breast cancer and PDAC settings
showing that, when asTF-producing cancer cells were exposed to
RabMab1, the activation of FAK, Akt, and MAPK pathways was
suppressed in vitro and co-implanting RabMab1 with tumor cells
suppressed their growth in vivo (3, 11). In this report, we describe
RabMab1’s humanization and demonstrate that its humanized
variant, termed hRabMab1, has an in vivo half-life well in the
range of biologics currently used in the clinic. When
administered intravenously in athymic nude mice, hRabMab1
is effective at stemming the growth of pre-formed orthotopic
PDAC tumors.
MATERIALS AND METHODS

Humanization, Construction, Expression,
and Purification of hRabMab1
Antibody design was accomplished at LakePharma by generating
a homology modeled antibody 3D structure and creating a
profile of the parental antibody based on structure modeling.
Acceptor frameworks to utilize were identified based on the
overall sequence identity across the framework, matching
interface position, similarly classed CDR canonical positions,
and presence of N-glycosylation sites that would have to be
removed. Two light chain (LC) frameworks IGKV1-39*01 and
IGKV1-25*01 and two heavy chain (HC) frameworks IGHV3-
23*01 and IGHV3-23*04 were selected for the humanization
design. Humanized antibodies were designed by creating
multiple hybrid sequences that fuse select parts of the parental
antibody sequence with the human framework sequences. Using
the 3D model, these humanized sequences were methodically
analyzed by eye and computer modeling to isolate the sequences
that would most likely retain antigen binding. The goal was to
maximize the amount of human sequence in the final humanized
antibodies while retaining the original antibody specificity. Back
mutations were introduced and a total of three humanized light
chains and three humanized heavy chains were designed.
Humanness scores, representing how human-like the antibody
variable region sequence is, were calculated according to Gao
et al. (14). Briefly, an in-depth analysis of the humanness of
therapeutic antibodies allowed the creation of a database of
human antibody sequences, and increased humanness score
was found to be correlated with decreased immunogenicity.
Based on this method, heavy chain framework scores of 84 or
above were considered human-like; light chain framework scores
of 90 or above were considered human-like.

Full-length antibody genes for nine heavy/light chain pairs, as
well as those encoding the rabbit chimeric parental, were codon-
optimized, synthesized, and cloned into LakePharma’s
proprietary high expression mammalian vector system and co-
transfection of heavy and light chain plasmids at a 1:1 ratio was
performed in HEK293 cells (Thermo Fisher Scientific) at 50 mL
scale. Starting at 20 hours, and throughout the transient
transfection production, antibody titers were measured (Octet
QKe, ForteBio). Cultures were harvested at day 5 and antibodies
July 2021 | Volume 11 | Article 691685
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in the conditioned media were purified using MabSelect SuRe
Protein A resin (GE Healthcare).

Assessment of asTF Binding by ELISA
96-well ELISA plates were coated with 5 ug/mL recombinant
asTF in 0.05 M sodium bicarbonate buffer, pH 9.6. Serial
dilutions of test antibody preparations were added to the pre-
blocked plate and incubated for 1.5 hours at room temperature.
The plate was then thoroughly washed and HRP conjugated
secondary antibodies (Jackson) were added.

Biosensor Affinity Testing
Multi-concentration kinetic experiments were performed on the
Octet Red96 system (ForteBio). Anti-huIgG Fc biosensors
(ForteBio 18-5064) were hydrated in sample diluent (0.1% BSA
in PBS and 0.02% Tween 20) and preconditioned in pH 1.7
glycine. Antibody was diluted to 10 µg/mL with sample diluent
and immobilized onto Anti-huIgG Fc biosensors for 120
seconds. After baselines were established for 60 seconds in
sample diluent, the biosensors were moved to wells containing
the antigen at a series of 7 concentrations, 3-fold serial dilution
starting at 300 nM, to measure the association. Association was
observed for 90 seconds and dissociation was observed for 90
seconds for each protein of interest in the sample diluent. The
binding affinities were assessed by selecting the top 3 or 4 best-fit
concentrations with a monovalent binding model (1:1 binding).

Western Blotting
Human PDAC cell lines Pt45.P1 [a kind gift of Prof. Holger
Katlthoff (12, 15)], PaCa44 [a kind gift of Prof. Stephan Haas
(15)], AsPC1 and MIA-PaCa2 (both – ATCC) were utilized for
antibody testing studies. Lysates were prepared with RIPA buffer
and loaded into 10% TGX gels (BioRad). Protein was transferred
onto PVDF membranes. Blocking was carried out using 2% BSA.
RabMab1 and its derivatives were diluted to 1 µg/mL. Silver
staining of 10% TGX gels was carried out using ProteoSilver
Silver stain kit (Sigma PROTSIL1) according to the
manufacturer’s instructions. All anti-asTF antibodies tested
displayed high signal specificity; a protein species with a higher
apparent molecular weight (~60 kDa) was seen in some lysate
preparations (not shown).

Cytotoxicity Studies
Antibody-dependent cellular cytotoxicity (ADCC) and cell-
mediated cytotoxicity (CMC) assays were carried out using the
aCella-TOX bioluminescence cytotoxicity kit (Cell Technology,
Hayward, CA) according to the manufacturer’s instructions. For
ADCC studies, NK cells were purchased from Cell Technology;
for CMC studies, lyophilized sera (rabbit and human
complement) was purchased from Sigma.

qRT-PCR
RNAwas isolated from cell lines and tumor tissue using the RNeasy
kit (Qiagen). cDNA was prepared using Transcriptor Reverse
Transcriptase (Roche). The primer/probe sets used for mRNA
expression analysis are listed in the Supplementary Material.
Frontiers in Oncology | www.frontiersin.org 3130
Migration Assay
Pt45.P1 cells were suspended in serum free DMEM and
pretreated with the indicated antibody at a concentration of
50 µg/mL for 30 minutes. 1.5 x 104 cells were then added to
serum free DMEM in 8.0 µm transwells (Corning 353097)
precoated with 1 µg laminin (Sigma L4544). 2% FBS in
DMEM was used as the source of chemoattractants.
ChromPure rabbit IgG (Jackson ImmunoResearch 011-000-
003) was used as an isotype control.

Animal Studies
University of Cincinnati’s Institutional Animal Care and Use
Committee approved al l animal studies . Antibody
co-implantation studies: Pt45.P1 cells were preincubated with
the indicated antibody diluted in PBS to a concentration of 5 mg/
mL for 30 minutes prior to surgery. Human IgG1 isotype control
(BioXCell, BE0297) was utilized as a negative control. 1x106 cells
were implanted with antibody into the pancreata of athymic
nude mice. Pre-formed orthotopic tumor studies: 1x106 Pt45.P1
cells were implanted into the pancreata of athymic nude mice
(Fox1nu/nu; Jackson 002019). Mice were randomized into control
and treatment groups. Tumor growth was followed for 7 weeks.

Pharmacokinetic (PK) Assessment
cRabMab-hIgG1 or hRabMab1 were administered intravenously
(IV) via tail vein to C57Bl/6 mice (n=16 and n=24 mice,
respectively). Whole blood was collected at various time points
by cardiac puncture method into EDTA coated tubes and
centrifuged at 2000 x g for 15 minutes. Plasma was harvested,
centrifuged a second time at 2000 x g for 15 minutes, and then
frozen at -80°C until samples at all timepoints had been collected.
Plasma aliquots were thawed on ice and diluted in the range of
1:1000 to 1:100,000 with PBS depending upon the standard
plasma concentration profile for the human IgG1 in mice.
Antibody concentration was determined using a human IgG
ELISA kit (Abcam 195215). cRabMab1-hIgG1 and hRabMab1
standards were prepared in C57Bl/6 mouse plasma using serial
dilution and used to obtain a standard curve.

PK antibody profile (plasma concentrations vs time data)
after the administration of a single dose were analyzed using
Phoenix® WinNonLin® version 8.1 (Certara L.P. (Pharsight), St.
Louis, MO). The data were fitted employing a multicompartment
PK model based on the apparent biphasic plasma-concentration
vs time profile. Accordingly, PK parameters such as distribution
and elimination half-life, systemic clearance, volume of
distribution, and exposure (measured as the overall area under
the plasma concentration-time curve or AUC) were computed.
The PK parameters derived from this analysis were then utilized
to simulate the multiple-dose PK profile and to predict steady
state concentrations of hRabMab1 that may be achieved with
repeated dosing. As a part of the pharmacodynamic studies
conducted to assess the anti-tumor effects of the hRabMab1
antibody, blood samples collected at the end of the study were
also analyzed to determine hRabMab1 concentrations in the
plasma and compare the predicted vs observed steady-
state concentration.
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Pharmacodynamic (PD) Assessment
1 x 106 Pt45.P1 cells were implanted into the pancreata of
athymic nude mice (Fox1nu/nu; Jackson 002019) and given 10
days to engraft, following which IV administration of
hRabMab1, hIgG isotype control, or vehicle began at 18 mg/kg
every other day (total of 22 treatment cycles). Mice were then
euthanized via cardiac puncture while sedated with isoflurane.
Whole blood was collected and plasma specimens harvested as
detailed above. Tumors were measured with calipers and
sectioned into 2 halves, one of which was snap frozen in liquid
nitrogen and the other fixed in PBS with 10% formalin. Antibody
concentrations in plasma were measured as detailed above.

Immunohistochemistry and
Image Analysis
10% formalin fixed tissues were embedded in paraffin and
sectioned into 5 mm sections. Sections were stained as
previously detailed (3). Briefly, sections were deparaffinized
and rehydrated into DAKO wash buffer (Agilent S3006).
Antigen retrieval was accomplished using a citrate solution
(Biogenex HK086-9K). Native peroxidase activity was
squelched using 0.4% hydrogen peroxide. Blocking was carried
out with a Power Block solution (Biogenex HK085-5K) and
sections were incubated with the following antibodies at the
indicated dilution: CD31 (Abcam ab28364, 1:100), CD206
(Abcam ab6493, 0.1 µg/mL), Ki67 (Millipore Sigma ab9260,
1 :100) , HRP-conjugated ant i-human IgG (Jackson
ImmunoResearch 109-035-088, 1:500), HBEGF (Cell Signaling
27450, 1:50) and STN1 (Sigma HPA037924, 2.5 µg/mL). An
HRP-conjugated anti-rabbit polymer (Agilent/Dako K4010) and
DAB+ reagent were used to visualize primary antibody binding
for CD31, CD206, Ki67, HBEGF, and STN1. Sections were
counterstained with hematoxylin. Staining patterns were
evaluated using Olympus BX51 equipped with Olympus DP72
digital camera; representative images were captured and used for
statistical analyses. Staining intensity and/or positive staining
events were analyzed using ImageJ.

Gene Expression Analysis
RNA was isolated from tumors representing the median tumor
volumes from each experimental cohort. RNA library
preparation, next generation sequencing, and sequence
alignment were performed by the CCHMC DNA Sequencing
and Genotyping Core, Cincinnati, OH. 300 ng of total RNA,
determined by Invitrogen™ Qubit™ high-sensitivity spectro-
fluorometry, was poly-A selected and reverse transcribed using
Illumina’s TruSeq® stranded mRNA library preparation kit.
Each sample was fitted with one of 96 adapters containing a
different 8-base molecular barcode for high-level multiplexing.
After 15 cycles of PCR amplification, completed libraries were
sequenced using Illumina NovaSeq™ 6000, generating 30
million high-quality, 150 base long paired-end reads per
sample. A quality control check on the fastq files was
performed using FastQC. Upon passing quality metrics, the
reads were trimmed to remove adapters and low-quality reads
using default parameters in Trimmomatic [Version 0.33] (16).
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Trimmed reads were then mapped to a reference genome using
default parameters with strandness (RF for paired-end) option in
Hisat2 [Version 2.0.5] (17). In the next step, transcript/gene
abundance was determined using kallisto [Version 0.43.1] (18).
We first created a transcriptome index in kallisto using Ensembl
cDNA sequences for the reference genome. This index was then
used to quantify transcript abundance in raw counts and
transcript per million (TPM).

Statistical Analysis
1-way ANOVA was used to determine statistical significance in
Figures 2B, C, 4A, D–F, 5B, C and Supplementary Figure 1
(GraphPad Prism v6.0). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
RESULTS

Generation of Rabbit-Human Chimeric
RabMab1 Antibodies
In our previous studies, hybridoma-derived RabMab1 suppresses
tumor cell migration in vitro and tumor growth in vivo when
co-implanted with pancreatic and breast tumor cells (3, 13). To
humanize RabMab1, we first sequenced the genomic region of
the hybridoma clone encoding RabMab1. The heavy and light
chain portions of the variable regions were cloned and inserted
into vectors (fee for service, Abcam). These constructs were then
introduced into modified HEK-293 cells to generate a
recombinant prep of RabMab1 (rRabMab1). Following validation,
rRabMab1 served as the reference point for the humanization of
RabMab1, the first step of which was the creation of human-rabbit
chimeric antibodies and the assessment of their binding kinetics.

Chimeric antibodies comprised of the RabMab1 Fab region
and a human Fc region characteristic of either an IgG1 or IgG4
isotype (herein, cRabMab1-hIgG1 and cRabMab1-hIgG4) were
assessed by ELISA for their ability to bind recombinant asTF. The
chimeras had comparable binding affinities compared to
rRabMab1 (Figure 1A). The chimeric and parental RabMab1
antibodies were then further analyzed for asTF binding affinity
using anti-penta-HIS (HIS1K) biosensors. cRabMab1-hIgG1 and
cRabMab1-hIgG4 had asTF equilibrium dissociation constants
(KD) of 430 pM and 1.64 nM, respectively; by comparison,
rRabMab1 did not dissociate (Figure 1B, SPR sensograms can
be found in Supplementary Figure 1). When assessed via anti-
human IgG Fc capture (AHC) biosensors, cRabMab1-hIgG1 and
cRabMab1-hIgG4 were found to have an asTF KD of 4.24 nM and
8.43 nM, respectively (Figures 1C, D). Given that hIgG1 isotype
antibodies may activate the complement pathway and bind Fc
receptors on phagocytic cells (19), as well as its lower KD, we
elected to proceed with further development of cRabMab-hIgG1.

cRabMab1-hIgG1 Binds Native Human
asTF and Suppresses PDAC Cell
Migration In Vitro
cRabMab-hIgG1 was next evaluated for its ability to bind asTF in
immobilized, denatured, whole cell lysates of Pt45.P1, PaCa44,
AsPC1 and MIA-PaCa2 cells: western blotting revealed that
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cRabMab-hIgG1 recognizes native asTF comparably to
RabMab1 [Figure 2A; Total TF protein assessed using
RabMab95 (20)]. qRT-PCR showed that TF isoform transcript
levels for Pt45.P1, PaCa44, and MIA-PaCa2 corresponded to
protein expression levels when normalized to TATA Binding
Protein (Figures 2B–D); interestingly, while AsPC1 express
asTF protein at very low levels, qRT-PCR revealed that asTF
transcripts are relatively abundant in AsPC1 (Figures 2A, D).
Our previous studies have shown that RabMab1 suppresses the
migration of Pt45.P1 cells in a transwell migration assay (3). We,
therefore, assessed the ability of cRabMab1-hIgG1 to inhibit
PDAC cell migration in a transwell assay; cRabMab1-hIgG1
significantly suppressed the migration of Pt45.P1 cells
(quantification is presented in Figure 2E, representative images
of transwell inserts are shown in Supplementary Figure 2).

We next determined whether cRabMab1-hIgG1 can elicit
CMC and/or ADCC. Pt45.P1 cells were pretreated with
concentrations of cRabMab1-hIgG1 or human Fc fragment
control ranging from 1 µg/mL – 1 mg/mL before being
incubated with 25% human complement. Even at the highest
concentrations of the antibody, only minimal lysis of the target
cells was observed (Supplementary Figure 3A). Similarly, when
Pt45.P1 cells were pretreated with cRabMab1-hIgG1
Frontiers in Oncology | www.frontiersin.org 5132
(concentrations ranging from 0.02 – 50 µg/mL) followed by 4
hours of incubation with Natural Killer (NK) cells (2:1 ratio NK :
Pt45.P1), only minimal lysis of the target cells was observed
(Supplementary Figure 3B).

cRabMab1-hIgG1 Suppresses Tumor
Growth In Vivo
Our previous studies have shown RabMab1 to suppress the
growth of Pt45.P1 cells in vivo when co-implanted in an
orthotopic setting (3). To determine whether this effect was
preserved post-chimerization, we pre-treated Pt45.P1 cells with
5 mg/mL of cRabMab1-hIgG1 and then implanted 1x106 cells in
the pancreata of athymic nude mice. cRabMab1-hIgG1 reduced
tumor growth by 78% compared to vehicle control, while no
difference was observed between vehicle control and non-
targeting antibody control (Figure 2F).

To evaluate the PK profile of cRabMab1-hIgG1, we injected it
via tail vein into 16 C57Bl/6 mice at the dose of 6 mg/kg. Blood
was collected at regular intervals for 17 days via cardiac
puncture. As typically observed for monoclonal antibodies
(21), cRabMab1-hIgG1 exhibited a biphasic decline with a
short-lived distribution phase and an extended elimination
phase. It had a distribution half-life of 1.6 hours and an
A
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C

FIGURE 1 | Chimeric RabMab1 antibodies have asTF binding affinities comparable to rRabMab1. Two human-rabbit chimeric RabMab1 antibodies were compared
to parental rRabMab1 for their ability to bind asTF. (A) Serial dilutions of recombinant or chimeric RabMab1 were added to asTF-coated ELISA plates. Anti-human or
anti-rabbit HRP conjugated secondary antibodies were used to assess antibody binding, hFc = non-targeting human Fc fragment. (B) HIS1K biosensor assessment
of asTF binding kinetics of each antibody. (C) Trace results of AHC biosensor assessment of chimeric antibodies. (D) asTF binding kinetics as assessed by AHC
biosensor experiments.
July 2021 | Volume 11 | Article 691685

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lewis et al. In Vivo Evaluation of Humanized RabMab1
elimination half-life of 281 hours. The steady state volume of
distribution (Vss) was 63 mL/kg. The area under the
concentration-time curve (AUC0-t) was observed to be 24.5
mg/mL/h (Figures 2G, H); please also see Figure 2H for
additional PK findings.

Humanization of cRabMab-hIgG1
Given the encouraging results of our studies comparing cRabMab-
hIgG1 and rRabMab1, we proceeded to humanize cRabMab-hIgG1.
Plasmids encoding the heavy and light chains of the variable region
of cRabMab-hIgG1 were mutagenized to achieve human
Frontiers in Oncology | www.frontiersin.org 6133
characteristics. Multiple iterations of this process were performed
leading to the creation of three heavy chain and three light chain
variants. Combinations of each of these were used to create 9
humanized antibodies; the binding characteristics for each of these
were assessed using AHC biosensors (Figure 3A, SPR sensograms
can be found in Supplementary Figure 4). Using this readout,
RabMab1-hIgG1-HC3+LC3, hereafter hRabMab1, displayed
affinity in the picomolar range (beyond the instrument’s detection
limit) due to an extremely slow off-rate. hRabMab1’s ability to detect
asTF via western blot was the same as that of cRabMab1-hIgG1
(Figure 3B).
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FIGURE 2 | cRabMab1-hIgG1 suppresses tumor growth and has favorable pharmacokinetics. cRabMab1-hIgG1 was assessed for asTF binding in vitro, effects on
tumor growth, and pharmacokinetics. (A) Western blot of Pt45.P1, PaCa44, AsPC1 and MIA-PaCa2 lysates (30 ug each). Each blot was probed with the indicated
antibody at 1 µg/mL (B) qPCR for total TF transcripts showing relative expression levels. (C) qPCR for flTF transcripts showing relative expression levels. (D) qPCR
for asTF transcripts showing relative expression levels. (E) Migration assay with Pt45.P1 cells treated as indicated. (F) Tumor weights - 1x106 Pt45.P1 cells were
incubated with either 100 µg of rIgG, 100 µg cRabMab1-hIgG1, or an equal volume of vehicle and implanted into the pancreata of athymic nude mice (n = 7/group);
tumors grew for 45 days before sacrifice. (G) Plasma levels of cRabMab1-hIgG1 resulting from a single injection of 18 mg/kg of the antibody in C57Bl/6 mice.
(H) PK analysis of cRabMab1-hIgG1. *p ≤ 0.05; **p ≤ 0.01; ns, not significant.
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hRabMab1 Suppresses PDAC Cell
Growth In Vivo
Given the favorable in vitro results, we proceeded to test
hRabMab1 in vivo. We first assessed the PK properties of
hRabMab1 via IV administration of hRabMab1 (6 mg/kg) to
C57Bl/6 mice. Plasma was collected from 2 mice per time-point
as indicated. As with cRabMab1-hIgG1, a biphasic elimination
curve was observed with distribution and elimination half-lives
of 8.82 hours and 908 hours, respectively (Figures 3C, D). The
steady state volume of distribution was 75.1 mL/kg. AUC0-t value
for hRabMab1 was observed to be 89.2 mg/mL/h; please also see
Figure 3D for additional PK findings.

We then proceeded with pharmacodynamic testing of
hRabMab1. 1x106 Pt45.P1 cells were implanted into the
pancreata of athymic nude mice and given 10 days to engraft
prior to the onset of treatment. Mice were then randomly divided
into treatment groups receiving either hRabMab1, hIgG1 isotype
control, or an equal volume of vehicle control via tail vein
injection. Based on our previous co-implantation studies and
hRabMab1’s PK parameters, we arrived at the treatment
concentration of 18 mg/kg. hRabMab1 was administered every
other day for a total of 22 treatment cycles. Mice treated with
hRabMab1 bore tumors that were on average 1/3 the size of those
treated with vehicle or isotype control (Figure 4A); no
differences in average body weight and/or hematological profile
were observed between the cohorts (data not shown). Analysis of
plasma collected at sacrifice showed that mice treated with
Frontiers in Oncology | www.frontiersin.org 7134
hRabMab1 had it circulating at a concentration that was
consistent with what we predicted based on simulation of
multiple dose administration using the PK parameters derived
following single dose administration (Figure 4B).

Immunohistochemical analysis demonstrated a statistically
significant ~70% reduction in CD31 staining in tumors treated
with hRabMab1, pointing to a suppression of neovascularization
(6); there was also a ~60% decrease in intratumoral M2-polarized
macrophage accumulation (CD206) and a ~25% decrease in the
number of actively proliferating cells (Ki67) in the hRabMab1
cohort when compared to the vehicle and/or isotype control
cohorts (Figures 4C–F). When tumor specimens were stained
with an anti-hIgG antibody, there was no signal in tumors
treated with vehicle; a minimal, diffuse signal in tumors treated
with isotype control; and a pronounced signal in tumors treated
with hRabMab1, indicating its accrual in tumor tissue
(Figure 4C).

Downregulation of Genes Associated
With Focal Adhesion, Cytoskeleton
Maintenance, and Cell Cycle in
hRabMab1-Treated Tumors
Differential gene expression analysis of hRabMab1-treated
tumors revealed 955 ENSEMBL transcripts expressed at lower
levels when compared to both vehicle and hIgG1 controls, and
458 that were expressed at higher levels (Figure 5A). Genelist
enrichment analysis using ToppGene indicated that transcripts
A

B DC

FIGURE 3 | hRabMab1 binds asTF with high affinity and has a favorable PK profile. Nine fully humanized antibodies were produced through mutagenesis of the
heavy chain and light chain encoding vectors of the variable region of rRabMab1; HC3+LC3 was chosen for further analysis. (A) asTF binding kinetics of humanized
RabMab1 antibodies compared to cRabMab1-hIgG1 as determined by AHC biosensor analysis. BDL indicates values were below instrument detection limit.
(B) Western blot of Pt45.P1 lysates comparing the asTF detection ability of cRabMab1-hIgG1 and hRabMab1 (each diluted to 1 µg/mL); Silver stain of lysates.
(C) Plasma levels of hRabMab1 resulting from a single injection of the antibody in C57Bl/6 mice. (D) PK analysis of hRabMab1.
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upregulated in the hRabMab1 group were most significantly
associated with mitochondria. In contrast, transcripts that were
downregulated in hRabMab1-treated tumors fell in several gene
function categories including focal adhesion, cell motility, cell
proliferation, cytoskeleton, regulatory proteases, and cell death,
many of which are known be TF-associated (Figures 5 and 6).
Among those most strongly downregulated were heparin
binding epidermal growth factor (HBEGF), CST complex
subunit STN1 , epithelial cell transforming 2 (ECT2) ,
phospholipase C delta 3 (PLCD3), and ras homolog family
member C (RHOC). To validate our RNAseq findings, the
expression levels of HBEGF and STN1 were assessed by qRT-
Frontiers in Oncology | www.frontiersin.org 8135
PCR (Figures 5C, D). These findings were confirmed on the
protein level via IHC analysis (Supplementary Figure 5).
DISCUSSION

Because hybridoma-derived RabMab1 is effective at stemming
tumor growth when co-implanted with cancer cells in vivo (3,
11), we pursued humanization of RabMab1. As we show here, target
recognition was retained following the engraftment of the variable
region of RabMab1 to a human constant region. When
administered IV to mice, cRabMab1 had an extended elimination
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FIGURE 4 | Systemic administration of hRabMab1 suppresses tumor growth. 1x106 Pt45.P1 cells were orthotopically implanted into 21 athymic nude mice. Mice
were treated every other day with vehicle, 18 mg/kg of hIgG1 IC, or 18 mg/kg of hRabMab1 for a total of 22 treatment cycles. (A) Tumor volumes. (B) WinNonLin
prediction of hRabMab1 accumulation in plasma graphed alongside the amounts detected via hIgG1 ELISA at the time of sacrifice. (C) Representative images,
immunohistochemical analysis of tumor sections as indicated; CD206 panel: arrowheads indicate positive signal (intensely stained single cells); original magnification:
20X. (D) Quantification of CD31 positivity in 9 representative images per treatment group. (E) The number of CD206+cells/mm2 in 9 representative images per
treatment group. (F) The number of Ki67+cells/mm2 in 9 representative images per treatment group. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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half-life, broad systemic exposure (peak plasma concentrations and
AUC), and a volume of distribution suggestive of distribution to
extravascular spaces. Humanization of the variable regions of
RabMab1 yielded hRabMab1; this humanized antibody was
verified to recognize native asTF. PK analysis showed that
hRabMab1 had an elimination half-life of nearly 35 days in the
circulation of C57Bl/6 mice. The observed persistence of high
hRabMab1 levels in plasma, when viewed with the in vitro
efficacy data, suggested that a multiple dosing regimen can be
effectively employed to assess anti-tumor efficacy in vivo. As such,
we implanted asTF-expressing human PDAC cells in the pancreata
of athymic nude mice and allowed tumors to establish for 10 days
before beginning IV treatment with hRabMab1. A significant
reduction in tumor growth was observed, demonstrating
hRabMab1’s efficacy as a single agent in mice. Consistent with
our previous findings showing that asTF promotes
neovascularization and macrophage infiltration by binding a6b1
and avb3 integrins expressed on endothelial cells, which triggers
new vessel formation and, concomitantly, the expression of such cell
adhesion molecules as E-selectin, VCAM1, and ICAM1 (3, 6, 22),
we found that hRabMab1 suppresses neovascularization as well as
macrophage infiltration in the tumor tissue. Blood samples collected
Frontiers in Oncology | www.frontiersin.org 9136
to assay hRabMab1 levels at the end of the efficacy study provided a
window of opportunity to compare the observed levels with those
predicted by PK modelling. Although plasma samples were
available only at one time point, the observed plasma
concentrations were in good agreement with model-predicted
values. This adds confidence that a PK-guided approach can be
successfully employed to design efficacious dosing regimens
for hRabMab1.

When it was discovered that TF is overexpressed in cancer
tissues, systemically targeting it to control tumor growth and spread
– as well as cancer-associated coagulopathies – became a goal of
those working at the intersection of hematology and oncology.
However, targeting “total TF” may result in bleeding due to a
disruption of flTF’s function of maintaining the hemostatic
envelope; we note that these issues may arise with the use of
tisotumab vedotin, an “anti-total” TF antibody conjugated to a
microtubule-disrupting agent (23). While the precise location of the
epitope(s) recognized by tisotumab remain unclear, it does appear
to bind flTF (24). Two milestone discoveries have changed the way
we think of targeting TF. First, an antibody named 10H10 was
invented (25) that binds flTF in a region that does not overlap with
the binding sites of FVII and FX as indicated by resolution of the
A B
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FIGURE 5 | RNAseq analysis of tumor tissue harvested from pharmacodynamic studies. RNA was isolated from 3 tumors from each group representing the median
tumors of that group. (A) Following library preparation clustering was performed using ToppGene from which a heat map was produced highlighting differences of
mRNA expression levels between hRabMab1 treated tumors and those treated with either vehicle or IgG isotype control. (B) ToppGene functional enrichment
analysis of RNAseq data differentially-expressed genes highlighting strong downregulation of gene transcripts associated with cell cycle and focal adhesion biological
processes and cellular component when tumors are treated with hRabMab1. mRNA expression levels of (C) HBEGF and (D) STN1 in these tumors were quantified
by qRT-PCR. *p ≤ 0.05; **p ≤ 0.01; ns, not significant.
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crystal structure of the Fab portion of 10H10 bound to the
extracellular domain of flTF (26). Thus, 10H10 was believed to
bind flTF in a manner that does not interfere with the formation of
the extrinsic tenase complex, yet prevents the cleavage of PARs. This
has recently come under scrutiny: new evidence showed that even
though the 10H10 binding site on flTF does not overlap with the
binding sites of FVII or FX, it could still disrupt this binding
through steric interference (27); clinical trials have begun with
10H10 but its prospects are uncertain. Second, there was the
discovery of asTF and the invention of RabMab1, an antibody
that targets asTF’s unique C-terminus (4, 11). Given that asTF is
dispensable for normal hemostasis, therapeutically targeting this TF
isoform is likely to be less risky.

The use of monoclonal antibodies in the treatment of cancer has
thus far yielded mixed results. While immunologically targeting the
rogue immune cells of hematological malignancies has had great
success, targeting solid tumors has only seen partial success, due in
part to the inaccessibility of poorly vascularized portions of tumors.
This is especially true of PDAC which is characterized by their poor
vascularity and dense stroma. Despite this, according to
clincaltrials.gov, >160 clinical trials featuring monoclonal
antibodies have been launched targeting various aspects of PDAC
biology. These can be broadly grouped into those that target
Frontiers in Oncology | www.frontiersin.org 10137
glycosylated proteins of the cell-surface, growth factors, growth
factor receptors, and checkpoint proteins. Anti-CEA and anti-
mucin antibodies performed poorly in these trials; however, four
active trials are currently being conducted with anti-CA19-9
antibody, MVT-5873. Anti-EGFR, anti-VEGF, and other
antibodies aimed at growth factors and their receptors have also
failed to elicit a response, likely owed to the fact that PDAC cells do
not rely on any one particular growth factor pathway, but rather
engage many such pathways, therefore inhibition of one is easily
compensated for. A recent meta-analysis of 9 studies utilizing
monoclonal antibodies that target growth factor pathways
including cetuximab (anti-EGFR), bevacizumab (anti-VEGF), and
ganitumab (anti-IGF1R) found there was no therapeutic benefit of
these antibodies when combined with gemcitabine in the treatment
of PDAC (28). Disruption of the tumor microenvironment with
monoclonalsdirectedagainst cell adhesionmoleculesandmucinshas
also largely been ineffective with the possible exception of anetumab
ravtansine, a monoclonal antibody directed against mesothelin and
conjugated with themaytansinoidDM4, an inhibitor ofmicrotubule
assembly, which is currently being assessed in a phase II trial as a part
of a chemotherapeutic regimen (ClinicalTrials.gov Identifier:
NCT03816358). The bulk of current clinical trials in PDAC
utilizing monoclonal antibodies are focused on inhibiting the
FIGURE 6 | Transcripts downregulated in hRabMab1-treated tumors are associated with a large number of PDAC-relevant biological functions and pathways.
Network analysis was performed using ToppCluster, which is based on ToppGene’s genelist functions and annotations including GO categories, reactome
pathways, protein-protein interactions, and Pubmed manuscript associations. Categories known to be associated with F3 (highlighted in yellow) also display a strong
association with those gene function categories. Of particular interest, there is an extensive downregulation of focal adhesion, cell junction, and cell motility
categories; in addition, downregulation of genes associated with positive regulation of proliferation is observed.
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checkpoint pathway, despite the fact that when used as single agents,
these have had little effect in the treatment of PDAC (29). There are,
however, >100 clinical trials currently focused on assessing how these
perform in combination with other chemotherapeutics.

As we show here, systemic administration of hRabMab1 as a
single agent strongly suppressed tumor cell growth. RNAseq analysis
of resected tumors pointed strongly to an inhibition of the expression
of genes associated with focal adhesion and cell cycle progression in
the hRabMab1 treated group. Given that the known route of asTF-
mediated effects is through integrins, hRabMab1’s treatment effect on
focal adhesion is to be expected and points to the existence of a
positive feedback loop between asTF and integrin signaling. At the
same time, downregulation of transcripts involved in cell cycle
provides the framework for a mechanistic explanation of
hRabMab1-mediated tumor growth inhibition. The fact that the
cell cycle regulation genes most strongly suppressed by hRabMab1
are HBEGF and STN1, is novel and potentially significant because
these genes’ protein products promote PDAC progression. Heparin-
binding epidermal growth factor (HBEGF) is a member of the EGF
growth factor family that bindsEGFRalongotherErbB receptors and
acts as amitogen (30).HBEGF andEGFRare both elevated inPDAC
when compared to normal pancreas tissue (31). Hypoxia triggers the
expression ofEGFR throughHIF2a inmultiple cancer cell lines (32),
and it was recently shown that HBEGF expression is activated in
response tohypoxic conditionsbyHIF1a in thebreast cancer cell line
MDA-MB-231 (33). Interestingly, overexpression of asTF in Pt45.P1
cells promotes cell cycle progression and cell motility in hypoxic
conditions through a b1 integrin-HIF1a-CAIX signaling cascade
(34); thus, it is likely that neutralization of asTF by hRabMab1
mitigates signaling through this pathway leading to a suppression
in HBEGF expression. Future studies will focus on how hRabMab1
affects the tumor microenvironment and intratumoral hypoxia.
STN1 is one of the three components of the CST-complex, which
helpsmaintain telomere integrity (35). The loss of STN1dramatically
impairs telomere replication, leading to rapid telomere shortening
and the elicitationofDNAdamage response (36). STN1has alsobeen
identified as a mediator of chemotherapeutic resistance to DNA
damaging agents; however, its suppression sensitizes cancer cells to
these agents (37). In light of thisfinding, there is a strong rationale for
combining hRabMab1 with gemcitabine or FOLFIRINOX in future
pre-clinical studies.

In sum, we have shown that our first-in-class, humanized
monoclonal antibody directed at asTF exhibits significant anti-
PDAC tumor activity in vivowhen administered intravenously as
a single agent. Our findings strongly favor further development
of hRabMab1 as a biologic for PDAC management.
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Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease even in the early stages,
despite progresses in surgical and pharmacological treatment in recent years. High
potential for metastases is the main cause of therapeutic failure in localized disease,
highlighting the current limited knowledge of underlying pathological processes. However,
nowadays research is focusing on the search for personalized approaches also in the
adjuvant setting for PDAC, by implementing the use of biomarkers and investigating new
therapeutic targets. In this context, the aim of this narrative review is to summarize the
current treatment scenario and new potential therapeutic approaches in early stage
PDAC, from both a preclinical and clinical point of view. Additionally, the review examines
the role of target therapies in localized PDAC and the influence of neoadjuvant treatments
on survival outcomes.

Keywords: PDAC - pancreatic ductal adenocarcinoma, biomarkers, ctDNA = circulating tumor DNA, gemcitabine,
predictive factors, PARPi, target therapy, neoadjuvant chemotherapy
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a candidate for the second leading cause of cancer-
related death in 2030, with a five-year survival rate of 5-7% (1). Surgical treatment with the goal of
radical resection -tumor-free excision margins (so called “R0 resection”) is the only potentially
curative approach for PDAC. However, only 15-20% of patients with PDAC have localized and
potentially resectable disease at diagnosis (2).

In recent years, radiological criteria were developed in order to define tumor resectability and to
improve the selection of patients able to receive a curative surgical approach. In detail, according to
the degree of contact between the primary tumor and the vessels (portal vein (PV) or superior
mesenteric vein (SMV), superior mesenteric artery (SMA), coeliac trunk, and common hepatic
artery), PDAC is classified as resectable, borderline resectable, or locally advance unresectable.
PDAC is considered resectable when the tumor is free of contact with the SMA, common hepatic
artery, coeliac trunk, or contact of < 180° with SMV/PV without vessels’ contour irregularity;
infiltration of SMA of ≥ 180 or the involvement or occlusion of SMV/PV is generally considered as
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locally advanced, unresectable disease. Then, intermediate
vascular involvement identifies borderline resectable
disease (Table 1).

However, a careful multidisciplinary evaluation of those
criteria is mandatory in each case in order to perform better
patient selection; the multidisciplinary team should consist of a
group of physicians from different specialties dedicated to
PDAC, highly trained in this regard and working in a high-
volume center. It should be assumed that patients with
borderline resectable disease have a high probability of residual
microscopic resection (R1 resection). For this reason, they
should not be considered for upfront surgery and
chemotherapy is the first option in the treatment strategy. On
the other hand, patients with resectable disease at diagnosis are
mainly receive upfront surgery as standard of care.

Nevertheless, despite curative resection, the rate of
postoperative tumor recurrence is high and the majority of
patients experience a disease relapse (4). On these bases,
adjuvant chemotherapy should be offered to all patients who
have undergone surgical treatment and maintain an acceptable
general condition, regardless of pathological TNM stage, with the
aim to improve the poor prognosis of these patients (3, 5).
According to this concept, several phase III trials have been
developed over the last decades in order to evaluate the more
effective chemotherapy regimens, resulting in a radical change of
management of resectable PDAC.

Based on this background, the aim of this narrative review is
to provide an overview regarding the state of the art of adjuvant
treatments in PDAC, alongside the emerging role of
perioperative treatment. Lastly, we discuss the role of future
perspectives in this field, such as biomarkers and new
target therapies.
Frontiers in Oncology | www.frontiersin.org 2141
LOCALIZED PDAC: WHAT WE KNOW
IN 2021 AND THE CURRENT
TREATMENT SCENARIO
After a suspicion of PDAC, cytological or pathologic diagnosis-
usually made with fine-needle biopsy by endoscopic ultrasound
guidance or computed tomography (CT)- is mandatory in cases
of unresectable and borderline resectable disease (6). Then, an
accurate preoperative CT staging and a multidisciplinary
evaluation, focused on the assessment of distant metastasis and
on the vessels’ involvement degree, is recommended in order to
identify patients at risk of incomplete resection (R1 or R2
residual macroscopic disease). Those patients have a
disappointing survival rate, similar to that of non-resected
tumors in case of R2 resections. Additionally, a careful
multidisciplinary evaluation might help to decrease the
morbidity linked to a non-curative major surgery (5, 7–9).

According to international guidelines, patients with
radiological resectable PDAC at diagnosis are candidates for
surgery as standard of care, ideally performed in high-volume
centers (3, 5). However, the multidisciplinary team should
carefully evaluate patients with Ca 19-9 > 500 UI/ml, pain, or
histological report of grade 3 tumor (so called “biological criteria
of resectability”). In fact, those patients have higher risk of early
relapse after surgery also in the case of radiological resectable
tumors, underlining the systemic nature of PDAC. In those cases,
a systemic treatment followed by curative surgery should be
considered as a valid treatment strategy.

Thus, according to the location of the primary tumor, the
surgical procedure can be a pancreatoduodenectomy (Whipple
technique) in case of head and uncinate tumors and a distal
pancreatectomy with en-bloc splenectomy in case of cancers in
TABLE 1 | Criteria of resectability according to NCCN guidelines version 2.2021 (3).

Resectability
Status

Venous Arterial

Resectable ◼ No tumor contact with the superior mesenteric vein (SMV) or
portal vein (PV) or ≤180° contact without vein contour irregularity.

◼ No arterial tumor contact (celiac axis [CA], superior mesenteric artery [SMA],
or common hepatic artery [CHA]).

Borderline
Resectable

◼ Solid tumor contact with the SMV or PV of >180° with contour
irregularity of the vein or thrombosis of the vein but with suitable
vessel proximal and distal to the site of involvement allowing for
safe and complete resection and vein reconstruction.

◼ Solid tumor contact with the inferior vena cava (IVC).

Pancreatic head/uncinated process:
◼ Solid tumor contact with CHA without extension to CA or hepatic artery

bifurcation allowing for safe and complete resection and reconstruction.

◼ Solid tumor contact with the SMA of ≤180°.

◼ Solid tumor contact with variant arterial anatomy (ex: accessory right
hepatic artery, replaced right hepatic artery, replaced CHA, and the origin of
replaced or accessory artery) and the presence and degree of tumor
contact should be noted if present, as it may affect surgical planning.

Pancreatic body/tail:
◼ Solid tumor contact with the CA of ≤180°.

◼ Solid tumor contact with the CA of >180° without involvement of the aorta
and with intact and uninvolved gastroduodenal artery thereby permitting a
modified Appleby procedure (some panel members prefer these criteria to
be in the locally advanced category).

Locally
Advanced

◼ Unreconstructible SMV/PV due to tumor involvement or
occlusion (can be due to tumor or bland thrombus).

Head/uncinated process:
◼ Solid tumor contact with the SMA >180°.

◼ Solid tumor contact with the CA >180°.Pancreatic body/tail:
◼ Solid tumor contact of >180°with the SMA or CA.

◼ Solid tumor contact with the CA and aortic involvement.
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the body and tail. Regarding the definition of complete resection,
the International Study Group of Pancreatic Surgery (ISGPS)
recommends the following: R0 in case of negative resection
margins; R1 in case of tumor cells within <1 mm from the
margin, considering all seven margins (anterior, posterior,
medial, superior mesenteric artery (SMA), pancreatic
transection, bile duct, and enteric); and R2 in case of
macroscopical residual disease (10). Additionally, surgery
should include a standard lymphadenectomy with the removal
of > 15 lymph nodes (11).

Currently, open surgery remains the standard of care for the
treatment of PDAC, because laparoscopy has been shown to reduce
peri-operative morbidity, but with no clear data about oncological
results (12, 13). However, despite curative resection, the rate of
postoperative tumor recurrence is high, and the majority of patients
experience a disease relapse (4). Therefore, PDAC is considered a
systemic disease from diagnosis even in cases of localized and
resectable tumors. In these cases, a multimodal treatment strategy,
such as surgery followed by an adjuvant chemotherapy, can offer
more chances of survival (14). However, it is worth mentioning that
up to 30% of patient do not receive adjuvant therapy because of the
development of comorbidities, the worsening of performance status
(PS), post-operative complications, and early recurrence.

Regarding adjuvant chemotherapies, several studies have
been developed over the last decades. The European Study
Group for Pancreatic cancer (ESPAC)-1 trial showed for the
first time that a flourouracil-based adjuvant chemotherapy
significantly increased survival compared to surgery alone
(median overall survival (OS): 20.1 versus 15.5 months,
respectively). Additionally, the trial showed a detrimental effect
on surv iva l by us ing an integra te approach wi th
chemoradiotherapy if compared to chemotherapy (15).

Later, the CONKO-001 trial showed significant improvement
in disease-free survival (DFS) by using gemcitabine-based
adjuvant mono-chemotherapy versus observation in resectable
PDAC (13.4 versus 6.9 months, respectively), whereas median
OS was comparable between the gemcitabine and the control
group (22.1 versus 20.2 months, respectively) (16).

The ESPAC-3 trial did a head-to-head comparison between
the two regimens used in ESPAC-1 and in CONKO-001 trials
(17). This trial showed no significant differences between the two
treatment arms (median OS 23.0 months in the fluorouracil arm
and 23.6 months in the gemcitabine arm), with a more
acceptable safety profile in the gemcitabine arm (grade 3-4
toxicities: 7.5% versus 14% in the fluorouracil arm) (17).
However, the ESPAC-3 trial underlined the concept that
completing the adjuvant treatment for all six cycles planned, at
appropriate dose intensity, has a major impact on survival, rather
than an earlier beginning of chemotherapy within the 6-8 weeks
after surgery. In fact, it showed that chemotherapy could be
postponed for up to 12 weeks after surgery, allowing for a better
recovery of patients (18).

More recently, two randomized clinical trials have deeply
modified the standard of care for adjuvant chemotherapy for
PDAC: ESPAC-4 and PRODIGE 24 trials (19, 20). In 2017, the
ESPAC-4 trial showed that the combination of gemcitabine plus
Frontiers in Oncology | www.frontiersin.org 3142
capecitabine (GEMCAP) was superior to gemcitabine alone with
a significant but modest improvement in median OS (28.0
months in the experimental arm versus 25.5 months in the
control arm, hazard ratio (HR): 0.82, p=0.032) (19). However,
it is important to emphasize the absence of a significant
difference in relapse-free survival (RFS) between the two arms,
even though a trend in favor of the GEMCAP arm was reported
(the 3- and 5-year survival rates were 23.8% and 18.6% with
GEMCAP and 20.9% and 11.9% with monotherapy,
respectively). The GEMCAP regimen was also associated with
a poorer safety profile, with a higher percentage of grade 3-4
adverse events. Methodological limitations of this trial consist of
the inclusion of patients with potentially poor prognosis, such as
those with post-operative elevation of Ca19.9 serum level, and
the absence of planned post-surgical radiological evaluation.
Those factors suggest the presence of early metastatic disease
in the study population, which might be the reason for the major
efficacy of the combination regimen. Nevertheless, international
guidelines consider the GEMCAP regimen as a valid option for
adjuvant treatment (3, 5).

Then, the PRODIGE 24/CCTG PA.6 trial evaluated the role of a
polichemotherapy based on modified fluorouracil/irinotecan/
oxaliplatin regimen (mFOLFIRINOX) as adjuvant chemotherapy
compared with gemcitabine alone (20). The trial reached its primary
endpoint of increasing DFS in the majority of the subgroups
(including R0 and R1 resections): after a median follow-up of
33.6 months, median DFS was 21.6 months in the
mFOLFIRINOX arm versus 12.8 months in the gemcitabine arm
(HR: 0.58; p<0.001). In addition, median OS was 54.4 months in the
mFOLFIRINOX arm versus 35.0 months for gemcitabine arm (HR:
0.64; p=0.003); this was the best achievement in survival in this
setting until now. As expected, grade 3-4 toxicities were significantly
higher in the mFOLFIRINOX group (75.5% versus 51.1%), with
higher rates of diarrhea, mucositis, fatigue, peripheral neuropathy,
nausea, and vomiting. However, no grade 5 adverse events were
reported in the experimental arm. Nevertheless, we should consider
two aspects in the analysis of those results: first, only 66% of patients
in the mFOLFIRINOX arm received all the planned cycles of
chemotherapy compared to 79% in the control arm; second, the
population of the PRODIGE 24 trial was very well selected (PS 0-1
according to ECOG, normal post-surgical radiological evaluation
and Ca19.9 serum levels < 180 U/ml) with lower risk of
early recurrence.

Additionally, the Italian phase III GIP-2 trial showed similar
results in this setting, supporting the use of mFOLFIRINOX in
the adjuvant setting (21). However, the trial was stopped earlier
after the publication of the results of PRODIGE 24 trial, due to
the low accrual.

In general, according to international guidelines (3, 5),
mFOLFIRINOX is considered the best adjuvant strategy in very
well selected and fit patients, with an optimal post-surgical recovery.

Finally, other trials were conducted with the aim to improve
the outcomes in this setting. In particular, the APACT trial did
not confirm the superiority in DFS of the combination of nab-
paclitaxel plus gemcitabine when compared to gemcitabine alone
(19.4 versus 18.8 months; HR: 0.88; p=0.1824) (22). Likely, the
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CONKO-005 trial, that evaluated the efficacy of adding erlotinib
to gemcitabine, failed to demonstrate a benefit in DFS and OS in
the adjuvant setting in the experimental arm (23).

Lastly, the potential impact of adjuvant radiation therapy to
improve the outcome of patients with PDAC is still debated, due
to the lack of definitive data evaluating modern radiotherapy
doses and techniques. In fact, in the pivotal historical ESPAC-1
and EORT trials (that compared chemoradiotherapy with the
observation after surgery alone), radiotherapy has been shown to
not improve the survival outcomes in this setting, including in
patients who have undergone R1 resection (15, 24).

However, we should consider that those first trials were
conducted using suboptimal radiation regimens (such as split-
course radiotherapy), without a standardization of doses and
comparison groups.

On the other hand, two more recent studies using a national
cancer registry database reported that chemordiotherapy was
more effective than adjuvant chemotherapy alone, especially in
node-positive status or R1 resection (25, 26). However, they were
limited by potential inherent biases; therefore, their findings
should be carefully interpreted. Thus, to date, the role of post-
operative radiation in the modern era of new and more effective
systemic therapies remains unanswered. It should be evaluated in
Frontiers in Oncology | www.frontiersin.org 4143
phase III trials, at least in some categories of patients with higher
risk of local recurrence.

In conclusion, mFOLFIRINOX is considered the best
systemic treatment in the adjuvant setting in cases of selected
and fit patients. On the other hand, gemcitabine-based
monochemotherapy or GEMCAP regimen could be an option
in the elderly and for patients with ECOG PS 2.
PDAC EVOLUTION: FROM PANCREATIC
GLAND TO METASTASIS

Since the end of the 20th century, important advances in
understanding pathological mechanisms beneath PDAC
evolution have been made.

As for other human cancer types, a stepwise evolution model
has been proposed for PDAC: tumor initiation, as a consequence
of driver gene mutations; tumor progression, through clonal
expansion and accumulation of new genetic alterations; and
tumor dissemination, in which cancer cells reach, through the
bloodstream, distant sites (27–29).

First genetic events in tumor initiation concern few loci
(Figure 1). In particular, four genes (also known as the “Big
A

C

B

FIGURE 1 | Biology of PDAC. (A) Main molecular alterations in PDAC; (B) Hereditary alterations, involved genes, and their relative syndromes; (C) Main steps of
PDAC tumorigenesis, from tumor initiation to tumor progression and, finally, systemic dissemination. PDAC, pancreatic ductal adenocarcinoma; HRD, homologous
recombination deficiency; TME, tumor microenvironment; EMT, epithelial-to-mesenchymal transition; TAMs, tumor-associated macrophages; TILs, tumor infiltrating
lymphocytes; MMR, mismatch repair.
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4”) are the most mutated in early pancreatic cancer, namely
KRAS, TP53, CDKN2A, and SMAD4 (formerly known as
DPC4), with their alterations detected for 94%, 64%, 21%, and
17% of all PDACs, respectively (30). KRAS mutations, which are
localized in codon G12 in almost 90% of cases, are the earliest
event in pancreatic tumorigenesis; they are activating mutations,
unlike the other three genes (30, 31).

Transformation of normal pancreatic epithelium into
malignant cells seems to cross in many cases through
premalignant lesions, namely the pancreatic intraepithelial
neoplasia (PanIN) and intraductal papillary mucinous
neoplasm (IPMN) (32). In support of this hypothesis, genomic
analysis of PanIN and IPMN showed that they share the same
genetic alterations of PDAC, although with lower incidence (33).

Genetic alterations other than the abovementioned could pre-
exist the tumor and be responsible for its onset. Hereditary
PDAC account for 10% of all PDAC patients, even if a clear
predisposition syndrome could be detected in no more than 20%
of them (34). Hereditary alterations mainly affect BRCA1/2
genes and other homologous recombination genes, such as
PALB2 (hereditary breast and ovarian cancer syndrome,
HBOC), mismatch repair (MMR) genes (Lynch syndrome),
and APC gene (Familial Adenomatous Polyposis syndrome,
FAP) (35). BRCA1/2 and PALB2 alterations are the most
frequent inherited mutations in PDAC patients, whilst MMR
deficiency is rare, being recorded in less than 1% of patients (36,
37). However, genomic instability might underlie the onset of a
significant percentage of PDACs (38, 39).

Epithelial-to-mesenchymal transition (EMT), consisting of
the acquisition of migratory properties by epithelial cells, is a
common feature in human cancer and it is also described in
PDAC, linked to the generation of cancer stem cells, formation of
metastasis, and resistance to therapy (40–42).

Then, the tumor microenvironment (TME) plays a
fundamental role in PDAC genesis. TME is composed of
stromal cells, extracellular matrix, immune cells, and blood
vessels (43). It is not merely the physical and cellular support
for the tumor growing, but its interactions with tumor cells are
responsible for tumor behavior (i.e. promoting EMT),
invasiveness, and metastasis (44, 45). In fact, stromal cells
should be considered as dynamic elements, therefore
representing potential therapeutic targets (46–48). Stromal
fibroblasts promoted growth and metastasis in preclinical
models of PDAC through production and secretion of soluble
factors, whilst composition of immune infiltration has a critical
role in tumor progression by regulating immune response
against tumor cells (49–51). In detail, immune and
inflammatory infiltration consists of several types of cells, from
tumor-associated macrophages (TAMs) to bone marrow-derived
cells (BMDCs), and from neutrophils to tumor-infiltrating T-
cells (TILs) (52). Recent discoveries on antitumor immunity in
PDAC have highlighted a peculiar immune microenvironment
composition, which explains the evasion from immune
surveillance by tumor cells (53). However, specific PDAC
mutational signature, such as homologous recombinant
deficiency- that results in higher frequency of somatic
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mutations- could enhance antitumor immunity and be a
candidate for new immunotherapy drugs (54).

Tumor dissemination in the bloodstream is not an early event
in the genetic evolution of PDAC since the metastatic ability is
acquired only years after tumor initiation (55). However, on a
clinical point of view, a considerable share of small PDACs (1-5
mm of diameter) are found with synchronous distant metastases,
meaning that tumor clinically detectable masses have already
accumulated several genetic alterations, thus leading to systemic
disease. As support to those assumptions, circulating tumor cells
(CTCs) have also been found in blood samples of PDAC patients
in earlier stages (56–58). It should be noted that only a few CTCs
have the ability to form metastases; however, despite the relative
inefficiency of this process, the great amount of tumor cells
released in bloodstream explains the high frequency of
metastases (59, 60).

There are preferential sites for metastases from PDAC, such
as liver, lungs, and peritoneum (61). Interestingly, in the last
years several works have suggested the possibility that organs- in
particular the liver- could be induced in accepting tumor cells
through secreted factors released by primary tumor, such as
inhibitor of metalloproteinases or exosomes (so called “pre-
metastastic niches”) (62, 63). On the other hand, tumor cells
could acquire spec ific character is t ics for se lect ive
organotropism (64).

TME also plays an important role in the metastatic process. In
particular, a similar extracellular matrix composition between
primary and metastatic TME has been pointed out, even if
metabolic genes in stromal cells are differentially expressed
based on metastasis site, highlighting specific regulation in
specific contexts (65, 66). Additionally, TME is not a static
entity but changes over time in response to tumor behavior (67).

Lastly, on the genomic point of view, it seems that primary
PDAC and synchronous/metachronous metastases share similar
frequency in main tumor suppressor genes, even if a higher
mutational load in cell cycle pathway genes has been observed in
metastases (68). That observation supports the hypothesis that
main genomic rearrangements involved in tumorigenesis of
PDAC occur before bloodstream dissemination, which is
indeed a late event in the natural history of this type of
human cancer.
NEW DIRECTIONS IN THE ADJUVANT
TREATMENT OF PDAC

Better Stratification of Patients: Role of
Biomarkers and Prognostic Factors
One of the biggest challenges in early-stage malignant tumors is
to assess individual prognosis more accurately, specifically
regarding risk of either local or distant relapse. Stratification of
these patients is important to avoid unnecessary adjuvant
treatment in those who will not experience disease recurrence
but also to better tailor post-operative treatment – i.e. number
and type of drugs administered or treatment duration – in those
who have a high probability of micro-metastases.
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Radiological exams currently used in clinical practice are
unable to detect micro-metastatic disease; this is why
biomarkers, especially those correlating with metastatic burden,
have been intensively studied in early PDAC patients in the last
decades in order to ideally separate those patients who are at high
risk of distant recurrence from those who are not (69).

Among serum biomarkers detectable on blood samples, Ca 19-9
is certainly the most diffused and studied. In fact, elevated levels of
Ca19-9 have been associated with poor survival in early stage PDAC
patients (70). However, its sensitivity and specificity as a single agent
does not allow its use in early detection of PDAC, explaining the
clinical need of serological partners to be tested with it (71–73). For
example, a recent study pointed out the possibility to predict disease
recurrence in PDAC patients through the combination of Ca19-9
and serum metabolomes (74).

Table 2 summarizes novel potential biomarkers and
prognostic factors in localized PDAC patients and their
potential influence on choosing the best curative approach.
Among those, CTCs and circulating tumor DNA (ctDNA) are
really promising. CTCs have been detected in early stage PDAC
patients. In particular, in clinically and radiologically localized
PDAC a cut-off of 3 CTCs per vial (4 ml) was proposed in the
literature to discriminate between patients with or without
distant micrometastases (75). CTCs are undoubtedly useful in
risk stratification, being a candidate for clinical implementation
in the near future (76–78).

Regarding ctDNA- which is a hot topic in cancer research
worldwide- its role in early stage PDAC has been more finely
shaped in very recent years (79). The most important study
about ctDNA in early stage PDAC patients has been conducted
on 112 subjects suitable for radical resection of primary tumor:
pre- and post-operative detection of KRAS mutations in ctDNA
was correlated with poor RFS and OS in PDAC patients, also
including those who received adjuvant therapy (80). The trial
suggested that patients with detectable levels of ctDNA should be
treated more aggressively after resection. In order to increase the
role of ctDNA as a predictive biomarker, Hussung et al.
demonstrated that integration of Ca19-9 and KRAS mutant
ctDNA performed better than individual markers for both RFS
and OS in PDAC patients undergoing adjuvant treatment (81).
Extracellular vesicles are also promising biomarkers for early
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stage PDAC patients, but optimization of analytical processes is
needed for practical use (82).

Beyond tumor biomarkers and moving from the evidence in
the metastatic setting, systemic inflammation markers have also
been studied in radically resected PDAC patients, such as
neutrophil-to-lymphocyte ratio (NLR) and platelet-to-
lymphocyte ratio (PLR) (83–85). Recently, a systemic immune-
inflammat i on index , wh i ch i s the ra t i o be tween
platelets × neutrophils and lymphocytes, has been proposed as
a new prognostic score, predicting poor survival with more
accuracy than NLR and PLR (86).

Then, Kim et al. structured a nomogram for early recurrence
after pancreatectomy in localized PDAC in order to help
clinicians in predicting recurrence risk. The nomogram
included some of the abovementioned prognostic (namely, Ca
19-9, NLR, and PLR) and pathological factors (such as tumor size
and grade of differentiation) (87). Eventually, in the future, the
integration of other biomarkers in some nomograms - such as
CTCs and ctDNA –will certainly enhance their predictiveness.
Additionally, their use in adjuvant clinical trials should be
encouraged for tailoring therapy based on the risk of
disseminated microscopic disease.

New Potential Targets in the PDAC
Complex Scenario
PDAC is a very complex and heterogeneous disease at the
molecular and clinical level. In fact, in the adjuvant context,
only a few examples regarding molecular predictive biomarkers
exist and no targeted agents are currently used in clinical practice
in this setting.

Martinelli P et al. used the large ESPAC-3 trial cohort to
classify patients according to the level expression of GATA6
transcription factor, a putative marker of Collisson and Moffitt
“Classical” subtype (17, 88–90). They clearly showed that
individuals with high GATA6 expression (what we consider as
the “classical” type) received the greatest benefit from adjuvant 5-
Fluorouracil administration, whereas patients with low-GATA6
did not benefit by using this type of chemotherapy at all. To note,
no survival differences based on GATA6 expression were found
in the gemcitabine-based adjuvant arm. The hypothesis, also
supported by the recent COMPASS trial in advanced disease
TABLE 2 | Potential biomarkers and prognostic factors in localized PDAC patients and their potential influence on choosing the best curative approach.

Biomarker/prognostic
factor

Optimal timing for use Influence on curative approach(es)

CTCs* ◼ Detection before surgery indicates a high probability of distant (micro)metastases. ◼ Neoadjuvant chemotherapy should be
considered.

◼ Detection after surgery indicates a high probability of distant (micro)metastases and/or
residual disease.

◼ “Adjuvant” chemotherapy should be
strengthened.

ctDNA** ◼ Detection before surgery indicates a high probability of distant (micro)metastases. ◼ Neoadjuvant chemotherapy should be
considered.

◼ Detection after surgery indicates a high probability of distant (micro)metastases and/or
residual disease.

◼ “Adjuvant” chemotherapy should be
strengthened.

NLR and PLR § ◼ High value after surgery may suggest poor prognosis in frail patients. ◼ Adjuvant chemotherapy should be
avoided.
*Circulating tumor cells, **Circulating tumor DNA, §Neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio.
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setting, is that the classical subtype could be more sensitive to
fluoropyrimidine, even in the adjuvant context, making GATA6
an “ideal” (and relatively simple) marker to assess in order to
choose the better adjuvant strategy (91).

Buchler’s group, again using the data from ESPAC-3 trial
(17), showed the potential utility of another marker, hENT1
(human equilibrative nucleoside transporter 1), to predict benefit
by using a gemcitabine-based adjuvant therapy (92). In details,
hENT1 permits the bidirectional passage into cancer cells of
pyrimidine nucleosides (such as gemcitabine, 5-Fluorouracil,
and capecitabine), which suggests that higher levels of this
transporter could correlate with increased intracellular
accumulation of chemotherapy agents, thus causing cancer cell
death. Indeed, this retrospective analysis showed that patients
who received a gemcitabine-based chemotherapy had a median
OS of 26.2 months in case of high hENT1 expression level; on the
other hand, patients with low hENT1 levels showed a median OS
of 17.1 months after gemcitabine. Nevertheless, there was no
difference in hENT1 expression levels in the 5-Fluorouracil-
based chemotherapy arm. These preliminary data were also
recently confirmed by a Korean study, making hENT1 a
possible predictive biomarker for clinical benefit by using a
gemcitabine-based adjuvant regimen (93). To explain these
results, it is interesting to note that hENT1 has been reported
to be the most efficient transporter for gemcitabine but not for
other pyrimidine nucleosides (94). Additionally, in vitro studies
have shown that hENT1 loss could be responsible for resistance
to gemcitabine in gastrointestinal human cancer cell lines (95).

More recently, Nicolle R et al. expanded our knowledge about
molecular stratification in the adjuvant setting, identifying a
molecular signature (the so-called “GemPred” signature) able
to predict benefit from adjuvant administration of gemcitabine.
Less than 20% of the retrospectively tested patients (~ 430 from
different cohorts) were GemPred signature positive, all with
“classic” transcriptomic features (96). Interestingly, the median
DFS in patients with GemPred positive signature was longer than
those with GemPred negative signature (42.5 versus 13.4
months); similar results were obtained for the median OS (91.3
versus 31.7 months). What kind of molecular intersections there
are between GemPred and classic signatures has not been defined
yet. However, it is a matter of fact that all patients with GemPred
positive signature also had the classic PDAC subtype, whose
sensitivity to 5-Fluorouracil was previously shown by Martinelli
P et al. (87). Therefore, a better comprehension of the
relationship between classic signature and this novel GemPred
signature is highly desirable, also in the light of novel single
cell data.

A major barrier to precision medicine in PDACs is the inter-
and, especially, intra-tumor heterogeneity. Recent data have
clearly shown that in a single tumor- defined as classical or
basal-like at the bulk level- there is a transcriptional continuum
at single cell level between classical and basal-like transcriptional
programs (97). Thus, some cells are in a “classical-like state” and
others in a “basal-like state”, possibly due to different
microenvironmental interactions and spatial location within
the different tumor regions. This notion complicates the
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picture further, representing a possible barrier to cytotoxic
and/or targeted treatments directed to one specific
“bulk” subtype.

Targeted Therapies in the Adjuvant Treatment for
PDAC: Hope or Chimera?
Another crucial question in the adjuvant setting for PDAC is the
following: beyond classical chemotherapy agents (see section 2
for additional details), what specific molecular targets could we
imagine in the adjuvant setting? Necessarily we should look at
genomic characterizations and at metastatic disease setting.

The first attempt to target metastatic PDAC with a molecular
agent was published in 2007, with the combination of
gemcitabine and the anti-epithelial growth factor receptor
(EGFR)/tyrosine kinases inhibitor (TKI) Erlotinib, based on
the observed overexpression of this receptor in tissue from
PDAC (98, 99). Although the phase III trial met its primary
endpoint with a statistically significant improvement in OS with
the combination (6.24 versus 5.91 months, respectively), this
survival gain was clinically irrelevant. Thus, to date, Erlotinib is
not used in the clinical practice for metastatic PDAC. Erlotinib
was also tested in the adjuvant setting in combination with
gemcitabine and compared to gemcitabine alone (RTOG 0848
trial (100). Preliminary results were negative, showing a lack of
survival benefit from the addition of erlotinib to standard
chemotherapy. It must be underlined that in both cases
(metastatic and adjuvant setting) the study population was not
selected by EGFR expression and/or EGFR gene amplification,
which could explain – at least in part – the disappointing results.

A recently published retrospective analysis of tumor specimens
from CONKO-005 trial has suggested that a specific genetic
signature - SMAD4 gene alterations with low MAPK9 expression -
couldbe responsible for erlotinib efficacy in the adjuvant setting, even
if these results need to be prospectively validated (101).

In 2015, the consortium led by Biankin and Grimmond
identified a small percentage of PDAC (< 15%) with high
genomic instability due to serious defects in DNA integrity
maintenance (creating the so called “BRCA signature”) (102).
These patients showed alterations in genes like BRCA1, BRCA2,
and PALB2, and the authors could demonstrate a clear clinical
usefulness of a platinum-based chemotherapy, at least in two
subjects, also assuming a possible role of PARP inhibitors in this
context. Based on those preliminary results, the phase III POLO
trial evaluated the efficacy of maintenance therapy with Olaparib
(a PARP inhibitor) in germline BRCA1/2 mutated metastatic
PDAC patients. The trial showed doubled median PFS (from 3.8
to 7.4 months) after an induction first-line therapy platinum-
based (103). Although those results were promising, data
regarding a possible adjuvant use of Olaparib in radically
resected patients are not yet available. Nevertheless, a
hypothetic study design as maintenance strategy (up to one
year) in ctDNA positive germline BRCA1/2 mutated patients
after mFOLFIRINOX standard adjuvant therapy is reported in
Figure 2; Table 3 shows the ongoing trials in this field.

A very small percentage of PDAC shows high microsatellite
instability (MSI-H), a molecular feature associated with high
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response to immune checkpoint inhibitors (ICIs) in advanced
disease setting across multiple cancer types (110, 111). However,
it is a matter of fact that the objective response rate (ORR) of
PDAC to ICIs was lower than that observed in other types of
MSI-H cancers (112). However, an adjuvant approach with ICIs
in MSI-H patients with ctDNA might be worth investigation in
the adjuvant setting in the future.

Nevertheless, with the exception of rare MSI-H patients,
PDAC is considered a tumor resistant to ICIs, due to a highly
immune-suppressive microenvironment, dominated by
extracellular matrix proteins and different cancer associated
fibroblast subtypes as well as other immune cell types (113). A
very recent report from the NCT02451982 phase I/II Trial is
evaluating the combination of GVAX (tumor cell vaccine) plus
Nivolumab (anti-PD1) and Urelumab (CD137 agonist).
Unfortunately, the results of the adjuvant phase of the trial are
not available yet (see section 4.3 for additional details regarding
the results in the neoadjuvant setting) (114).

Another interesting strategy in the adjuvant setting is to add
chloroquine to gemcitabine, thus targeting autophagy, a
resistance mechanism to chemotherapy, which has a role in
PDAC maintenance, possibly also in a micro-metastatic state
(115). In this regard, only the results of the phase II trial in a
metastatic setting are available to date (116). The trial did not
show any survival benefit for the chloroquine arm; however, a
significant improvement in ORR was reported. Based on that
consideration, the adding of chloroquine could make even more
sense in a pre-operative setting for borderline resectable and/or
locally advanced PDAC, where good tumor response could lead
to radical surgical resection. However, further prospective
evaluations are needed in order to explore this hypothesis.

In conclusion, target therapies are not considered the
standard of care in the adjuvant setting for PDAC and they are
not used outside clinical trials.
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How to Improve the Outcomes for
Resectable PDAC: The Role of
Neoadjuvant and Perioperative
Treatments
The role of neoadjuvant treatment in PDAC is still controversial to
date, although several trials and retrospective studies have been
conducted in this setting and the general trend is to encourage this
approach in the light of the systemic behavior of this malignancy.
However, evidence available is still not univocal, as different clinical
entities are currently investigated together for primary
chemotherapy: locally advanced unresectable, borderline
resectable, and resectable tumors (see Table 1). All these entities
account for 50-60% of the whole newly diagnosed PDAC, but less
than half are borderline or upfront resectable tumors.

For borderline/locally advanced tumors, an “induction”
treatment should be conceptualized rather than a real
“neoadjuvant”, even if no robust data have been reported.
Preoperative treatment is able to achieve a radical resection in
approximately 30% of the cases initially deemed unresectable,
while almost 70% of the resectable cases regularly undergo
surgery after a neoadjuvant therapy. However, as already
discussed in the previous sections, a high percentage of
resected patients are bound to relapse despite the best surgical
and systemic approach currently available, and not all patients
receive chemotherapy after surgery. Potential key points to
improve survival outcomes in “curable” settings are the
possibility to intensify and individualize pre- and postoperative
treatment and the possibility to “adapt” adjuvant regimens in
light of neoadjuvant response rate and/or biomarkers expression.
This last point is getting more topical the more neoadjuvant
treatment is growing in importance in the therapeutic algorithm.

Is it possible to outline a possible perioperative strategy
according to specific clinical and biological markers? As a
matter of fact, a major reason for treatment failure both in
FIGURE 2 | Hypothetic adjuvant study design dedicated to germline BRCA1/2 mutated PDAC patients.
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resectable and in locally advanced PDAC is the clinical and
biological heterogeneity of different treated tumors, as well as the
strong systemic “vocation” of this malignancy since the initial
stages. Current neoadjuvant and adjuvant schedules are not able
to tackle these issues in most cases.

During the last years, intensified regimens, such as
gemcitabine plus nab-paclitaxel and FOLFIRINOX, have been
proposed in order to improve resection rate and survival in the
neoadjuvant setting.

The use of FOLFIRINOX, established as a standard in
adjuvant and metastatic settings, seems suitable and promising
according to meta-analytic data, while no prospective phase III
data are available in this setting to date (117). In 2019, a meta-
analysis of 24 small retrospective and phase I-II prospective
studies highlighted the role of this combination in borderline
resectable PDAC (1802 patients). The analysis showed a pooled
resection rate of 67.8% (95% Confidence Interval (CI): 60.1%-
74.6%) and R0-resection rate of 83.9% (95% CI: 76.8% - 89.1%)
among all resected patients for the 13/24 studies reporting data
about resection margins (117). The median OS ranged from 11.0
to 34.2 months across the studies (to note: lower than phase III
PRODIGE-24 with adjuvant FOLFIRINOX). These data are
consistent with previously reported meta-analysis (118).
Besides the absence of a dedicated randomized controlled trial,
the biggest limitation for the use of FOLFIRINOX is the toxicity,
with grade 3-4 neutropenia, diarrhea, and fatigue usually
reported as the most common adverse events.

With regards to gemcitabine and nab-paclitaxel combination,
the Italian phase II GAP trial is the only randomized study
comparing this combination versus gemcitabine alone (119). In
locally advanced tumors, gemcitabine and nab-paclitaxel
performed better in terms of distant relapses, also positively
affecting PFS and OS, compared to gemcitabine monotherapy.
The combination reduced rate of patients who progress after 3
cycles of induction chemotherapy by 20%.

In 2020, the LAPACT phase II single arm trial confirmed the
role nab-paclitaxel and gemcitabine (6 cycles) as induction
treatment in patients with locally advanced PDAC, with
promising PFS (10.9 months, 90% CI; 9.3-11.6) and OS (18.8
months, 90%CI; 15.0- 24.0) and a good tolerability (consistently
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with data from the metastatic setting) (120). The data reported a
better survival compared to historical reference trials. The
response rate was 33.6% (90% CI: 26.6 - 41.5), establishing a
good activity of this combo for locally advanced PDAC
(121, 122).

However, currently no prospective head-to-head comparison
between these two schedules (FOLFIRINOX versus gemcitabine
and nab-paclitaxel) in the “induction” setting for resectable
disease is available, whereas the majority of the evidence is
retrospective or related to the locally advanced disease (123).
The randomized American phase II trial SWOG S1505
compared perioperative treatment using mFOLFIRINOX
versus gemcitabine and nab-paclitaxel in patients with
resectable PDAC (104). The trial enrolled 147 patients and
preliminary results, presented at the 2020 ASCO meeting,
showed no significant differences in terms of OS (primary
endpoint) between the two combinations (22.4 versus 23.6
months), with similar resection rates (77% vs 73%) (122). The
SWOG S1505 and the phase III PREOPANC-1 are currently the
most recent and robust evidence supporting the feasibility of
perioperative treatment respectively in resectable and borderline
resectable PDAC, assuming the use of the same regimens in the
postoperative setting (FOLFIRINOX/gemcitabine and nab-
paclitaxel versus gemcitabine, respectively) (104, 124).
Noteworthy, PREOPANC-1 was not able to demonstrate a
significant benefit in OS with the use of preoperative
chemoradiotherapy compared to upfront surgery followed by
adjuvant gemcitabine (35.2 versus 19.8 months; p = 0.029), while
a significant higher R0-resection rate was reached (71% versus
40%, p < 0.001) (124).

A further contribution to the evaluation of neoadjuvant
chemotherapy in resectable PDAC comes from the Italian
phase II PACT-15 trial published in 2018 (106). In this
randomized open-label study (93 patients), authors
investigated an intensified perioperative approach with PEXG
(cisplatin, epirubicin, gemcitabine, and capecitabine) in
comparison with the same schedule as adjuvant treatment or a
standard adjuvant gemcitabine. In the perioperative arm, 66% of
patients were event-free at 1-year (primary endpoint) versus 23%
and 50% in the other arms, respectively. Although of phase II
TABLE 3 | Selected major ongoing studies investigating new perioperative/adjuvant approaches .

Study Phase N of
patients

Setting Experimental arm Status

NeoPancONE II 84* Perioperative FOLFIRINOX x 6 periop. (GATA-6 expression) Recruiting
NCT04472910 (104)
PROJECTION Observational 200* Neoadjuvant ctDNA detectable vs absent in preoperative Recruiting
NCT04246203 (105)
NCT01072981 III 722 Adjuvant Gemcitabine or 5FU chemoradiation

+/-Algenpantucel-L
Completed

(HyperAcute-Pancreas Immunotherapy) (106)
DECIST I 43* Adjuvant Standard chemo + autologous DC** vaccine Recruiting
NCT04157127 (107)
NCT04117087 I 30* Adjuvant KRAS peptide vaccine§ + nivolumab ipilimumab Recruiting
(Pooled Mutant KRAS-Targeted Long Peptide Vaccine)
(108)
NCT00733746 (109) II 123 Perioperative Erlotinib + gemcitabine periop. Completed
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design, this study provided further evidence of the feasibility and
promising efficacy of neoadjuvant chemotherapy in resectable
tumors, and was one of the few direct comparisons with
adjuvant treatment.

In summary, according to these trials (SWOG S1505,
PREOPANC-1, and PACT-15), the trend should go towards
the repurpose of the same regimen, used as neoadjuvant, in the
postoperative setting, while both FOLFIRINOX and
gemcitabine/nab-paclitaxel should be considered feasible for
preoperative treatment in resectable and/or locally advanced
tumors (104, 106, 124).

How much adjuvant treatment adds after preoperative
treatment and whether it should be selected according to
clinical features are interesting points still to be clarified. Some
data are available with the use of lymph node ratio (LNR) as a
prognostic marker after neoadjuvant treatment followed by
surgery, in order to stratify the efficacy of adjuvant therapy
according to this factor. From an American registry database,
including patients with PDAC who underwent resection
fo l lowing neoad juvant chemotherapy unt i l 2008 ,
clinicopathologic factors have been retrospectively analyzed
(107). Among the 14% of patients who also received
postoperative therapy, the treatment was associated with better
survival (72 versus 33 months, p = 0.008) in those with an LNR <
0.15, as confirmed by multivariate analysis. The addition of
postoperative chemotherapy after neoadjuvant resulted in
improved outcomes (reduced risk of death of 51%, p = 0.02,
and longer time-to-recurrence) in patients with low LNR.
However, this study reported a lack of benefit by the addition
of adjuvant treatment in patients with severe lymph node
involvement, contradicting other retrospective studies that
showed - by contrast - a survival benefit from postoperative
chemotherapy especially in patients with node-positive status
(105, 107, 108). It is not clear whether the pathological node
status plays a stronger prognostic role itself rather than a positive
predictive meaning for adjuvant treatment.

No data are available about the role of tumor regression grade
(rarely applied for pancreatic cancer) and R0-resection rate in
the choice of prosecution and type of adjuvant schedule after
neoadjuvant treatment.

All things considered, the open questions for future research
in the perioperative context could be the following: the role of
adjuvant treatment in pN0 patients, the role of neoadjuvant
treatment in upfront resectable tumors (versus the exclusive
adjuvant approach), the prosecution of adjuvant treatment in
poor responsive patients treated with preoperative chemotherapy
(such as switch adjuvant strategy or switch therapy in the non-
responders), and the choice of what first line treatment should be
used at disease relapse considering all the therapies used in the
perioperative approach. In fact, in this challenging scenario, the
role of adjuvant chemotherapy after upfront surgery might
evolve, since the patients who will undergo immediate
pancreatic resection are those in the very early stages who do
not need neoadjuvant/perioperative approaches. Additionally,
the biologic features and changes in patients who underwent
induction chemotherapy followed by surgery should also be
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considered. About this last point, interesting data are expected
from the phase II NeoPancONE trial, which is investigating the
molecular features of resectable PDAC that underwent radical
surgery after neoadjuvant FOLFIRINOX (109). One of the main
aims of this study will be to analyze a potential biomarker already
identified in the COMPASS trial, GATA-6, in the perioperative
strategy, with the aim to stratify tumor types and responses to
treatment (90). This may offer a chance to better select “different
regimens for different patients”. This study will be the first able to
correlate a potential biomarker to a neoadjuvant chemotherapy.

Additionally, considering the promising prognostic role of
ctDNA, its detection after surgery could become a biomarker of
response to neoadjuvant chemotherapy and help the clinicians to
optimize the post-operative approach in case of poor responsive
patients (80, 125).

The landscape of targeted therapy and immunotherapy for
PDAC is still disappointing, mainly because of the uncomplete
knowledge of the complex mechanisms underlying this
malignancy and its intricate relations with the tumor
microenvironment (as already mentioned in the previous
section). With regards to immunotherapy and vaccine research
in the neoadjuvant setting, a multi-institutional phase III study
has been conducted using algenpantucel-L (a cancer vaccine
comprised of irradiated allogeneic transfected pancreatic cancer
cells) in addition to adjuvant chemotherapy or chemoradiotherapy
(gemcitabine or 5-fluorouracil), based on the results of the phase II
in 2013 (126, 127). The transfected cells are able to synthetize a
murine enzyme, which is responsible for the production of a cell-
surface protein (a-1,3-galactosyl (aGal) carbohydrate) not
expressed in humans. The binding of preexisting natural human
antibodies (naturally produced against the same proteins of the gut
flora, accounting for 1% of all circulating immunoglobulins) results
in the activation of antibody-dependent cell-mediated cytotoxicity
toward allograft cells and endogenous pancreatic cancer cells. This
process, through the so-called “epitope spreading”, expands the
immune response against other tumor-associated antigens
expressed by both injected cells and native cancer cells. The
vaccine “drives” a natural preexisting immune weapon against
pancreatic cancer, boosting chemotherapy to obtain a response
against pancreatic cancer cells, normally resistant to the immune
system. In the phase II trial, 70 resected patients have been treated
with a 12-month DFS rate of 62% and a 12-month OS of 86%,
describing site pain and induration as the most common adverse
event. Further definitive efficacy results are expected.

Other phase I/II trials involving vaccine and immunotherapy
in the adjuvant setting will provide a further attempt to turn
“cold” pancreatic cancer into “hot” immune-sensitive disease
(128–130). For additional details regarding ongoing trials in this
setting, see Table 3.
CONCLUSIONS

PDAC treatment has hugely improved in recent decades. In fact,
even if the use of gemcitabine has been the better therapeutic
chance for those patients for a long time, both in adjuvant and in
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metastatic settings, a lot of new drugs and strategies are
appearing in therapeutic armamentarium today. However,
PDAC remains a big challenge in the oncological scenario. In
fact, even in cases of curative surgery for resectable disease, the
rate of recurrence is high, suggesting an early systemic diffusion
of cancer cells. A multidisciplinary evaluation of PDAC patients
in high volume centers could help to improve the outcomes for
those patients, by creating a tailored therapeutic strategy for each
patient. According to international guidelines (3, 5), to date,
adjuvant chemotherapy based on mFOLFIRINOX or
gemcitabine is the recommended treatment in patients with
resectable PDAC after curative surgery. However, many
changes are ongoing in the current treatment scenario. In
particular, use of perioperative and neoadjuvant treatment,
even for resectable and borderline resectable PDAC, might
allow the adjuvant chemotherapy after upfront surgery to play
a marginal role in the future. Additionally, a better
understanding of the molecular mechanism of PDAC as well
as the research about prognostic and/or predictive biomarkers is
urgently needed in order to better select patients who can benefit
Frontiers in Oncology | www.frontiersin.org 11150
from different and/or personalized approaches and to design
future prospective clinical trials regarding targeted therapies also
in this field.
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Introduction: Radical resection is the only curative treatment for pancreatic cancer,
which is a life-threatening disease. However, it is often not easy to accurately identify the
extent of the tumor before and during surgery. Here we describe the development of a
novel method to detect pancreatic tumors using a tumor-specific enzyme-activatable
fluorescence probe.

Methods: Tumor and non-tumor lysate or small specimen collected from the resected
specimen were selected to serve as the most appropriate fluorescence probe to
distinguish cancer tissues from noncancerous tissues. The selected probe was sprayed
onto the cut surface of the resected specimen of cancer tissue to acquire a fluorescence
image. Next, we evaluated the ability of the probe to detect the tumor and calculated the
tumor-to-background ratio (TBR) by comparing the fluorescence image with the
pathological extent of the tumor. Finally, we searched for a tumor-specific enzyme that
optimally activates the selected probe.

Results: Using a library comprising 309 unique fluorescence probes, we selected GP-
HMRG as the most appropriate activatable fluorescence probe. We obtained eight
fluorescence images of resected specimens, among which four approximated the
pathological findings of the tumor, which achieved the highest TBR. Finally, dipeptidyl-
peptidase IV (DPP-IV) or a DPP-IV-like enzyme was identified as the target enzyme.

Conclusion: This novel method may enable rapid and real-time visualization of pancreatic
cancer through the enzymatic activities of cancer tissues.

Keywords: pancreatic cancer, pancreatectomy, fluorescence imaging, activatable probe, intraoperative diagnosis,
dipeptidyl peptidase-IV (DPP-IV)
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INTRODUCTION

Pancreatic cancer is a major life-threatening disease (1–4).
Despite recent advances in chemotherapy and radiotherapy,
complete resection remains the only curative treatment (5–7).
However, it is often difficult to accurately identify the boundaries
of cancer tissues during surgery, which may lead to incomplete
removal of cancer tissues and unfavorable postoperative survival
(6, 7). For patients administered preoperative chemo(radio)
therapy (8, 9), it is particularly difficult to identify viable
cancer tissues, even in pathological examinations of resected
specimens (10).

In 2011, Urano et al. reported a novel fluorescence imaging
technique using an “activatable” probe, which is initially
nonfluorescent but emits fluorescence immediately after its
hydrolysis by g-glutamyltranspeptidase overexpressed specifically
in various cancer cells (11). Subsequently, more than 400
activatable fluorescence probes comprising amino acid or
sugar residues that serve as a reactive moiety and target the
aminopeptidase or glucosidase have been developed.
Furthermore, fluorescently activatable scaffolds such as
hydroxymethyl rhodamine-green (HMRG) or hydroxymethyl
rhodol with trifluoroethyl group (HMRef) were developed (12),
enabling visualization of breast cancer (12–14), esophageal cancer
(15, 16), liver cancer (17), lung cancer (18), head and neck cancer
(19, 20), colorectal cancer (21), thyroid cancer (22), and
glioblastoma (23). Regarding real-time imaging of pancreatic
cancer, other approaches using activatable probes can be
indicated (24–26), albeit applications of these techniques to fresh
human samples have not yet been reported. Here we searched for
activatable fluorescence probes for real-time identification of
viable pancreatic cancer tissues in resected specimens.
MATERIAL AND METHODS

The Institutional Review Board of the University of Tokyo
Hospital approved this study [IRB No. 2957- (11)].

Sample Collection
Fresh tissue samples were collected from resected specimens of
patients who underwent radical pancreatectomy for pancreatic
adenocarcinoma from April 2017 to December 2020. Written
informed consent was obtained from all patients. For the primary
and secondary probe selection, 3-5 mm-in-size tissue fragments
were obtained from obvious cancerous regions and non-cancerous
pancreatic parenchyma with confirmation by the pathologist
(M.T.), just after the removal of pancreatic specimens.

Primary Probe Selection
In this study, totally 309 dipeptides-HMRG fluorescence probes
were used from our probe library. The concept and synthetic
methods of these probes have been described elsewhere (12).
Briefly, these probes were synthesized by placing an amino-acid
residue selected from 21 amino-acids at P1 and P2 position of
Xaa(P2)-Yaa(P1)-HMRG (Supplementary Table 1). Among the
Frontiers in Oncology | www.frontiersin.org 2156
chemically stable compounds, candidate fluorescence probes
were first selected using lysates prepared from cancer and
noncancerous tissue samples (12, 15, 23). Briefly, the tissue cut
by scissors were homogenized with 1.0 mL of T-per tissue
protein in a Lysing Matrix D. After the centrifuge (1,000
rpm x 5 min at 4°C), the supernatant was collected as the
lysate. Then, 5 μL of the lysate (0.20 mg/mL protein) was
added to the wells of a black 384-well plate, each containing
15 μL of each candidate probe from a library of dipeptide-HMRG
compounds (23). The final concentrations of a candidate probe
and lysate protein were 1.0 μM and 0.050 mg/dL, respectively.
The fluorescence intensity (FI) of each sample was measured
using an Envision Multilabel Plate Reader (PerkinElmer,
Massachusetts, USA) 0–60 min after the addition of lysates at
37°C. The excitation and emission wavelengths were 485 nm and
535 nm, respectively. The increase of FI was calculated as follows:

(FI increase) = (FI at 60 min) − (FI at 0 min)

Then, we calculated the difference and the ratio of FI increase
between cancer and noncancer lysates, and the probes of which
difference or ratio represented the ≥ 90th percentile of all probes
was subjected to subsequent evaluations.

Secondary Probe Selection
Candidate fluorescence probes were sprayed directly onto a few
millimeters of cancer tissues and noncancerous tissues placed in
an eight-well plate. The cancerous and noncancerous tissues
were collected as the same way as the primary probe selection,
and divided into smaller specimen by scissors respectively. When
the size of original tissue samples was insufficient for creating 6
fragments, fluorescence imaging was performed prioritizing
candidate probes with better outcomes in the primary
screening. The concentration and volume of each fluorescence
probe was 50 μM and 200 μL, respectively. Images offluorescence
were obtained using the Maestro in Vivo Imaging System
(PerkinElmer, Massachusetts, USA), with the blue filter
settings (excitation and emission wavelengths of 435–480 nm
and 490 nm long pass), respectively, acquired 0 (before), 1, 3, 5,
10, 15, 20, 25, and 30 min after the administration offluorescence
probes. FI was calculated by subtracting the average in the region
of interest (ROI) at 1 min from that at 30 min, according to the
fluorescence images extracted at 540 nm. Finally, candidate
fluorescence probes were refined according to the difference in
contrast of FI between cancer tissues and noncancerous tissues.

Macroscopic Evaluation of Cancer Using
Whole Surgical Specimens
Immediately after pancreatic resection, the whole specimen was
cut to include the maximum diameter of pancreatic cancer
tissues. The selected florescence probe (4 mL, 50 μM solution)
was sprayed directly onto the cut surfaces, followed by
fluorescence imaging using the Maestro in Vivo imaging
System, as described above. The accuracy of fluorescence
imaging to delineate pancreatic cancer was evaluated by a
surgeon (R.T.) and a pathologist (M.T.) with reference to
histopathological findings of the same planes. The tumor-to-
August 2021 | Volume 11 | Article 714527
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background ratio (TBR) was calculated as the increase in the
mean FI from 1 min to 30 min after administration of the probe
to cancer tissues and noncancerous pancreatic tissues, as follows:

TBR =
FI increase of  the cancerous tissue

FI increase of  the non� cancerous tissue

The data were obtained using the Maestro In Vivo Imaging
System, described above, according to macro- and microscopic
pathological findings of the cut surfaces and their corresponding
fluorescence images.

Exploration of Target Enzymes
Through the probe screening process, dipeptidyl peptidases were
suspected as target enzymes that may be overexpressed
specifically in pancreatic cancer tissues. Thus, we first
confirmed the ability of DPP-IV and related enzymes to
activate candidate fluorescence probes by measuring changes of
FI for 1,000 seconds after the addition of human recombinant
DPP-IV (0.040 units; D4943, Sigma-Aldrich), DPP-VIII (1.0 μg;
ab162872, abcam), or DPP-IX (1.0 μg; ab79621, abcam) to 3.0
mL of probe (1.0 μM) using the F-7000 Hitachi Fluorescence
Spectrophotometer (Hitachi, Tokyo, Japan). The excitation and
emission wavelengths were 495 nm and 525 nm, respectively. FI
in the cancer tissues used in the secondary screening were also
measured after administration of DPP-IV inhibitor (K579,
CalbioChem) at a dose of 100 μM. Finally, the expression of
DPP-IV on cut surfaces of whole surgical specimens was
evaluated using immunohistochemical (IHC) analysis with an
anti-DPP-IV mouse monoclonal antibody (TA500733; Origene
Technologies Inc, Rockville, MD). Antigen retrieval was
performed at 110°C for 15 min. The anti-DPP-IV antibody
was diluted 1:100, and the tissues were incubated overnight at
4°C. The IHC results were evaluated by a pathologist (M.T.)
uninformed about the outcomes of fluorescence imaging.
RESULTS

Primary and Secondary Probe Selection
Primary selection of fluorescence probes employed lysates
prepared from five resected specimens, leading to the
identification of candidate probes from 309 fluorescence
probes (Supplementary Table 1). When the differences and
ratios of FI increase between cancer and non-cancer lysates
were calculated (Supplementary Table 2), 14 out of the 19
HMRG-based fluorescence probes with dipeptides with a
prolyl residue at the P1 position (XaaP-HMRG) ranked in the
upper 90 percentile (Figure 1A). Based not only on the FI
differences/ratios but also probe stability and the absolute
values of FI increase in non-cancer lysates, which could
decrease cancer detectability on tissue samples, AcKP-
(Acetylated Lysine-Proline-), EP- (Glutamate-Proline-), GP-
(Glycine-Proline-), LP- (Leucine-Proline-), PP (Proline-
Proline), and YP-HMRG (Tyrosine-Proline-HMRG) were
selected in this study (Figure 1B) for the second screening
using fresh tissue fragments obtained from 11 patients with
Frontiers in Oncology | www.frontiersin.org 3157
pancreatic adenocarcinoma. As a result, fluorescence imaging
using GP-HMRG yielded the highest intensity differences in FI
after 30 min between cancer and noncancerous tissues [median
(range), 3.49 (1.03–8.11) a.u. vs 1.12 (0.42–2.09) a.u., P = 0.002;
Wilcoxon’s rank-sum test] (Figures 1C, D). GP-HMRG was
therefore selected to evaluate fluorescence imaging to specifically
detect cancer tissues in whole surgical specimens. Demographic
background of the totally 16 patients who provided lysates or
tissue samples were demonstrated in Supplementary Table 3.

Fluorescence Imaging of Whole Surgical
Specimens Using GP-HMRG
Detection of cancer tissues using fluorescence imaging was
evaluated by spraying GP-HMRG onto cut surfaces of
whole surgical specimens immediately after resection of eight
patients with pancreatic adenocarcinoma. Patients’ demographic
characteristics are summarized in Table 1. Neoadjuvant
chemotherapy with gemcitabine and nab-paclitaxel was
indicated to two patients who underwent surgery. Three patients
were treated for diabetes mellitus but were not preoperatively
administered DPP-IV inhibitors.

The median TBR of the fluorescence images following the
administration of GP-HMRG was 1.96 (range, 1.13–3.44). In five
patients with TBRs ranging from 1.93 to 3.44, fluorescence signals
in cancer tissues were nearly homogenous and grossly
discriminable from the surrounding pancreatic tissues
(Figure 2). In the remaining three patients, including two who
underwent preoperative chemotherapy, cancer tissues emitted
heterogenous fluorescence signals, making it difficult to
discriminate them from noncancer tissues (Figure 3).
Fluorescence imaging identified a significant signal increase
(TBR, 2.04) in the connective tissues surrounding the splenic
artery of one patient in the latter group, which pathological
examination subsequently diagnosed as perineural and lymphatic
infiltration by viable cancer cells, while the main tumor included
fibrosis and mucinous changes with a few viable cancer cells (TBR,
1.13), likely caused by preoperative chemotherapy (Figure 4).

Identification of Target Enzymes That
Activate GP-HMRG
The in vitro fluorescence spectrum of GP-HMRG after adding
DPPs indicated that the probe was converted to highly
fluorescent HMRG upon reaction with DPP-IV and DPP-IX
(Figure 5). On the cancer tissue specimens used in the secondary
screening (available in 4 cases), FI increase was markedly
suppressed when GP-HMRG was administered with the
inhibitor (Figure 6). In contrast, IHC analysis of the resected
specimens of eight patients did not detect an unambiguous
difference in the expression levels of DPP-IV between cancer
and surrounding pancreatic tissues (Figures 2–4).
DISCUSSION

Here we screened GP-HMRG, among 309 candidates of
activatable fluorescence probes, for its ability to specifically
August 2021 | Volume 11 | Article 714527
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TABLE 1 | Patients’ demographic characteristics and outcomes of fluorescence imaging using GP-HMRG.

Patient Age (y) Sex DM NAC, (effect*) Preoperative
CA19-9 (IU/mL)

Surgical
procedures

Histological type TBR of FI

1 70 M − − 68 DP Adenosquamous 3.44
2 83 F + − 55 DP tub1 > tub2 2.06
3 63 M − − 9 PD tub2 > tub1 > por 1.98
4 74 M − − 39 DP tub2 > tub1 1.98
5 73 F + − 1 DP tub1 > tub2 1.93
6 68 M + − 393 PD tub2 > tub1 1.47
7 82 F − +, (1b*) 25 DP-CAR tub1 > tub2 1.26
8 84 F − +, (1b*) 544 DP tub1 > tub2** 1.13
Frontiers in Onco
logy | www.fro
ntiersin.org
 4158
 Augu
st 2021 | Volume 11 | Arti
DM, diabetic mellitus; NAC, neoadjuvant chemotherapy; PD, pancreaticoduodenectomy; DP, distal pancreatectomy; DP-CAR, distal pancreatectomy with celiac axis resection; TBR,
tumor-to-background ratio; tub1/tub2, well/moderately differentiated tubular adenocarcinoma; por, poorly differentiated adenocarcinoma.
*Evans classification.
**With perineural and lymphatic infiltration of viable cancer cells to the splenic artery.
A

B C D

FIGURE 1 | Analysis of FI values of candidate probes in the primary and secondary selections using lysates and tissue fragments obtained from patients with
pancreatic cancer. (A) The heatmap of the probe library with median differences/ratios of FI increase between cancer and non-cancer lysates for 309 candidate
probes. The values ranked in the upper 90 percentile were indicated in yellow (FI differences), orange (FI ratios), or red (both). The number represents the median
ratio of FI increase. P1 and P2 correspond the positions of amino acid residues of the probe P2-P1-HMRG. The lowercase letters represent the optical isomers of
the amino acids. (B) The ratio of the FI increase between cancer and non-cancer lysates obtained from five patients using the selected six HMRG-based
fluorescence probes. Probes with a dipeptide with prolyl residue at the P1 position (XaaP-HMRG) tend to show sufficient FI ratios between cancer and non-cancer
samples. (C) The FI increase 30 min after addition of probe to tissue fragments. The difference in FI increase for 30 minutes tended to be high for GP-HMRG (median
[range], 3.49 [1.03–8.11] a.u. vs 1.12 [0.42–2.09] a.u., P = 0.002; Wilcoxon’s rank-sum test), followed by AcKP-HMRG (1.14 [0.87–1.29] a.u. vs 0.58 [0.29–0.78]
a.u., P = 0.008), YP-HMRG (2.39 [1.33–3.04] a.u. vs 0.93 [0.52–1.54] a.u., P = 0.043), and LP-HMRG (1.55 [0.35–4.35] a.u. vs 0.91 [0.40–1.45] a.u., P = 0.093).
The number of the cancer/non-cancer fragments (red filled circle/black filled circle) used in this evaluation was: AcKP- (5/6), EP- (0/1), GP- (11/8), LP-HMRG (7/8),
PP- (2/2), and YP-HMRG (4/4). In one case, cancerous samples submitted to fluorescence imaging using EP-, PP-, and AcKP-HMRG were proved to be
pancreatitis by final pathological evaluations (red empty circle) and excluded from the statistical analyses. Bars indicate median values. (D) Trends of FI increases of
cancer tissues and noncancerous tissue fragments obtained from the 11 patients after the administration of GP-HMRG. Bars indicate median values.
cle 714527
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identify pancreatic cancer tissues. Fluorescence imaging using
GP-HMRG sprayed onto cut surfaces of fresh resected specimens
visualized cancer tissues as homogenous fluorescing regions with
a high (>1.9) TBR in five of eight patients. Among the remaining
three patients, fluorescence signals in cancer tissues were
heterogenous and therefore insufficient for unambiguous
discrimination from surrounding noncancerous tissues.
However, in one patient who underwent preoperative
chemotherapy, fluorescence imaging visualized grossly-
unidentifiable cancer infiltrations around the splenic artery.
These results suggest that fluorescence imaging using GP-
HMRG potentially visualizes the spread of pancreatic cancer
cells in real time, which may be useful for intraoperative
diagnosis of surgical margins as well as for preoperative
endoscopic evaluations of intraductal lesions.

The major advantage of using activatable probes is their
ability to rapidly identify in real-time cancer tissues according
to enzymatic activities, which are specifically expressed by cancer
Frontiers in Oncology | www.frontiersin.org 5159
cells. Moreover, in the present series, an increase in fluorescence
signals emitted by cancer tissues was identified 1 min after the
topical administration of GP-HMRG. The FI values of cancer
tissues in the remaining three patients may be decreased because
of fewer viable cancer cells with fibrosis and mucinous changes,
likely caused by preoperative chemotherapy.

Recently developed fluorescence imaging techniques for
intraoperative identification of pancreatic cancer employ 5-
aminolevulinic acid (27), indocyanine green (28), novel
fluorophores targeting carbohydrate antigen 19-9 (CA19-9)
(29), carcinoembryonic antigen (CEA) (30–35), epidermal
growth factor receptor (EGFR) (36, 37), and insulin-like
growth factor 1 receptor (IGF-1R) (38). However, these
techniques, most of which involve systemic administration of
“non-activatable” probes, usually require longer intervals for
washout of fluorescence agents from background tissues, which
may lead to lower TBRs compared with those of activatable
probes topically administered during surgery.
A B

C

D E

F

FIGURE 2 | Fluorescence imaging using GP-HMRG to analyze whole surgical specimens demonstrated homogenous increases in fluorescence signals emitted by
pancreatic cancer tissues (Patient No. 2). (A) Preoperative contrast-enhanced computed tomography of pancreatic tail cancer (arrowheads). (B) Macroscopic image
of the DP specimen after making cut surfaces of the tumor in the operation room (left). Right indicates magnified view of the cut surface including the tumor. (C)
Increase of fluorescence signals after spraying GP-HMRG on the cut surface. (D) Fluorescence image (left) and its pseudo-real color image (right) of the cut surface
30 min after probe administration. (E) Relationships between fluorescence signals and distributions of cancer tissues (red dotted line) and surrounding pancreatic
tissues (blue dotted line) according to histological findings. (F) Low-magnification histopathological image of hematoxylin–eosin (H&E) staining corresponding to
fluorescence images (left, dotted line indicates cancer boundaries). Magnified views of H&E staining and IHC analysis of DPP-IV in cancer (red) and pancreatic (blue)
tissues (right). Scale bar = 100 µm.
August 2021 | Volume 11 | Article 714527
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FIGURE 3 | Fluorescence imaging using GP-HMRG to probe whole surgical specimens demonstrates heterogenous increases in fluorescence signals emitte
(A) Preoperative contrast-enhanced computed tomography of pancreatic head cancer (arrowheads). (B) Macroscopic image of the PD specimen (left) and cu
(C) Increase of fluorescence signals after spraying GP-HMRG on the cut surface. (D) Relationships between fluorescence signals and distributions of cancer t
tissues (blue dotted line) according to histological findings. (E) Low-magnification histopathological image of H&E staining corresponding to fluorescence imag
Magnified views of H&E staining and IHC analysis of DPP-IV in cancer (red) and pancreatic (blue) tissues (right). Scale bar = 100 µm.

160

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Preoperative contrast-enhanced computed
r (right). (C) Increase of fluorescence signals after
es (red dotted line) and surrounding pancreatic tissues
ing to fluorescence images (left, dotted line indicates
e main tumor, viable cancer infiltration around the

Takahashiet
al.

Enzym
e-A

ctivatable
Fluorophores

Identifying
P
ancreatic

C
ancer

Frontiers
in

O
ncology

|
w
w
w
.frontiersin.org

A
ugust

2021
|
Volum

e
11

|
A
rticle

714527
7

A B

C D

E

FIGURE 4 | Fluorescence imaging using GP-HMRG to probe whole surgical specimens demonstrates cancer infiltration to the splenic artery (Patient No. 8). (A)
tomography of pancreatic body cancer (arrowheads). (B) Macroscopic images of the DP specimen (left) and cut surface along the dotted line including the tumo
spraying GP-HMRG on the cut surface and pseudo-real color image at 30 min. (D) Relationships between fluorescence signals and distributions of cancer tissu
(blue dotted line) according to histological findings. Arrow indicates the splenic artery. (E) Low-magnification histopathological image of H&E staining correspond
cancer boundaries). Magnified views of H&E staining and IHC analysis of DPP-IV showing fluorescence (red) and little fluorescence (black) emitted by parts of th
splenic artery (green), and noncancerous pancreatic tissues (blue), (right). Scale bar = 100 µm.
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The present technique offers potential advantages for
detecting tumor cells with high enzymatic activities specific to
cancer tissues, which may facilitate prediction of a patient’s
sensitivity to chemotherapy and postoperative outcome, as
previously suggested in case of fluorescence imaging of
colorectal liver metastasis by gGlu-HMRG (17).
Frontiers in Oncology | www.frontiersin.org 8162
The most likely candidate as a target enzyme of GP-HMRG is
DPP-IV that cleaves the N-terminal residue of Xaa-Pro/Ala to
regulate the bioavailability of glucose-insulinotropic peptide (GIP)
and glucagon-like peptide-1 (GLP-1) (39). Other studies
demonstrate the upregulation of DPP-IV in malignancies (40–
42) such as pancreatic cancer (43), although IHC analysis here did
not demonstrate unambiguous differences in the expression levels
of DPP-IV between cancer tissues and noncancerous tissues, likely
because of the different antibodies used to detect DPP-IV or for
other technical reasons. Another candidate enzyme is DPP-IX,
which is upregulated in pancreatic cancer tissues (43) and cleaves
GP-HMRG, although IHC staining of DPP-IX expression
sufficient for pathological analysis was unavailable.

The limitation of this study lies in its small sample size. With
the sufficient number of lysates and tissue samples for robust
statistical analyses, more promising fluorophores other than GP-
HMRG might have been identified in the initial screening
processes. Considering the heterogeneity of pancreatic cancers
and factors affecting the enzymatic activities of cancer tissues, we
must continue to conduct evaluation of the efficiency of GP-
HMRG for fluorescence imaging to identify cancer tissue using
an observer-blinded trial, as well as to predict postoperative
outcomes of a larger population. Furthermore, the potentially
insufficient levels of DPP-IV in cancer cells, as well as in stromal
and Langerhans islets (43, 44), may decrease the sensitivity of
cancer detection in certain patients. The expression status of
A B

C D

FIGURE 5 | Kinetics of fluorescence intensity of GP-HMRG upon enzyme addition. µ Excitation/emission wavelengths were 495 nm/525 nm. Trends of fluorescence
intensities after adding DPP-IV (0.040 units, 0.013 units/ml; (A), DPP-VIII (1.0 µg, 0.033 µg/ml; (B), or DPP-IX (1.0 µg, 0.033 µg/ml; (C) to GP-HMRG. Increase of
fluorescence intensity of GP-HMRG with no addition of enzymes was also demonstrated in panel (D).
FIGURE 6 | The time course of the increase of FI of small cancer specimen
with or without inhibitor. The fluorescence intensity of the pancreatic cancer
specimen was decreased with DPP-IV inhibitor. The concentration of the
DPP-IV inhibitor (K579, CalbioChem) was 100 µM.
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DPP-IV and DPP-IX must therefore be evaluated using IHC and
the diced electrophoresis gel assay (DEG-Assay) (45).

In conclusion, fluorescence imaging using GP-HMRG may
enable rapid and real-time visualization of pancreatic cancer
through the detection of cancer tissue-specific enzymatic activities.
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