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Simple Summary: Pancreatic cancer is a very aggressive and lethal malignant neoplasm with overall
5-year survival rates below 10%. The field of pancreatic cancer research is rapidly evolving. Reports
of newly revealed pathomechanisms of the nature of these tumors are published daily. Nevertheless,
many aspects of a pathologic evaluation are still uncertain. It is crucial to be able to pull out practical
information that impacts the diagnostic process, called a pathologic evaluation. In this review, we
comprehensively summarize some of the recent papers from the pathologists’ and clinicians’ points
of view. We specifically focus on pathology assessment and reporting, to make them meaningful for
clinical and research purposes. Lastly, we highlight novel diagnostic and research approaches, point
out some missing pieces in the field, and suggest further study directions.

Abstract: Pancreatic cancer (PC) is one of the most aggressive and lethal malignant neoplasms,
ranking in seventh place in the world in terms of the incidence of death, with overall 5-year survival
rates still below 10%. The knowledge about PC pathomechanisms is rapidly expanding. Daily
reports reveal new aspects of tumor biology, including its molecular and morphological heterogeneity,
explain complicated “cross-talk” that happens between the cancer cells and tumor stroma, or the
nature of the PC-associated neural remodeling (PANR). Staying up-to-date is hard and crucial at
the same time. In this review, we are focusing on a comprehensive summary of PC aspects that are
important in pathologic reporting, impact patients’ outcomes, and bring meaningful information
for clinicians. Finally, we show promising new trends in diagnostic technologies that might bring a
difference in PC early diagnosis.

Keywords: pancreatic adenocarcinoma; pathology reporting; pancreatic neural remodeling; pancre-
atic cancer heterogeneity; morphological subtyping; pancreatic cancer spectroscopy

1. Introduction

Pancreatic cancer is one of the most aggressive and lethal malignant neoplasms,
ranking in seventh place in the world in terms of the incidence of death [1] and it is
projected to surpass breast, prostate, and colorectal cancers to become the second leading
cause of cancer-related deaths by 2030 [2]. It was estimated that there were 466,003 new
pancreatic-cancer-related deaths in 2020 worldwide [3]. Significant improvements in
diagnosis and management have not improved 5-year survival rates, which remain below
10%. The reason for this fact, among others, is the tumor heterogeneity including molecular
aberrations, but also the tumor nature, appearing as a wide spectrum of patterns involving
cancer gland formation and tumor stroma composition, which is much underrated among
pathologists. The knowledge about processes and interactions between cancer cells and
the surrounding tumor stroma microenvironment is rapidly expanding. It is of crucial
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importance that pathologists follow this trend and include the newest discoveries in their
daily workup (Figure 1).
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methods, combined with a proper pathologic evaluation and spectroscopic profiling, leads to effec-
tive treatment. Altogether, this will increase PDAC patients’ survival rates. PDAC, pancreatic ductal 
adenocarcinoma; LIF, leukemia inhibitory factor; IL-6, interleukin-6; cfDNA, cell-free DNA; FTIR, 
Fourier transform infrared spectroscopy; Raman, Raman spectroscopy; SERS, surface-enhanced Ra-
man spectroscopy; NGS, next-generation sequencing; ICB, immune checkpoint blockers; NRF2, nu-
clear factor-erythroid 2–related factor 2; GEM, gemcitabine; PANR, PDAC-associated neural remod-
eling; CAFs, cancer-associated fibroblasts; CSCs, cancer stem cells; EGFR, epithelial growth factor 
receptor. 
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Figure 1. Main trends in PDAC pathology and research that are expected to improve survival. Poor
PDAC patients’ prognosis is multifactorial—no sensitive and specific early diagnostic methods is one
of the reasons. Another is the resistance to available therapeutic options, which is caused, among
other things, by the tumor’s molecular and morphological heterogeneity. Detailed pathological
reporting is crucial for targeted and personalized therapy. The development of new diagnostic
methods, combined with a proper pathologic evaluation and spectroscopic profiling, leads to effective
treatment. Altogether, this will increase PDAC patients’ survival rates. PDAC, pancreatic ductal
adenocarcinoma; LIF, leukemia inhibitory factor; IL-6, interleukin-6; cfDNA, cell-free DNA; FTIR,
Fourier transform infrared spectroscopy; Raman, Raman spectroscopy; SERS, surface-enhanced
Raman spectroscopy; NGS, next-generation sequencing; ICB, immune checkpoint blockers; NRF2,
nuclear factor-erythroid 2–related factor 2; GEM, gemcitabine; PANR, PDAC-associated neural
remodeling; CAFs, cancer-associated fibroblasts; CSCs, cancer stem cells; EGFR, epithelial growth
factor receptor.

This review aims at summarizing the current knowledge concerning pancreatic ductal
adenocarcinoma (PDAC), which is the most common form of cancer in the pancreas. Many
publications describe in detail the pathomechanisms of this complex entity [4–15], but
none of them focus on pathologic evaluation comprehensively. We attempt to summarize
some of the recent papers from the pathologists’ and clinicians’ points of view. We will
specifically focus on pathology assessment and reporting as this field, in our opinion, has
many inconsistencies.

2. Contents Summary

This text is divided into sections. In the first two parts (Sections 3 and 4), we briefly
outline the pathomechanisms of PDAC development via the process described as “pancreatic
intraepithelial neoplasia” (PanIN) and “intraductal pancreatic mucinous neoplasm” (IPMN)
and show already proposed molecular subtype classifications. Following (Section 5), the
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importance of proper histopathologic evaluation is shown, starting with the description of
the standardized examination protocol (LEEPP—Leeds Pathology Protocol).

Pancreatic cancer morphological heterogeneity is a well-known fact among patholo-
gists. Although, the World Health Organization classification of tumors of the digestive
system from 2019 [16], groups pancreatic carcinoma into conventional variants, it leaves
over 90% of them entitled as “not otherwise specified (NOS)”. The next section (Section 6)
describes some important aspects regarding the PDAC variants distinguished by the WHO
classification and others described elsewhere. Specifically, we focus on subtypes of IPMNs,
IPMN-mimickers, differentiation of “concomitant to” and “derived from” IPMN invasive
tumors, proposed morphological subtyping by some authors [17,18], and highlighting
other variants, such as clear cell, foamy gland, or large duct variants.

Subsequently (Section 7) we present to the reader some novel methods in immuno-
histochemistry (IHC) of PDAC, outlining the cellular malignancy markers (Maspin, IMP3,
S100P, p53, loss of pVHL), specific subtype markers (HNF1B, CDX2), or the ones that stain
the stromal compartment (LIF and IL-6).

Next, we focus on PDAC stroma, which continuously “cross-talk” with the pancreatic
cancer cells (Section 8). In this context, cancer-associated fibroblasts (CAFs) and cancer stem
cells (CSCs) are described, including their heterogeneity and impact on tumor malignancy
potential.

In Sections 9 and 10, we discuss a pathologic aspect of PDAC prognosis, which varies
with morphological subtypes and immunohistochemical marker expression. Multiple
factors influence the prognosis of PDAC patients that underwent curative surgery. Re-
cently, the International Collaboration on Cancer Reporting (ICCR) published consensus
guidelines, revealing so-called core and non-core elements of pathology reporting [19] that
worsen the prognosis. In these sections, we briefly elaborate on some important aspects
summarized in the ICCR dataset, as well as some others not included in that document.

Section 11, highlights different sides of perineural invasion (PNI), a topic that is being
widely investigated in the PC research field. Further (Section 12), the problem of direct vs.
metastatic lymph node involvement is briefly presented.

The final parts (Sections 13 and 14) are a short glance into the newest PDAC diagnostic
options. The interesting question arises as to whether super-precise serum biomarker
detection technologies help in PDAC early diagnosis?

3. Precursor Lesions

Pancreatic adenocarcinoma may arise in several precursor lesions, that tend to have
distinct molecular bases and are characterized by morphologically divergent entities. The
most common are pancreatic intraepithelial neoplasias (PanINs) and intraductal papillary
mucinous neoplasms (IPMNs).

PanIN, which is a flat (non-tumoral) form of dysplasia, develops in the ductal epithe-
lium localized in “normal” pancreatic tissue, with or without signs of chronic pancreatitis
or with so-called “acinar-to-ductal metaplasia” (ADM) regions [20–24]. It is considered
a main preinvasive lesion for PDAC. The road from normal ductal epithelium to PDAC
through PanIN requires sequential genetic alterations initiated by the KRAS mutation,
which takes place in the earliest stage of the process [24–26]. Dysplastic changes progress
from low-grade PanIN to high-grade PanIN and eventually invasive PDAC by a sequence
of further inactivation of tumor-suppressor genes such as TP53, transforming growth factor-
beta (TGF-β) signaling genes (SMAD4, TGFBR1, TGFBR2) or cyclin-dependent kinase
inhibitor 2A (CDKN2a) [27–29]. Other described mutations include chromatin regulators
(ARID1A) [30]. Additionally, the quiescent (normally suppressed in adults) Notch signaling
pathway is being activated [31].

IPMNs are mucinous cystic tumors that arise from pancreatic ducts (main or branch
ducts) and often cause symptoms due to duct obstruction (especially the main duct IPMN).
A great role in IPMN development plays a guanine nucleotide-binding protein, alpha
stimulating activity polypeptide (GNAS) proto-oncogene mutation, which is not found
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anywhere else in pancreatic tumors [32–36]. Briefly, GNAS mutations decrease the GTPase
activity of the α-stimulatory subunit of the G protein (Gsα). In consequence, the cyclic
adenosine monophosphate (cAMP) is constantly stimulated and via multiple effectors
activates downstream signaling including the protein kinase A (PKA), exchange proteins
directly activated by cAMP (EPAC1, EPAC2), or cyclic nucleotide-gated ion channel (CNG)
pathways [37–40]. It was shown in a mouse model that constant PKA activation mediates
the inhibition of salt-inducible kinases (SIK), important tumor suppressors. Thus GNAS
mutations are critical in sustaining tumorigenesis in IPMNs [41].

There are three subtypes of IPMNs, divided mainly by their morphology: gastric-type,
intestinal, and pancreato-biliary. GNAS mutations are found in every subtype of IPMN,
but particularly frequently in intestinal-type IPMNs (75%) [42] and in the invasive colloid
carcinoma that arises from an intestinal-type IPMN (83–89%) [35,43]. Interestingly, these
lesions appear to have a better prognosis than non-colloid PDACs (see Section 9).

In the progression from IPMN into the “IPMN derived from” invasive carcinoma
(IPMC), further molecular alterations are found, including early KRAS mutations (in
approximately 65% of gastric-type IPMNs) [42]. It is suggested that these KRAS and GNAS
mutations play a critical role in separating the evolution paths leading to pancreatobiliary-
type IPMN and further into tubular invasive carcinoma, or intestinal-type IPMN into
colloid invasive carcinoma [10].

Another event in IPMN progression includes RNF45 inactivating mutations that lead
to enhanced Wnt/beta-catenin signaling and might play a role in gastric-type to intestinal-
type IPMN progression (low-grade to high-grade progression) [42]. Recently Fujikura et al.
identified KLF4 as a new driver gene in the IPMN progression model observed much more
frequently in low-grade lesions [44].

Some authors suggest that gastric-type IPMN is a low-grade precursor form of the
other two: intestinal-type and pancreatobiliary-type [45,46]. Omori et al. [47] showed the
emergence of intestinal features directly in gastric-type IPMNs in 80% of studied cases
and described evolution pathways of gastric-to-intestinal epithelium, that were driven by
caudal type homeobox 2 (CDX2). The expression of CDX2 preceded the intestinal features
and mucin 2 (MUC2) expression [47].

Many cases reveal multifocal IPMN tumors, as much as invasive carcinomas, occurring
as a collision PDAC, growing independently from the IPMN (concomitant) or the one that
grows out of the IPMN tumor (derived from). Divergent models of evolution for pancreatic
dysplastic lesions were confirmed by Omori et al. [48], who identified three different
progression pathways from IPMN to PDAC depending on molecular aberrations analysis.
The first one included the “sequential” subtype with the same driver mutations among
PDAC and concurrent IPMN, including GNAS mutations. “Branch-off” subtypes consisted
of the same KRAS mutations but different GNAS mutations. The third called “de novo”
had mutations found in PDACs but not found in concurrent IPMNs, which suggested
different early clones.

An oncogenic KRAS mutation is present in over 90% of conventional PDACs (cP-
DAC) and in about 65% of IPMCs (with 80–90% in tubular IPMCs, and 30–50% in colloid
IPMCs) [30]. It is an early but critical event in pancreatic carcinogenesis, required for initia-
tion of the process, its maintenance, and progression. Consequently, there is a constitute
activation of RAS downstream signaling pathways, such as the MAPK and PI3K-mTOR
pathways. This deregulates key cellular processes that lead to uncontrolled cell proliferation
and suppression of apoptosis. The cellular metabolism, surrounding microenvironment,
and immune responses are altered as well [49–51]. Though, a crucial role in PDAC tumori-
genesis, KRAS is highly refractory for direct inhibition. None of the direct KRAS inhibitors
have given satisfying results so far. The need for different approaches is obvious. Targeting
multiple KRAS effectors is currently under preclinical and clinical trials, and thoroughly
reviewed elsewhere [52].

PDAC is characterized by high chemoresistance. One of the mechanisms includes the
mutant KRAS activating the nuclear factor-erythroid 2–related factor 2 (NRF2), which is a
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central regulator of redox, metabolic, and protein homeostasis, among others, by altering
glucose and glutamine metabolism and increasing glutaminolysis [53–56]. Mukhopadhyay
et al. (2020) analyzed NRF2 expression in KRAS-driven pancreatic cancer tissues and cell
lines. They found that a high NRF2 expression level was associated with a poor clinical
outcome. Moreover, the authors showed that NRF2 regulates the sensitivity of PDAC cells
to gemcitabine (a standard chemotherapeutic for PDAC), and concluded that targeting
the NRF2-induced glutaminolysis by glutaminase inhibitors might sensitize PDAC cells to
gemcitabine [57]. More studies are required to properly assess NRF2 expression in PDAC
tissues and its influence on prognosis and gemcitabine resistance.

4. Molecular Subtypes

Detailed molecular characteristics of PDAC go beyond the scope of this review. Nev-
ertheless, we will briefly outline the main trends in molecular subtyping.

In 2011 Collisson et al. described three subtypes (named classical, quasimesenchymal,
and exocrine-like) and defined gene signatures for them. That study showed significant dif-
ferences in patient outcomes and therapy responses between defined PDAC subtypes [58].
Moffitt et al. [59] (2015) studied PDAC gene expression in primary and metastatic tumors.
They distinguished normal, tumor, and stroma-specific gene expression signatures high-
lighting the role of stroma in pancreatic cancer and they emphasized the need for analyzing
it separately from the cancer cells. Authors suggested that the molecular characterization
of the “quasimesenchymal” subtype defined in the study by Collisson’s team [58], was con-
taminated by the stroma of the tumor and the “exocrine-like” subtype by normal pancreatic
tissue [59]. A total of four PDAC subtypes were defined with stroma-specific (normal and
activated) and tumor-specific subgroups (basal-like and classical). A year after the report of
Moffitt et al., Bailey et al. (2016) published results from a study that revealed four molecular
subtypes: squamous, pancreatic progenitor, immunogenic, and aberrantly differentiated
endocrine exocrine (ADEX), and described molecular pathways that are characteristic for
each type [60].

Subtypes proposed in the studies briefly described above, seem to have overlapping
features. Comparison of these was a subject of multiple studies that describe, in detail, the
molecular nature of each group [15,61].

Recent studies have shown that PDAC tumors differ in the expression of immune
features that are associated with the response to so-called immune checkpoint blockade
(ICB) therapy. Liu et al. [62] analyzed immune signature gene sets including the activation of
macrophage/monocytes, overall lymphocyte infiltration, TGF-β response, IFN-γ response
(IFN-γ), and wound healing activity (wound healing) in the 383 pancreatic tumor samples.
This allowed distinguishing between three subtypes (named C1–C3) of PDAC tumors,
which differed in terms of the survival rates of patients. The authors highlight that a
more personalized strategy should be considered when designing ICB treatment in PDAC
patients [62].

5. Histopathologic Evaluation

Current guidelines for pathology reporting include recommendations from the Inter-
national Collaboration on Cancer Reporting (ICCR) [19,63]. Since it is very important to
follow these in daily pathologic workup, herein we particularly highlight some of them.

Multiple studies report that a standardized examination protocol for pancreatic tu-
mors involving the head of the pancreas reveals a high positive margin (R1) rate (above
70%) [64–67]. It is important to evaluate all relevant surfaces including the anterior and pos-
terior pancreatic surface, the surface of the superior mesenteric vein (SMV) groove, and the
superior mesenteric arterial (SMA) dissection surface. A widely used standardized protocol
for pancreatoduodenectomy specimens called LEEPP (Leeds Pathology Protocol) proposed
by Verbeke et al. in 2006, relies on multicolor inking of all surfaces mentioned above and
serial slicing of the whole pancreatic head specimen in an axial plane, perpendicular to
the duodenum [68]. Additionally, trans-section margins including duodenal, stomach, bile
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duct, and pancreatic neck are recorded. Before the proposed standard, positive margins
(R1) for pancreatoduodenectomy specimens were reported significantly less often, between
20% and 30% [69,70], and did not reflect proper prognostic value. Currently, a minimum
clearance for R1 resection is considered 1 mm for trans-section margin and SMA/SMV dis-
section surfaces, whereas direct breaching of the surface is required for anterior/posterior
pancreatic head involvement (0 mm) [19,71,72]. Patients with an R0 resection status have a
significantly better prognosis but only when assessed with the LEEPP methodology [72].

The assumption of whether the incidence of low-grade or high-grade PanIN lesions
in the trans-section margins can be considered a prognostic factor was disproved by
Matthaei [73]. The risk of reoccurrence in R0 resected PDAC patients is not increased in
such cases [22,73].

Reporting of the tumor histological subtype according to the WHO classification of
tumors of the gastrointestinal tract, 5th edition, 2019 [16], is the core element in the ICCR
guidelines for pathology reporting [19]. Other histological patterns and subtypes were
shown to impact the patients’ outcomes, including the “large-duct pattern”, which could
be easily misdiagnosed with IPMN-derived adenocarcinoma [74].

6. Morphological Heterogeneity

Pancreatic cancer (PC) is well known to be very heterogeneous in its molecular and
morphological phenotype (Figure 2). It is one of the reasons for a poor patient prognosis,
as current treatment options do not reflect the tumor heterogeneity and give insufficient
results [18,75]. The mechanisms of failure are usually not well known, which compels
researchers to look deeper into the molecular nature of these tumors. Numerous publi-
cations are explaining different aspects of genetic alterations in PC. There are, though,
amazingly, few attempts to classify it in terms of morphological divergence yet this, from a
pathological point of view, would give more practical information.

IPMNs are cystic tumors that can lead to invasive carcinomas. Generally, depending
on the type of epithelial lining of the cystic structures, a gastric-type, intestinal-type, or
pancreatobiliary-type are distinguished. Each has a different risk of progression into
invasive PC [10,76].

Gastric-type IPMN is the most common (50–60%), with low-grade dysplastic epithe-
lium and without MUC1 and MUC2 mucin expression on immunostaining (MUC1 negative,
MUC2 negative). It progresses to invasive adenocarcinoma in 15% of cases. Intestinal-type
IPMN accounts for about 20–30% of cases, 50% of them present with high-grade dysplasia,
and immunostaining reveals MUC2 and CDX2 expression (MUC2 positive, CDX2 positive).
The progression-to-PDAC rate reaches up to 40%. However, the vast majority progress
to the invasive component in a form of colloid carcinoma, which has a slightly better
prognosis. The third IPMN type, pancreatobiliary, is the rarest (10–15%), but most of them
present as high-grade lesions with MUC1 expression (MUC1 positive). This type of IPMN
is frequently invasive (60–70% of cases reveal invasive components) [10,16,76].

Another classification of IPMN tumors groups them by the place of origin, dividing
them into “main-duct” and “branch-duct” lesions. Main-duct IPMNs present with high-
grade dysplasia in 60% of cases and 45% of them are associated with invasive PC. Branch-
duct IPMNs are mostly low-grade (only 25% have high-grade dysplasia), and only 20%
reveal invasive components [77]. In 40% of cases, tumors are found to be multicentric [78].
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pointed out that it is easy to misdiagnose IPMN-related carcinoma with IPMN-mimickers 
(pseudo-IPMN) [11]. As a pseudo-IPMN, the team described a secondary duct ectasia (re-
tention cyst), large duct type PDAC, simple mucinous cyst, congenital cyst, paraduodenal 
wall cyst in grooves pancreatitis, and pseudocysts. Almost 3.8% of analyzed cases were 
classified as PDAC with pseudo-IPMN, compared to 6.2% with true IPMN (Table 1). 
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(B)—colloid subtype, (C)—foamy gland pattern, (D)—PDAC derived from IPMN, invasive compo-
nent, (E)—large duct/cystic papillary pattern, (F)—large duct/cystic papillary pattern negative for
elastic stain, (G)—high-grade squamous differentiation, (H)—low-grade squamous differentiation—
reproduced with permission from Kalimuthu et al., Gut, published by BMJ, 2020 [17], (I)—vacuolated
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Muraki et al., in the single-institution study of 501 consecutive PDAC resected cases,
pointed out that it is easy to misdiagnose IPMN-related carcinoma with IPMN-mimickers
(pseudo-IPMN) [11]. As a pseudo-IPMN, the team described a secondary duct ectasia
(retention cyst), large duct type PDAC, simple mucinous cyst, congenital cyst, paraduodenal
wall cyst in grooves pancreatitis, and pseudocysts. Almost 3.8% of analyzed cases were
classified as PDAC with pseudo-IPMN, compared to 6.2% with true IPMN (Table 1).
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Table 1. The differential diagnosis for IPMN-associated carcinoma. PanIN, pancreatic intraepithe-
lial neoplasia; PDAC, pancreatic ductal adenocarcinoma; IPMN, intraductal papillary mucinous
neoplasm.

Pseudo-IPMN Differential Pathology Findings

General • usually small cystic component (typically <2 cm) and large invasive component

Retention cysts
(secondary duct ectasia)

• located in upstream areas of the tumor
• round, unilocular, usually with low-cuboidal lining and open lumina; no contour

irregularities; no papillary configuration; no classical cell types
• possible PanIN lesions or colonization with carcinoma cells by an intraductal spread from

invasive carcinoma

Simple mucinous cysts

• unilocular and round; smooth internal lining composed of simple mucinous lining with
occasional folding and atypia; no florid papilla formation

• low-grade PanIN common

Congenital cysts

• relatively large cysts (6–11 cm)
• outer muscular coat; lining by a relatively normal ciliated/respiratory, gastric, or

intestinal mucosa
• invasive carcinoma may arise directly from the lesion

Paraduodenal wall cyst

• partially lined by granulation tissue (pseudocyst) and partially by columnar mucinous
epithelium

• usually, a decade older male patients, suggesting that invasive carcinoma develops as a
long-term consequence of a chronic pancreatitis

Large-duct and cystic
papillary pattern of PDAC

• grossly, multiple cystic structures, some >1 cm within the PDAC
• irregularly distributed large ducts with jagged edges; lined by columnar mucinous cells

often having deceptively bland cytological features; variable degrees of papillomatosis
• negative for elastic fibers stains (orcein stain)

PDAC concomitant to IPMN

• carcinomas derived from and concomitant to IPMN should be distinguished
• the histologic transition between IPMN and the invasive component should be revealed to

determine the PDAC origin [76–78]

Pancreatic carcinoma may derive from an IPMN (PDAC derived from IPMN) or may
develop apart from it (PDAC concomitant to IPMN). The histologic transition between IPMN
and the invasive component should be revealed to determine the PDAC origin [63,80,81].
In the current WHO classification of pancreatic malignancies [16], there is no distinction
between the two, and both should be reported as an “IPMN with associated carcinoma”.
Although the different origin of IPMN concomitant carcinomas suggests a less favorable
outcome, similar to that of conventional PDAC (cPDAC), in the work by Yamaguchi
et al., both (derived from and concomitant) had similar, significantly favorable biological
behavior [80]. The authors pointed out that this might be due to an earlier diagnosis of
such cystic lesions.

Colloid carcinoma of the pancreas is characterized by the presence of large extracellular
mucin pools (in at least 80% of the mass of the neoplasm) containing suspended neoplastic
cells [16]. In the vast majority of cases, it is derived from intestinal-type IPMN. Multiple
studies show that colloid IPMC had significantly better outcomes than tubular IPMC
or cPDAC.
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Another type described by the WHO classification [16] is a medullary carcinoma.
A rare tumor of the pancreas that is often associated with microsatellite instability (MSI)/
defective DNA mismatch repair (dMMR). Luchini and his team, in a meta-analysis of 34
studies, showed that the incidence rate of MSI/dMMR in PDAC is very low, ranging from
1–2%. It was significantly associated with medullary and colloid histological subtypes. Con-
sequently, they suggested that cases of PDAC with medullary or colloid histology should
routinely be examined in terms of MSI/dMMR, by use of immunohistochemistry [82].

Not many studies attempted to subtype a large group of “ductal adenocarcinoma,
NOS”, concerning histological and immunohistochemical features. Kalimuthu et al. (2020)
distinguished the morphological patterns of PDAC by separating two groups depending
on gland formation (“gland forming” and “non-gland forming”) and correlated them with
earlier described molecular subtypes (Figure 3) [17]. The four morphological patterns
included conventional, tubulo-papillary, squamous, and composite. Nevertheless, this
study did not explain PDAC morphological variability. A more comprehensive approach
was demonstrated in a study by Sántha et al. [18]. From 233 foci selected from 39 pancreatic
ductal adenocarcinoma specimens, the team analyzed 26 features including morphological
and immunohistochemical patterns. Four common subtypes (67% of cases in the studied se-
ries) with significant differences in the areas of cancer cell proliferation (Ki67) and migration
(collagen fiber alignment, metalloproteinases—MMP14), cancer stem cells (CD44, CD133,
ALDH1), extracellular matrix (total collagen, collagen I and III, fibronectin, hyaluronan),
cancer-associated fibroblasts (αSMA), and cancer–stroma interactions (integrins α2, α5, α1;
caveolin-1) were distinguished. The patterns described as periglandular (PP), tendon-like
(TP), fascicular (FP), and chicken wire (CP) were assessable by standard hematoxylin and
eosin staining (H&E) and characterized by distinct features including the cancer cells, gland
formation, and stromal compartment (Figure 3). There were significant differences between
the subgroups including most of the features. What is important is that the study showed,
among other things, heterogeneity in the stroma compartment composition that may affect
different aspects of tumor growth, invasion potential, and resistance to therapy. The authors
suggest that proper subtyping of pancreatic ductal adenocarcinoma may reveal these with
better clinical outcomes and, secondly, allow the selection of subtypes that could benefit
from new treatment options. It is important to give pathologists new ways of subgrouping
“PDAC NOS” tumors that will be available for routine pathologic reporting and that will
bring relevant and meaningful information to clinicians and patients.

Clear cell carcinoma of the pancreas is not a well-known entity and can be diagnosti-
cally misleading [83,84]. Kim et al., in the study of 84 pancreatic cancer specimens, reported
that 24% of the analyzed cases contained significant clear cell components, and 14% of
the studied cohort was defined as having clear cell carcinoma with over 75% of the tumor
volume showing clear cell features [85]. In differentiating clear-cell-appearing tumors in
the pancreas, other entities have to be taken into consideration, such as metastatic clear
cell renal cell carcinomas, ovarian and adrenal carcinomas, and primary clear cell neuroen-
docrine tumors of the pancreas (frequently occurring in patients with von Hippel-Lindau
disease) [86,87]. In the differential diagnosis, various histopathological stainings come in
handy, including immunohistochemistry for carbonic anhydrase IX, HMB45, vimentin,
PAX8, CD10, synaptophysin, or chromogranin [83]. Particularly useful for diagnosing
clear cell pancreatic carcinoma of ductal origin (exocrine) is hepatocyte nuclear factor-1β
(HNF1B), which significantly shows a stronger positivity more frequently in clear cell
components compared to conventional ductal adenocarcinomas [85].

One more pattern called a “foamy gland pattern”, shows some similarities with clear
cell carcinomas [88,89]. It has a benign-appearing look with well-formed glands and subtle
infiltration. There is no data on whether these two entities are of a similar origin or follow
the same molecular pathways. To the best of our knowledge, to date, no studies have
compared clear cell and foamy gland patterns.
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Another, non-WHO pattern of PDAC called “large duct pattern” (also called “cystic
papillary pattern”), can be misdiagnosed as an IPMN [74]. In this pattern, carcinomatous
ducts are enlarged over 0.5 mm. If at least 50% of the tumor glands show such dilatation,
the name “large duct carcinoma” is used. In some cases, an elastic fiber staining (i.e.,
orcein stain) helps to distinguish between non-malignant (ducts dilated due to occlusion)
and malignant ducts. Large duct carcinoma is frequently accompanied by perineural
invasion (88%) [90]. There are no mucin pools and signet ring cells, in contrast to colloid
carcinoma. A total of 73% of large duct PDACs stain with MUC1 positively and over 55%
for MUC6 [74,91,92], which might be helpful to differentiate it from gastric-type IPMN.
The term “cystic papillary pattern” is sometimes distinguished from a large duct pattern,
describing more complex or papillary structures [92]. However, some authors suggest that
both represent the same entity, reflecting distinct evolutionary stages [90]. Interestingly the
large duct pattern of PDAC might fit into the subgroup distinguished by Kalimuthu et al.
called “tubulo-papillary”, rather than the “gland forming” group [17].

7. Immunostaining

Currently, there is no immunostaining marker that would be recommended for the
routine pathological diagnostic workup of PDAC. Nevertheless, there have been multi-
ple reports suggesting that p53 [93–95] and insulin-like growth factor-II mRNA-binding
protein 3 (IMP3/IGF2BP3/KOC) [96–103] could significantly help to avoid misdiagnosis.
Overexpression of these markers correlates with patient prognosis. Liu et al. reported 90%
of PDAC cases to be positive for IMP3, Maspin, and S100 calcium-binding protein P (S100P)
expression [104]. Another study utilized IMP3, Maspin, S100P, and von-Hippel-Lindau
gene protein (pVHL) for comparison between autoimmune pancreatitis (AIP), PDAC,
and normal pancreas specimens [105]. The authors showed that although weak and focal
expression was seen in AIP and a normal pancreas, PDAC was characterized by strong over-
expression of Maspin, IMP3, and S100P in 95%, 75%, 75%, respectively, whereas weak and
no expression was seen in 0%, 25%, 10% of PDAC cases, respectively. Furthermore, 100%
of studied PDAC samples were negative for pVHL. Recently, Senoo et al. [106] and Mikata
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et al. [107] conducted retrospective and prospective studies evaluating the usefulness of p53
and IMP3 in endoscopic ultrasound-guided fine needle aspiration (EUS-FNA) specimens of
pancreatic tumors. They reported that none (0%) of the benign lesions analyzed expressed
IMP3 nor p53, whereas, for malignant lesions, IMP3 was positively expressed in 60% (69%
in PDAC) cases and 49% of them were characterized by overexpression of p53.

Of note, as mentioned above, hepatocyte nuclear factor-1β (HNF1B) shows a strong
positive expression in clear cell pattern ductal adenocarcinoma of the pancreas [85].

CDX2 is known to be a driver for gastric-to-intestinal type progression in IPMN [47]. In
95% of analyzed intestinal-type IPMN cases, CDX2 showed strong positive nuclear staining
in more than 90% of cells. Xiao et al. reported a loss of CDX2 expression during PanIN
progression from low-grade to high-grade lesions, and only one-third of PDAC samples
showed weak CDX2 expression [108]. It is believed that colloid carcinoma of the pancreas
develops almost exclusively through the intestinal-type IPMN progression pathway [10].
Further research would be required to assess the prevalence of CDX2 expression strictly in
pancreatic colloid carcinoma.

P63 and p40 stain squamous components of adenosquamous carcinomas. This entity
presents with different molecular bases (“basal-like” [59] or “squamous” [60] molecular sub-
types) and a slightly worse prognosis than cPDAC [17,18,59,60,109]. Recently, Haugk et al.
showed that p40 immunostaining was a useful tool in detecting squamous differentiation
of PDAC in fine needle biopsy (FNB) samples [110].

Leukemia inhibitory factor (LIF) and interleukin-6 (IL-6) are potentially promising
biomarkers for early diagnosis of PDAC, that can be detected in patients’ serum [12,13].
Aside from the LIF serum levels, a raised LIF concentration was observed in pancreatic
cancer tissue samples compared to chronic pancreatitis or benign lesions (PanIN) and
inversely correlated with the tumor differentiation level [13,111–113].

The immunohistochemical staining markers of malignancy and those with prognostic
relevance are summarized in Table 2.

Table 2. Summary of immunohistochemical staining features of PDAC. pVHL, von-Hippel-Lindau
gene protein; IMP3, insulin-like growth factor-II mRNA-binding protein 3; S100P, S100 calcium-
binding protein P; LIF, leukemia inhibitory factor; ALDH1, aldehyde dehydrogenase 1; CP, chronic
pancreatitis; HNF1B, hepatocyte nuclear factor-1B; JAK2, Janus kinase 2; CAFs, cancer-associated
fibroblasts; α-SMA, alpha-smooth muscle actin; NRF2, nuclear factor-erythroid 2–related factor 2.

Markers of malignancy

pVHL
[105]

• loss of pVHL was found in 100% of PDAC samples

Maspin
[105]

• strong overexpression in 95% of PDAC samples
• weak and none in 0% of PDAC samples

IMP3
[105]

• strong overexpression in 75% of PDAC samples
• weak and none in 25% of PDAC samples

S100P
[105]

• strong overexpression in 75% of PDAC samples
• weak and none in 10% of PDAC samples

p53
[106,107]

• expressed in 0% of benign lesions
• overexpressed in 49% of malignant lesions

LIF
[13,111–113]

• elevated LIF concentration was observed in PDAC stroma compared to CP or benign lesions
• expression inversely correlated with the tumor differentiation level

CD44, CD133, ALDH1
[18]

• markers of cancer stem cells
• correlates with poor survival, early recurrence, and metastasis
• gemcitabine treatment monitoring
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Table 2. Cont.

Markers with prognostic relevance

HNF1B
[85]

• strong expression is correlated with worse prognosis independent of morphology

Activated Stroma Index (ASI)
[114,115]

• α-SMA-stained area to the collagen-stained area of tumor stroma
• ASI was an independent survival predictor, comparable with nodal status
• lowest ASI (fibrogenic => low α-SMA, high collagen)—best prognosis
• highest ASI (fibrolytic => high α-SMA, low collagen)—worst prognosis

CD10
[116]

• stains CD10-positive CAFs in the tumor stroma
• positive lymph node metastasis and shorter survival time

Meflin
[117]

• stains Meflin-positive CAFs in the tumor stroma
• favorable outcome

Podoplanin
[118–120]

• stains podoplanin-positive CAFs in the tumor stroma
• poor prognosis, aggressive behavior, and larger tumor size

JAK2
[121]

• independent poor prognostic factor

SMAD4
[95,122–127]

• results ambiguous

p16
[95,128]

• loss of p16 expression was correlated with lymphovascular invasion and metastatic disease

p63, p40
[129]

• stains squamous differentiation
• poor prognostic factor

NRF2
[57]

• strong expression was found to be a worse prognosis factor and corelate with gemcitabine resistance
• more studies are required for proper prognostic influence assessment

8. Cancer–Stroma Interactions

PDAC invasion is characterized by an extensive, dense, desmoplastic stroma that is
not only a silent actor but plays a crucial role in the tumor growth, maintenance, invasion,
metastatic potential, and chemoresistance [130–139]. The complicated relationship between
cancer cells and the stroma was metaphorically, yet very vividly envisaged by Adamek
and Stoj (2014). They have proposed a figurative concept of cancer as a form of the “mafia”
within the body, in which the cancer cells “corrupt” non-neoplastic cells and, as a result,
aid and abet them in “the crime of cancer”. What is more, the “criminal cells” may even
cunningly change their properties and mislead researchers, altering the study results
and efficacy of treatment [140]. This holistic approach to cancer biology explains some
difficulties in the cancer–stroma interplay research.

The explanation of the complex interactions between pancreatic cancer cells and
the stroma compartment will undoubtedly be a milestone in the development of PDAC
therapy strategies. Currently, multiple trials are investigating possible options in targeting
stromal compartment mechanisms or cancer-to-stroma interaction pathways with varied
preliminary reports [9,136,141–146]. There are strong clinical implications of the presence of
different stromal compartment composition features. Some authors suggest that reporting
them should be a part of the routine pathological workup [18].

The research on PDAC stromal nature, particularly the cancer-associated fibroblasts
(CAFs) that are the main component of the tumor microenvironment (TME), faces many
difficulties, caused by, among other things, inconsistencies in key definitions. In 2019, a
Banbury Center meeting of international researchers and clinical scientists gathered in New
York (USA) and agreed on a consensus statement where they summarized good practice
advice and described the recommended methodology for CAF research [147].
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In the normal pancreas, fibroblasts, called pancreatic stellate cells (quiescent—qPSCs),
are producers of connective tissue and play a substantial role in tissue repair processes.
In case of damage (chronic pancreatitis) or carcinogenesis, qPSCs become activated and
starts presenting a myofibroblast-like phenotype that expresses α-smooth muscle actin
(α-SMA) [148]. Activated PSCs (aPSC) secrete over 13 times more proteins responsible
for the proliferation, inflammation, extracellular matrix remodeling, cell motility, and
invasion (641 by aPSCs vs. 46 by qPSCs) [149]. It is believed that aPSCs are the main
source of CAFs [147,150,151]. Other important sources include bone marrow-derived mes-
enchymal stem cells (MSCs) [152–157]. Some studies raise the possibility of adipocyte and
pericyte conversion into CAFs, but the results are ambiguous [158–161]. Multiple factors
play a role in PSC activation. As mentioned earlier (see Section 3), PanIN progression
mechanisms involve mutations in tumor-suppressing genes that lead to the activation
of TGFβ signaling pathways (SMAD4/TGFBR1/TGFBR2). Loss of p53 activates Janus
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway,
which leads to tumor initiation and progression, by the stimulation of CAFs/PSCs, among
others [162–164]. Additionally, CAFs secrete paracrine factors, that act as STAT3 activa-
tors on cancer cells, of which, leukemia inhibitory factor (LIF) is a key player. Other
CAF-producing growth factors include TGFβ, growth arrest-specific protein 6 (GAS6),
fibroblast growth factor 5 (FGF5), growth differentiation factor 15 (GDF15), and hepatocyte
growth factor (HGF) [111,165,166]. Other secretory mechanisms of CAFs promote angio-
genesis [167,168] or act as an immunosuppressor [169,170], but results for the latter seem
to be inconsistent [147,171].

The catabolic mechanisms of CAFs modulate cancer cell metabolism and fuel can-
cer, with energy sources like amino acids and other nutrients, sustaining the tumor
growth [172–175] in a process with the suggested name “reversed Warburg
effect” [176–178]. From one side, CAFs produce a collagen-rich ECM, from the other,
cancer cells stimulate CAF autophagy that “produces” a substantial dose of alanine [179].

Multiple studies recognized CAFs within the pancreatic cancer stroma to be a hetero-
geneous population of cells that present divergent phenotypes and seem to have different
roles. Three main groups are myofibroblastic (myCAFs), inflammatory (iCAFs) and antigen-
presenting CAFs (apCAFs) [150,180–183]. MyCAFs are located in the periglandular region
of the cancer site and express high levels of α-SMA and low levels of IL-6. Activation (PSCs
to myCAFs) is believed to be rendered via the TGFβ/SMAD signaling pathway. More
distally to the glands, iCAFs are found. They express high levels of IL-6 (low α-SMA),
due to IL-1/LIF/JAK/STAT pathway activation [135]. The third subtype, called antigen-
presenting CAFs, shows high expression of MHC II family genes but their activation
mechanisms and specific features are yet to be determined [180].

Classic biomarkers used for CAF detection include α-SMA, fibroblast activation pro-
tein (FAP), fibroblast-specific protein 1 (FSP1/S100A4), platelet-derived growth factor
receptors (PDGFRα, PDGFRβ), or podoplanin (PDPN/gp38). However, some studies
recognize the heterogeneity of CAF expression profiles [184,185]. The Banbury Center
meeting [147] highlighted the importance of determining specific subtypes of CAFs in the
tumor stroma with the use of new immunohistochemistry methods but, currently, there is
not enough evidence to state a consensus in this field.

Stroma composition was a part of the molecular subtyping by Moffitt et al. [59]. Au-
thors distinguished stroma-specific from the tumor-specific gene expression and revealed
two molecular subtypes regarding the stroma compartment, namely “activated” and “nor-
mal”. Stroma evaluation played a substantial part in the morphological subtyping of
PDAC specimens by Sántha et al. [18]. They studied such components as an extracellular
matrix with collagen composition and arrangement, fibronectin and hyaluronan deposition,
cancer-associated fibroblasts (α-SMA staining and collagen density with the use of the
so-called activated stroma ratio [114,115]), and cancer–stroma interactions (integrins α2, α5,
β1, metalloproteinases—MMP14 and caveolin-1). The biological role of all of these features
was documented substantially in publications prior to that study. Proposed morphologi-
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cal subtypes that presented with significantly different phenotypes regarding the above,
showed the importance of stroma compartment evaluation in pathological practice.

Cancer stem cells (CSCs) represent a small number of cancer cells within the tumor
that define its potential to grow and propagate. CSCs have stem cell properties and
tend to be self-renewable, and multipotent. Some studies showed that CSCs might be
responsible for tumor initiation, rapid growth, resistance to therapy, recurrence, and
metastases [186–189]. The induction of CSCs is related to the epithelial-to-mesenchymal
transition (EMT) regions [190–193]. In pancreatic cancer, CSCs express CD24, CD44, CD133,
aldehyde dehydrogenase 1 (ALDH1), and epithelial-specific antigen (ESA) [186,188,193].
Pancreatic stromal stellate cells (PSCs) cooperate in a paracrine manner with the CSCs to
increase their invasiveness and self-renewal properties via the Nodal/Activin signaling
pathways [194,195]. For some authors though, the idea of CSCs is controversial [196].

Detection of CSCs in pathology reporting might be of importance due to potential ther-
apy options [195] and correlation with clinical prognosis [189,193]. Sántha et al. [18] studied
the expression of CD44, CD133, and ALDH1 in pancreatic cancer cells as part of a morpho-
logical subtyping scheme and found significant differences in marker expression between
proposed subtypes that correlated with other morphological and immunohistochemical
features.

9. Prognosis

Summarized information about histomorphologic features of PDAC is presented in
Table 3. The overall 5-year survival rate for pancreatic ductal adenocarcinoma is less
the 10% [1]. The majority of patients present with inoperable and non-curable tumors.
The survival rate, among other aspects, depends on the stage of the tumor at the time of
diagnosis. A total of 10% of patients had T1-T2 disease with a 5-year survival rate reaching
32%, while the rate dropped to 12% for T3 tumors. More than half of the patients had T4
stage tumors with a 5-year survival rate of 3% [1].

The prognosis for patients with cancers derived from intraductal papillary mucinous
neoplasm (IPMC), compared to conventional PDAC (cPDAC), has been in debate for
a long time, sometimes with conflicting results. It is important when analyzing those
results to bear in mind that often the distinction between “derived from” vs. “concomitant
to” was not properly addressed [197–201]. Poultsides et al. reported significantly better
survival only for tumors that did not reveal known adverse prognostic factors, such as poor
differentiation, involved surgical margins (R1), or vascular (LV1), or perineural invasion
(PNI) [202]. Okabayashi et al. [203] published results showing that invasive carcinomas
derived from branch-duct IPMNs might be more aggressive with poorer patient outcomes
compared to those derived from main-duct IPMNs. Notwithstanding, the risk of malignant
transformation in main-duct IPMN is higher than in branch-duct IPMN. Additionally,
SMAD4 and TGFβ expression was significantly increased in the carcinomas derived from
branch-duct IPMNs. The question regarding a better prognosis of IPMC vs. cPDAC,
regardless of the stage of the tumor, remains unanswered. What is certain is that IPMC
patients are diagnosed earlier, which gives them a better start.

Multiple studies show that colloid carcinoma has a beneficial outcome compared with
conventional subtypes (including tubular IPMC). The 5-year survival rates ranged from
57–87% to 24–55% [199,200,202,204–206]. Additionally, a lower incidence rate of adverse
factors (PNI, LV1, R1, nodal involvement, poor differentiation) has been shown.

The patient prognosis in large duct carcinoma seems to be similar to that in tubular
carcinoma or slightly better, probably because of good differentiation occurs more fre-
quently [74,90,92]. Nevertheless, it is important to distinguish it from other cystic lesions,
like IPMNs.

Surprisingly, unlike in other locations (colorectal, gastric, duodenal, or ampullary
cancers) [207], medullary carcinoma of the pancreas is not correlated with a better progno-
sis [82], but there is a very small amount of data available. The KEYNOTE-158 clinical trial,
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including patients with MSI/dMMR PDAC tumors, showed objective responses in only
four out of 22 patients (one complete, three partial) included in the trial [208].

Pancreatic adenosquamous carcinoma (ASPC) tends to have a worse outcome com-
pared to ductal adenocarcinoma, NOS [129]. The mechanisms of squamous differen-
tiation of pancreatic cancer cells are not yet fully recognized [209], but recent studies
showed p6transcription factor to be a master regulator of this pathway [209]. Lately, Kaiser
et al. [109] conducted a study with 91 ASPC cases from a total of 4009 patients who under-
went surgery. The results showed that median post-surgical survival in ASPC compared to
PDAC was 10.8 vs. 20.5 months. Another study reported a lower 2-year survival rate in
ASPC vs. PDAC (29% vs. 36%) [210].

Table 3. Summary of histomorphologic features with prognostic importance. 5-YSR, 5-year survival
rate; 2-YSR, 2-year survival rate; cPDAC, conventional pancreatic ductal adenocarcinoma; IPMC,
IPMN derived carcinoma; PNI, perineural invasion; LI, lymphovascular invasion; VI, venous invasion;
R1, positive surgical margins; NI, nodal involvement; PANR, PDAC-associated neural remodeling;
LEEPP, Leeds Pathology Protocol; SMV/SMA, superior mesenteric vein/superior mesenteric artery;
HG PanIN, high-grade pancreatic intraepithelial neoplasia.

Tumor size (incidence)

T1-2 (10%)
T3
T4 (>50%)

• smaller tumor size—better prognosis (5-YSR) [1]: T1-2 => 32% T3 => 12% T4 => 3%

Histologic type

IPMC
• results are ambiguous [197–202]
• patients are diagnosed earlier [80]

Colloid
• better prognosis than cPDAC (5-YSR) [199,200,202,204–206]: 57–87% to 24–55%;
• significantly lower incidence of PNI, LI, VI, R1, NI, or poor differentiation

Large duct/Cystic papillary • same prognosis as cPDAC or slightly better because of a good differentiation [74,90,92]

Medullary • not a better prognosis, in contrast to other sites of digestive system [82,207]

Adenosquamous (ASPC) • ASPC vs. cPDAC (2-YSR) [210]: 29% vs. 36%

Lymphatic and venous invasion

• both should be reported separately because they represent different biological
processes—lymph node metastasis and distant, blood-borne spread [19]

• considered as a non-core element due to possible difficulties in distinction; elastin staining
might be helpful [19]

Other features

Lymph node status
• the mechanism of lymph node involvement should be recorded, as direct or metastatic [211–214]
• prognostic influence of direct NI is similar to that of nodal negative disease

Perineural involvement
• adverse prognostic factor [19,215–218]
• prognostic influence of the extent of PNI and PANR is yet to be determined

Surgical margin status

• positive margin (R1) found in >70% of cases [19]
• correlates with survival, but only when assessed with use of standardized examination protocol

that includes evaluation of all surfaces (LEEPP) [72]
• trans-section margins and SMV/SMA dissection surfaces positive when <1 mm
• anterior and posterior dissection margins positive when directly involved [19,71,72]

High-grade PanIN • HG PanIN in transection margin is not considered a prognostic factor [22,73]
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Kalimuthu et al. suggested that morphological classification is a better prognostic
factor than the standard three-tiered grading system, as most of the studied cases were
classified as moderately differentiated. They grouped specimens into two groups, defined
as group A—which showed less than 40% “non-gland forming” components, and group
B—with more than 40%. Group A had significantly better overall survival than group B [17].

10. Immunohistochemical Prognostic Factors

Loss of p16 (CDKN2A) expression in cancer cells was significantly associated with
lymphovascular invasion and metastatic disease [95,128].

The prognostic value of SMAD4 aberrations is ambiguous. Some reports associate
the loss of SMAD4 with poor survival and early metastasis [95,122,123], but some did not
achieve similar results with significant relevance [124–127].

Song et al., in a study of 62 PDAC cases, showed that Janus kinase 2 (JAK2) immunos-
taining is an independent poor survival factor [121] though, there is a limited amount
of data regarding this pathway (JAK/STAT) biomarker expression. There are some new
potential treatment options and patients might benefit from JAK/STAT biomarker reporting
in the future [219–222].

Some studies have shown that podoplanin-positive CAFs in the PDAC stroma com-
partment were associated with poor prognosis, aggressive behavior, and larger tumor
size [118–120].

One report suggested, that Meflin-positive CAFs in PDAC stroma prevents poor dif-
ferentiation of the tumor and are markers of a favorable outcome [117]. Another study
by Ikenaga and colleagues showed that CD10-positive CAFs were associated with pos-
itive lymph node metastasis and a shorter survival time [116]. The ratio of the α-SMA-
stained area to the collagen-stained area was defined as the activated stroma index (ASI).
Erkan et al. [114] differentiated fibrolytic (high α-SMA/low collagen), fibrogenic (low
α-SMA/high collagen), inert (high α-SMA/high collagen), and dormant (low α-SMA/low
collagen) pancreatic stroma composition. Significant differences in patient outcomes and
progression-free survival between these composition types have been reported [114,115].

Last, but not least, a strong expression of hepatocyte nuclear factor-1B (HNF1B)
in PDAC cases was correlated with a worse prognosis regardless of the morphological
features [85]. See Table 2 for summarized info about immunohistological features of PDAC
with prognostic relevance.

11. Perineural Invasion

Pancreatic cancer is characterized by early and extensive perineural invasion (PNI).
Studies have shown that PNI in PDAC is an independent poor prognostic and an early
recurrence factor [215–218]. It is considered a core element in pathology reporting [19].
Recent studies highlight the active role that nerves play to facilitate tumor spread [223–229].
Nervous cells interplay with cancer cells and the stromal compartment cells (CAFs, PSCs,
and tumor-associated macrophages—TAMs) [230]. PDAC-associated neural remodeling
(PANR) is a proposed term describing the alterations in the nerve compartment caused
and facilitated by PDAC tumors, and resulting in higher nerve densities in PDAC due to
peripheral nerve fiber infiltration and axonogenesis [112]. Bressy with colleagues [112]
showed that PANR was supported by leukemia inhibitory factor (LIF). LIF influences
Schwann cells and dorsal root ganglia (DRG) neurons via modulation of the JAK/STAT
signaling pathways and facilitates their migration and differentiation. They suggested that
the use of LIF-inhibitors might suppress PANR, limit tumor spread, and increase patients’
quality of life [112].

More studies are required to comprehensively assess the PNI prognostic influence and
to explain the divergence of PNI levels among PDAC tumors.
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12. Lymph Node Metastasis

Regional lymph node status is a well-known poor prognostic factor in PDAC and it is
considered a core element in the ICCR guidelines for pathology reporting [19]. However, the
8th edition of the TNM classification of the American Joint Committee on Cancer (AJCC)
does not distinguish the mechanism of lymph node invasion (LNI). In 2015 Williams
et al. [214] examined PDAC specimens regarding the mechanism of LNI (distinguishing
true “metastatic” spread and “direct” LNI—Figure 4) and compared patients’ survival rates.
They concluded that “direct”-only LNI patients had a similar overall survival to those with
node-negative disease. Recently, other authors reported similar results [211–213].
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13. Early Diagnostic Options

There are no efficient early diagnosis tools for pancreatic carcinoma. Late-stage disease
at diagnosis is certainly a major issue that partially leads to overall poor survival rates.

Serum carbohydrate antigen (Ca19-9) is used in the diagnostic work-up of patients
being diagnosed with pancreatic tumors, but it is neither specific nor sensitive for malignant
lesions [231,232]. Some studies showed better usefulness of assessing IL-6 serum levels
in differentiating PDAC patients from chronic or acute pancreatitis [233–235]. Recently,
LIF was reported to be a promising serum biomarker of pancreatic malignancy [112], as
much as a metastatic disease predictor for PDAC patients [236] and a therapy response
monitor [13,111]. Moreover, LIF was shown to be a good biomarker for immune checkpoint
blocker (ICB) therapy efficacy, which is a novel immunotherapeutic option for patients with
solid tumors [237]. Loriot et al. identified elevated LIF serum levels as a poor prognostic
factor for ICB-receiving patients [238].
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The development of new diagnostic technologies might shed new light on the PDAC
early diagnostic field. Raman spectroscopy (RS) and surface-enhanced Raman spectroscopy
(SERS) [239,240] methods were used for detecting earlier untraceable amounts of biomark-
ers in PDAC patients’ serum [241,242]. SERS with a plasmonic gold nanohole array was
used for the detection of DNA methylation aberrations [243]. These innovative methods
might increase the sensitivity of aberrant methylation marker detection in the circulat-
ing cell-free DNA (cfDNA) and circulating tumor cells (CTC) in PDAC patients [244,245]
(Table 4).

Table 4. New early serum diagnostic methods. Ca19-9, carbohydrate antigen; IL-6, interleukin 6;
LIF, leukemia inhibitory factor; cfDNA, cell-free DNA; CTC, circulating tumor cells; SERS, surface-
enhanced Raman spectroscopy; NGS, next-generation sequencing.

Pancreatic Malignancy Serum Biomarkers

Ca19-9 • not specific, nor sensitive for malignant lesions [231,232]

IL-6 • better usefulness than Ca19-9 [233–235]

LIF

• promising serum biomarker of pancreatic malignancy [112]
• metastatic disease predictor [236]
• therapy response monitoring [13,111]
• good biomarker for immune checkpoint blocker (ICB) therapy efficacy [237,238]

cfDNA methylation
• novel sensitive techniques, but yet under development and research [245]
• NGS and SERS used for cfDNA methylation markers [244]

14. Molecular Characteristics of Malignant Pancreatic Tissues

A growing number of scientific articles confirm an important role of molecular spec-
troscopy in the characteristics of the chemical structure and composition of various malig-
nant tissues [246–249] Due to high chemical selectivity, both Raman and infrared spectro-
scopies can become efficient tools supporting the molecular screening of pancreatic tissue
sections. This methodology provides information about the content of various biologically
significant molecules and functional groups, including phospholipids and triglycerides,
proteins, nucleic acids, phosphates, and carbohydrates. The results indicate differences
in the metabolic pathways typical for various neoplasms. The main advantage of the
molecular spectroscopic approach is achieving information about samples in a label-free
and noninvasive manner. The research potential of spectroscopic methods has not yet been
fully explored in the investigation of pancreatic cancer (Figure 5) [250,251].

Tissues are complex systems and to achieve a complete overview of their molec-
ular structure, hyperspectral mapping, which provides full spectral information from
each pixel, is applied. To reduce data dimensionality and extract the most important
information—marker bands of molecular pathologies, from the acquired data, various
methods of multivariate data analysis are used [252]. K-means clustering (KMC), and
principal component analysis (PCA) are commonly performed to explore spectral variation
in maps acquired from tissue sections [253–255].

Molecular spectroscopy coupled with multivariate data analysis support standard
immunohistochemical and histological staining-based procedures. The comprehensive
approach may increase the effectiveness of proper diagnoses of pancreatic and ampullary
cancer and their subtyping [251].
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circle) tissue fragments. Reproduced with permission from Szymonski et al., Clinical Spectroscopy,
published by Elsevier B.V, 2021 [251]. FTIR, Fourier transform infrared spectroscopy.
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15. Conclusions

The field of pancreatic cancer research is rapidly evolving. Reports of newly revealed
pathomechanisms of the nature of these tumors are published daily. Nevertheless, many
aspects of pathologic evaluation are still uncertain (Table 5). Although it is sometimes
hard to stay on top of things with such a dynamically increasing amount of knowledge, it
is crucial to be able to pull out practical information that impacts the diagnostic process,
called a pathologic evaluation. Hopefully soon, we will witness a great change in PDAC
patients’ prognosis, whether through the development of new early screening methods or
new therapeutic options. In the meantime, pathologists should do whatever they can to
make the pathologic reporting meaningful for clinical and research purposes.

Table 5. Future research proposals in PDAC pathology. HNF1B, hepatocyte nuclear factor-1β; PANR,
PDAC-associated neural remodeling; PNI, perineural invasion; AVAC, ampulla Vater adenocarci-
noma; IHC, immunohistochemistry; NRF2, nuclear factor-erythroid 2–related factor 2.

Topic Aims

Foamy gland vs. clear cell patterns

• compare morphologic and clinical aspects of foamy gland and clear
cell patterns of PDAC

• assess the HNF1B expression in foamy gland pattern

Prognostic influence of PANR

• quantitively evaluate perineural invasion (PNI) extension
• subgrouping PNI among involved nerves size, intra/extra-tumoral,

intra/extra-pancreatic, and intraneural invasion

Large AVAC vs. PDAC tumors
• compare large periampullary adenocarcinomas with PDAC

regarding morphology and IHC features

Prognostic relevance in PDAC with squamous
differentiation

• assess prognostic value of squamous differentiation in PDAC
• p63/p40 expression incidence

Large duct carcinoma dedifferentiation
• evaluate dedifferentiation morphology and IHC profile of PDAC

with a primarily dominant large duct pattern

Comprehensive morphologic and IHC profile of PDAC

• combine morphology and IHC profiles of PDAC (tubular, colloid,
adenosquamous, large-duct, clear cell, foamy gland) with other
proposed in the literature [17,18] to reveal PDAC subtypes

• include stromal compartment composition and IHC staining in the
assessment

NRF2 expression in PDAC

• assess independently the prognostic influence of NRF2 expression
in PDAC cells

• correlate NRF2 expression patterns with resistance to gemcitabine
(and other chemotherapeutics)

CDX2 expression in colloid carcinoma
• report CDX2 staining profile among colloid carcinomas and PDAC

with partial colloid differentiation



Cancers 2022, 14, 2321 21 of 32

Author Contributions: Writing—original draft preparation, K.S., K.M.-C., E.L. and D.A.; writing—
review and editing, K.S., K.M.-C., E.L. and D.A.; funding acquisition, E.L. All authors have read and
agreed to the published version of the manuscript.

Funding: The APC was funded by the National Science Centre, Poland under the “OPUS 19” project
(Reg. No. UMO-2020/37/B/ST4/02990).

Acknowledgments: This work is supported by the National Science Centre, Poland under the “OPUS
19” project (Reg. No. UMO-2020/37/B/ST4/02990).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rawla, P.; Sunkara, T.; Gaduputi, V. Epidemiology of Pancreatic Cancer: Global Trends, Etiology and Risk Factors. World J. Oncol.

2019, 10, 10–27. [CrossRef] [PubMed]
2. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer Incidence and Deaths

to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United States. Cancer Res. 2014, 74, 2913–2921.
[CrossRef] [PubMed]

3. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

4. Li, J.; Kang, R.; Tang, D. Cellular and Molecular Mechanisms of Perineural Invasion of Pancreatic Ductal Adenocarcinoma. Cancer
Commun. 2021, 41, 642–660. [CrossRef] [PubMed]

5. Patra, K.C.; Bardeesy, N.; Mizukami, Y. Clinical and Systematic Reviews Diversity of Precursor Lesions For Pancreatic Cancer:
The Genetics and Biology of Intraductal Papillary Mucinous Neoplasm. Clin. Transl. Gastroenterol. 2017, 8, 86. [CrossRef]

6. Nielsen, M.F.B.; Mortensen, M.B.; Detlefsen, S. Key Players in Pancreatic Cancer-Stroma Interaction: Cancer-Associated Fibroblasts,
Endothelial and Inflammatory Cells. World J. Gastroenterol. 2016, 22, 2678. [CrossRef]

7. Sperb, N.; Tsesmelis, M.; Wirth, T. Crosstalk between Tumor and Stromal Cells in Pancreatic Ductal Adenocarcinoma. Int. J. Mol.
Sci. 2020, 21, 5486. [CrossRef]

8. Aykut, B.; Chen, R.; Miller, G. Regulatory T Cells Keep Pancreatic Cancer at Bay. Cancer Discov. 2020, 10, 345–352. [CrossRef]
9. Geng, X.; Chen, H.; Zhao, L.; Hu, J.; Yang, W.; Li, G.; Cheng, C.; Zhao, Z.; Zhang, T.; Li, L.; et al. Cancer-Associated Fibroblast

(CAF) Heterogeneity and Targeting Therapy of CAFs in Pancreatic Cancer. Front. Cell Dev. Biol. 2021, 9, 655152. [CrossRef]
10. Mas, L.; Lupinacci, R.M.; Cros, J.; Bachet, J.B.; Coulet, F.; Svrcek, M. Intraductal Papillary Mucinous Carcinoma Versus Conven-

tional Pancreatic Ductal Adenocarcinoma: A Comprehensive Review of Clinical-Pathological Features, Out-comes, and Molecular
Insights. Int. J. Mol. Sci. 2021, 22, 6756. [CrossRef]

11. Muraki, T.; Jang, K.T.; Reid, M.D.; Pehlivanoglu, B.; Memis, B.; Basturk, O.; Mittal, P.; Kooby, D.; Maithel, S.K.; Sarmiento,
J.M.; et al. Pancreatic Ductal Adenocarcinomas Associated with Intraductal Papillary Mucinous Neoplasms (IPMNs) versus
Pseudo-IPMNs: Relative Frequency, Clinicopathologic Characteristics and Differential Diagnosis. Mod. Pathol. 2021, 35, 96–105.
[CrossRef] [PubMed]

12. van Duijneveldt, G.; Griffin, M.D.W.; Putoczki, T.L. Emerging Roles for the IL-6 Family of Cytokines in Pancreatic Cancer. Clin.
Sci. 2020, 134, 2091–2115. [CrossRef] [PubMed]

13. Wrona, E.; Potemski, P.; Sclafani, F.; Borowiec, M. Leukemia Inhibitory Factor: A Potential Biomarker and Therapeutic Target in
Pancreatic Cancer. Arch. Immunol. Ther. Exp. 2021, 69, 2. [CrossRef] [PubMed]

14. van Roey, R.; Brabletz, T.; Stemmler, M.P.; Armstark, I. Deregulation of Transcription Factor Networks Driving Cell Plasticity and
Metastasis in Pancreatic Cancer. Front. Cell Dev. Biol. 2021, 9, 753456. [CrossRef]

15. Martinez-Useros, J.; Martin-Galan, M.; Garcia-Foncillas, J. The Match between Molecular Subtypes, Histology and Microenviron-
ment of Pancreatic Cancer and Its Relevance for Chemoresistance. Cancers 2021, 13, 322. [CrossRef]

16. Nagtegaal, I.D.; Odze, R.D.; Klimstra, D.; Paradis, V.; Rugge, M.; Schirmacher, P.; Washington, K.M.; Carneiro, F.; Cree, I.A. The
2019 WHO Classification of Tumours of the Digestive System. Histopathology 2020, 76, 182–188. [CrossRef]

17. Kalimuthu, S.N.; Wilson, G.W.; Grant, R.C.; Seto, M.; O’Kane, G.; Vajpeyi, R.; Notta, F.; Gallinger, S.; Chetty, R. Morphological
Classification of Pancreatic Ductal Adenocarcinoma That Predicts Molecular Subtypes and Correlates with Clinical Outcome. Gut
2020, 69, 317–328. [CrossRef]

18. Sántha, P.; Lenggenhager, D.; Finstadsveen, A.; Dorg, L.; Tøndel, K.; Amrutkar, M.; Gladhaug, I.P.; Verbeke, C. Morphological
Heterogeneity in Pancreatic Cancer Reflects Structural and Functional Divergence. Cancers 2021, 13, 895. [CrossRef]

19. Verbeke, C.; Webster, F.; Brosens, L.; Campbell, F.; del Chiaro, M.; Esposito, I.; Feakins, R.M.; Fukushima, N.; Gill, A.J.; Kakar, S.;
et al. Dataset for the Reporting of Carcinoma of the Exocrine Pancreas: Recommendations from the International Collaboration
on Cancer Reporting (ICCR). Histopathology 2021, 79, 902–912. [CrossRef]

20. Pittman, M.E.; Rao, R.; Hruban, R.H. Classification, Morphology, Molecular Pathogenesis, and Outcome of Premalignant Lesions
of the Pancreas. Arch. Pathol. Lab. Med. 2017, 141, 1606–1614. [CrossRef]

http://doi.org/10.14740/wjon1166
http://www.ncbi.nlm.nih.gov/pubmed/30834048
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1002/cac2.12188
http://www.ncbi.nlm.nih.gov/pubmed/34264020
http://doi.org/10.1038/ctg.2017.3
http://doi.org/10.3748/wjg.v22.i9.2678
http://doi.org/10.3390/ijms21155486
http://doi.org/10.1158/2159-8290.CD-20-0002
http://doi.org/10.3389/fcell.2021.655152
http://doi.org/10.3390/ijms22136756
http://doi.org/10.1038/s41379-021-00902-x
http://www.ncbi.nlm.nih.gov/pubmed/34518632
http://doi.org/10.1042/CS20191211
http://www.ncbi.nlm.nih.gov/pubmed/32808663
http://doi.org/10.1007/s00005-021-00605-w
http://www.ncbi.nlm.nih.gov/pubmed/33630157
http://doi.org/10.3389/fcell.2021.753456
http://doi.org/10.3390/cancers13020322
http://doi.org/10.1111/his.13975
http://doi.org/10.1136/gutjnl-2019-318217
http://doi.org/10.3390/cancers13040895
http://doi.org/10.1111/his.14540
http://doi.org/10.5858/arpa.2016-0426-RA


Cancers 2022, 14, 2321 22 of 32

21. Imai, K.; Karasaki, H.; Ono, Y.; Sasajima, J.; Chiba, S.; Funakoshi, H.; Muraki, M.; Hanaoka, H.; Furukawa, T.; Furukawa, H.; et al.
Metachronous Pancreatic Cancer Originating from Disseminated Founder Pancreatic Intraductal Neoplasias (PanINs). J. Pathol.
Clin. Res. 2015, 1, 76–82. [CrossRef] [PubMed]

22. Basturk, O.; Hong, S.-M.; Wood, L.D.; Adsay, N.V.; Albores-Saavedra, J.; Biankin, A.V.; Brosens, L.A.A.; Fukushima, N.; Goggins,
M.; Hruban, R.H.; et al. A Revised Classification System and Recommendations From the Baltimore Consensus Meeting for
Neoplastic Precursor Lesions in the Pancreas. Am. J. Surg. Pathol. 2015, 39, 1730–1741. [CrossRef] [PubMed]

23. Kopp, J.L.; von Figura, G.; Mayes, E.; Liu, F.-F.; Dubois, C.L.; Morris, J.P.; Pan, F.C.; Akiyama, H.; Wright, C.V.E.; Jensen, K.; et al.
Identification of Sox9-Dependent Acinar-to-Ductal Reprogramming as the Principal Mechanism for Initiation of Pancreatic Ductal
Adenocarcinoma. Cancer Cell 2012, 22, 737–750. [CrossRef] [PubMed]

24. Bardeesy, N.; DePinho, R.A. Pancreatic Cancer Biology and Genetics. Nat. Rev. Cancer 2002, 2, 897–909. [CrossRef] [PubMed]
25. Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K.; Vogelstein, B.; et al. Presence of

Somatic Mutations in Most Early-Stage Pancreatic Intraepithelial Neoplasia. Gastroenterology 2012, 142, 730–733.e9. [CrossRef]
[PubMed]

26. Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.A.; Ross, S.; Conrads, T.P.; Veenstra, T.D.; Hitt,
B.A.; et al. Preinvasive and Invasive Ductal Pancreatic Cancer and Its Early Detection in the Mouse. Cancer Cell 2003, 4, 437–450.
[CrossRef]

27. Murphy, S.J.; Hart, S.N.; Lima, J.F.; Kipp, B.R.; Klebig, M.; Winters, J.L.; Szabo, C.; Zhang, L.; Eckloff, B.W.; Petersen, G.M.;
et al. Genetic Alterations Associated With Progression From Pancreatic Intraepithelial Neoplasia to Invasive Pancreatic Tumor.
Gastroenterology 2013, 145, 1098–1109.e1. [CrossRef]

28. Hingorani, S.R.; Wang, L.; Multani, A.S.; Combs, C.; Deramaudt, T.B.; Hruban, R.H.; Rustgi, A.K.; Chang, S.; Tuveson, D.A.
Trp53R172H and KrasG12D Cooperate to Promote Chromosomal Instability and Widely Metastatic Pancreatic Ductal Adenocarci-
noma in Mice. Cancer Cell 2005, 7, 469–483. [CrossRef]

29. Bardeesy, N.; Cheng, K.; Berger, J.H.; Chu, G.C.; Pahler, J.; Olson, P.; Hezel, A.F.; Horner, J.; Lauwers, G.Y.; Hanahan, D.; et al.
Smad4 Is Dispensable for Normal Pancreas Development yet Critical in Progression and Tumor Biology of Pancreas Cancer.
Genes Dev. 2006, 20, 3130–3146. [CrossRef]

30. Witkiewicz, A.K.; McMillan, E.A.; Balaji, U.; Baek, G.; Lin, W.-C.; Mansour, J.; Mollaee, M.; Wagner, K.-U.; Koduru, P.; Yopp, A.;
et al. Whole-Exome Sequencing of Pancreatic Cancer Defines Genetic Diversity and Therapeutic Targets. Nat. Commun. 2015, 6,
6744. [CrossRef]

31. Miyamoto, Y.; Maitra, A.; Ghosh, B.; Zechner, U.; Argani, P.; Iacobuzio-Donahue, C.A.; Sriuranpong, V.; Iso, T.; Meszoely, I.M.;
Wolfe, M.S.; et al. Notch Mediates TGFα-Induced Changes in Epithelial Differentiation during Pancreatic Tumorigenesis. Cancer
Cell 2003, 3, 565–576. [CrossRef]

32. Gaujoux, S.; Parvanescu, A.; Cesaretti, M.; Silve, C.; Bieche, I.; Rebours, V.; Lévy, P.; Sauvanet, A.; Cros, J. GNAS but Not Extended
RAS Mutations Spectrum Are Associated with a Better Prognosis in Intraductal Pancreatic Mucinous Neo-plasms. Ann. Surg.
Oncol. 2019, 26, 2640–2650. [CrossRef] [PubMed]

33. Wu, J.; Matthaei, H.; Maitra, A.; Dal Molin, M.; Wood, L.D.; Eshleman, J.R.; Goggins, M.; Canto, M.I.; Schulick, R.D.; Edil, B.H.;
et al. Recurrent GNAS Mutations Define an Unexpected Pathway for Pancreatic Cyst Development. Sci. Transl. Med. 2011, 3,
92ra66. [CrossRef] [PubMed]

34. Furukawa, T.; Kuboki, Y.; Tanji, E.; Yoshida, S.; Hatori, T.; Yamamoto, M.; Shibata, N.; Shimizu, K.; Kamatani, N.; Shiratori, K.
Whole-Exome Sequencing Uncovers Frequent GNAS Mutations in Intraductal Papillary Mucinous Neoplasms of the Pancreas.
Sci. Rep. 2011, 1, 161. [CrossRef]

35. Hosoda, W.; Sasaki, E.; Murakami, Y.; Yamao, K.; Shimizu, Y.; Yatabe, Y. GNAS Mutation Is a Frequent Event in Pancreatic
Intraductal Papillary Mucinous Neoplasms and Associated Adenocarcinomas. Virchows Arch. 2015, 466, 665–674. [CrossRef]

36. Kuboki, Y.; Shimizu, K.; Hatori, T.; Yamamoto, M.; Shibata, N.; Shiratori, K.; Furukawa, T. Molecular Biomarkers for Progression
of Intraductal Papillary Mucinous Neoplasm of the Pancreas. Pancreas 2015, 44, 227–235. [CrossRef]

37. Zhang, H.; Kong, Q.; Wang, J.; Jiang, Y.; Hua, H. Complex Roles of CAMP–PKA–CREB Signaling in Cancer. Exp. Hematol. Oncol.
2020, 9, 32. [CrossRef]

38. Ji, Z.; Mei, F.C.; Johnson, B.H.; Thompson, E.B.; Cheng, X. Protein Kinase A, Not Epac, Suppresses Hedgehog Activity and
Regulates Glucocorticoid Sensitivity in Acute Lymphoblastic Leukemia Cells. J. Biol. Chem. 2007, 282, 37370–37377. [CrossRef]

39. Burdyga, A.; Conant, A.; Haynes, L.; Zhang, J.; Jalink, K.; Sutton, R.; Neoptolemos, J.; Costello, E.; Tepikin, A. CAMP Inhibits
Migration, Ruffling and Paxillin Accumulation in Focal Adhesions of Pancreatic Ductal Adenocarcinoma Cells: Effects of PKA
and EPAC. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2013, 1833, 2664–2672. [CrossRef]

40. O’Hayre, M.; Degese, M.S.; Gutkind, J.S. Novel Insights into G Protein and G Protein-Coupled Receptor Signaling in Cancer. Curr.
Opin. Cell Biol. 2014, 27, 126–135. [CrossRef]

41. Patra, K.C.; Kato, Y.; Mizukami, Y.; Widholz, S.; Boukhali, M.; Revenco, I.; Grossman, E.A.; Ji, F.; Sadreyev, R.I.; Liss, A.S.;
et al. Mutant GNAS Drives Pancreatic Tumourigenesis by Inducing PKA-Mediated SIK Suppression and Reprogramming Lipid
Metabolism. Nat. Cell Biol. 2018, 20, 811–822. [CrossRef] [PubMed]

42. Lee, J.-H.; Kim, Y.; Choi, J.-W.; Kim, Y.-S. KRAS, GNAS, and RNF43 Mutations in Intraductal Papillary Mucinous Neo-plasm of
the Pancreas: A Meta-Analysis. Springerplus 2016, 5, 1172. [CrossRef] [PubMed]

http://doi.org/10.1002/cjp2.8
http://www.ncbi.nlm.nih.gov/pubmed/27499895
http://doi.org/10.1097/PAS.0000000000000533
http://www.ncbi.nlm.nih.gov/pubmed/26559377
http://doi.org/10.1016/j.ccr.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23201164
http://doi.org/10.1038/nrc949
http://www.ncbi.nlm.nih.gov/pubmed/12459728
http://doi.org/10.1053/j.gastro.2011.12.042
http://www.ncbi.nlm.nih.gov/pubmed/22226782
http://doi.org/10.1016/S1535-6108(03)00309-X
http://doi.org/10.1053/j.gastro.2013.07.049
http://doi.org/10.1016/j.ccr.2005.04.023
http://doi.org/10.1101/gad.1478706
http://doi.org/10.1038/ncomms7744
http://doi.org/10.1016/S1535-6108(03)00140-5
http://doi.org/10.1245/s10434-019-07389-6
http://www.ncbi.nlm.nih.gov/pubmed/31025231
http://doi.org/10.1126/scitranslmed.3002543
http://www.ncbi.nlm.nih.gov/pubmed/21775669
http://doi.org/10.1038/srep00161
http://doi.org/10.1007/s00428-015-1751-6
http://doi.org/10.1097/MPA.0000000000000253
http://doi.org/10.1186/s40164-020-00191-1
http://doi.org/10.1074/jbc.M703697200
http://doi.org/10.1016/j.bbamcr.2013.06.011
http://doi.org/10.1016/j.ceb.2014.01.005
http://doi.org/10.1038/s41556-018-0122-3
http://www.ncbi.nlm.nih.gov/pubmed/29941929
http://doi.org/10.1186/s40064-016-2847-4
http://www.ncbi.nlm.nih.gov/pubmed/27512631


Cancers 2022, 14, 2321 23 of 32

43. Tan, M.C.; Basturk, O.; Brannon, A.R.; Bhanot, U.; Scott, S.N.; Bouvier, N.; LaFemina, J.; Jarnagin, W.R.; Berger, M.F.; Klimstra, D.;
et al. GNAS and KRAS Mutations Define Separate Progression Pathways in Intraductal Papillary Mucinous Neoplasm-Associated
Carcinoma. J. Am. Coll. Surg. 2015, 220, 845–854.e1. [CrossRef]

44. Fujikura, K.; Hosoda, W.; Felsenstein, M.; Song, Q.; Reiter, J.G.; Zheng, L.; Beleva Guthrie, V.; Rincon, N.; Dal Molin, M.; Dudley,
J.; et al. Multiregion Whole-Exome Sequencing of Intraductal Papillary Mucinous Neoplasms Reveals Frequent Somatic KLF4
Mutations Predominantly in Low-Grade Regions. Gut 2021, 70, 928–939. [CrossRef] [PubMed]

45. Adsay, N.V.; Conlon, K.C.; Zee, S.Y.; Brennan, M.F.; Klimstra, D.S. Intraductal Papillary-Mucinous Neoplasms of the Pancreas.
Cancer 2002, 94, 62–77. [CrossRef] [PubMed]

46. Noë, M.; Brosens, L.A.A. Gastric- and Intestinal-Type IPMN: Two of a Kind? Virchows Arch. 2020, 477, 17–19. [CrossRef]
47. Omori, Y.; Ono, Y.; Kobayashi, T.; Motoi, F.; Karasaki, H.; Mizukami, Y.; Makino, N.; Ueno, Y.; Unno, M.; Furukawa, T. How

Does Intestinal-Type Intraductal Papillary Mucinous Neoplasm Emerge? CDX2 Plays a Critical Role in the Process of Intestinal
Differentiation and Progression. Virchows Arch. 2020, 477, 21–31. [CrossRef]

48. Omori, Y.; Ono, Y.; Tanino, M.; Karasaki, H.; Yamaguchi, H.; Furukawa, T.; Enomoto, K.; Ueda, J.; Sumi, A.; Katayama, J.;
et al. Pathways of Progression From Intraductal Papillary Mucinous Neoplasm to Pancreatic Ductal Adenocarcinoma Based on
Molecular Features. Gastroenterology 2019, 156, 647–661.e2. [CrossRef]

49. Mukhopadhyay, S.; vander Heiden, M.G.; McCormick, F. The Metabolic Landscape of RAS-Driven Cancers from Biology to
Therapy. Nat. Cancer 2021, 2, 271–283. [CrossRef]

50. Jonckheere, N.; Vasseur, R.; van Seuningen, I. The Cornerstone K-RAS Mutation in Pancreatic Adenocarcinoma: From Cell
Signaling Network, Target Genes, Biological Processes to Therapeutic Targeting. Crit. Rev. Oncol./Hematol. 2017, 111, 7–19.
[CrossRef]

51. Ying, H.; Kimmelman, A.C.; Lyssiotis, C.A.; Hua, S.; Chu, G.C.; Fletcher-Sananikone, E.; Locasale, J.W.; Son, J.; Zhang, H.; Coloff,
J.L.; et al. Oncogenic Kras Maintains Pancreatic Tumors through Regulation of Anabolic Glucose Metabolism. Cell 2012, 149,
656–670. [CrossRef] [PubMed]

52. Qian, Y.; Gong, Y.; Fan, Z.; Luo, G.; Huang, Q.; Deng, S.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. Molecular Alterations and Targeted
Therapy in Pancreatic Ductal Adenocarcinoma. J. Hematol. Oncol. 2020, 13, 130. [CrossRef] [PubMed]

53. Tao, S.; Wang, S.; Moghaddam, S.J.; Ooi, A.; Chapman, E.; Wong, P.K.; Zhang, D.D. Oncogenic KRAS Confers Chemoresistance by
Upregulating NRF2. Cancer Res. 2014, 74, 7430–7441. [CrossRef] [PubMed]

54. DeNicola, G.M.; Karreth, F.A.; Humpton, T.J.; Gopinathan, A.; Wei, C.; Frese, K.; Mangal, D.; Yu, K.H.; Yeo, C.J.; Calhoun,
E.S.; et al. Oncogene-Induced Nrf2 Transcription Promotes ROS Detoxification and Tumorigenesis. Nature 2011, 475, 106–109.
[CrossRef] [PubMed]

55. Mitsuishi, Y.; Taguchi, K.; Kawatani, Y.; Shibata, T.; Nukiwa, T.; Aburatani, H.; Yamamoto, M.; Motohashi, H. Nrf2 Redirects
Glucose and Glutamine into Anabolic Pathways in Metabolic Reprogramming. Cancer Cell 2012, 22, 66–79. [CrossRef]

56. Dodson, M.; de la Vega, M.R.; Cholanians, A.B.; Schmidlin, C.J.; Chapman, E.; Zhang, D.D. Modulating NRF2 in Disease: Timing
Is Everything. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 555–575. [CrossRef] [PubMed]

57. Mukhopadhyay, S.; Goswami, D.; Adiseshaiah, P.P.; Burgan, W.; Yi, M.; Guerin, T.M.; Kozlov, S.V.; Nissley, D.V.; McCormick,
F. Undermining Glutaminolysis Bolsters Chemotherapy While NRF2 Promotes Chemoresistance in KRAS-Driven Pancreatic
Cancers. Cancer Res. 2020, 80, 1630–1643. [CrossRef]

58. Collisson, E.A.; Sadanandam, A.; Olson, P.; Gibb, W.J.; Truitt, M.; Gu, S.; Cooc, J.; Weinkle, J.; Kim, G.E.; Jakkula, L.; et al. Subtypes
of Pancreatic Ductal Adenocarcinoma and Their Differing Responses to Therapy. Nat. Med. 2011, 17, 500–503. [CrossRef]

59. Moffitt, R.A.; Marayati, R.; Flate, E.L.; Volmar, K.E.; Loeza, S.G.H.; Hoadley, K.A.; Rashid, N.U.; Williams, L.A.; Eaton, S.C.; Chung,
A.H.; et al. Virtual Microdissection Identifies Distinct Tumor- and Stroma-Specific Subtypes of Pancreatic Ductal Adenocarcinoma.
Nat. Genet. 2015, 47, 1168–1178. [CrossRef]

60. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.-M.; Gingras, M.-C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.C.; Quinn,
M.C.; et al. Genomic Analyses Identify Molecular Subtypes of Pancreatic Cancer. Nature 2016, 531, 47–52. [CrossRef]

61. Birnbaum, D.J.; Finetti, P.; Birnbaum, D.; Mamessier, E.; Bertucci, F. Validation and Comparison of the Molecular Classifications of
Pancreatic Carcinomas. Mol. Cancer 2017, 16, 168. [CrossRef]

62. Liu, J.; Liu, Q.; Zhang, X.; Cui, M.; Li, T.; Zhang, Y.; Liao, Q. Immune Subtyping for Pancreatic Cancer with Implication in Clinical
Outcomes and Improving Immunotherapy. Cancer Cell Int. 2021, 21, 137. [CrossRef]

63. Adsay, V.; Mino-Kenudson, M.; Furukawa, T.; Basturk, O.; Zamboni, G.; Marchegiani, G.; Bassi, C.; Salvia, R.; Malleo, G.; Paiella,
S.; et al. Pathologic Evaluation and Reporting of Intraductal Papillary Mucinous Neoplasms of the Pancreas and Other Tumoral
Intraepithelial Neoplasms of Pancreatobiliary Tract. Ann. Surg. 2016, 263, 162–177. [CrossRef]

64. Menon, K.V.; Gomez, D.; Smith, A.M.; Anthoney, A.; Verbeke, C.S. Impact of Margin Status on Survival Following Pancreatoduo-
denectomy for Cancer: The Leeds Pathology Protocol (LEEPP). HPB 2009, 11, 18–24. [CrossRef]

65. Khaled, Y.S.; Mohsin, M.; Yee, A.; Adair, R.; Macutkiewicz, C.; Aldouri, A.; Smith, A. 10-Year Outcome of the Leeds Pathology
Protocol (LEEPP) Following Pancreatoduodenectomy for Periampullary Pancreatic Cancer. HPB 2016, 18, e30–e31. [CrossRef]

66. Esposito, I.; Kleeff, J.; Bergmann, F.; Reiser, C.; Herpel, E.; Friess, H.; Schirmacher, P.; Büchler, M.W. Most Pancreatic Cancer
Resections Are R1 Resections. Ann. Surg. Oncol. 2008, 15, 1651–1660. [CrossRef]

http://doi.org/10.1016/j.jamcollsurg.2014.11.029
http://doi.org/10.1136/gutjnl-2020-321217
http://www.ncbi.nlm.nih.gov/pubmed/33028669
http://doi.org/10.1002/cncr.10203
http://www.ncbi.nlm.nih.gov/pubmed/11815961
http://doi.org/10.1007/s00428-020-02827-3
http://doi.org/10.1007/s00428-020-02806-8
http://doi.org/10.1053/j.gastro.2018.10.029
http://doi.org/10.1038/s43018-021-00184-x
http://doi.org/10.1016/j.critrevonc.2017.01.002
http://doi.org/10.1016/j.cell.2012.01.058
http://www.ncbi.nlm.nih.gov/pubmed/22541435
http://doi.org/10.1186/s13045-020-00958-3
http://www.ncbi.nlm.nih.gov/pubmed/33008426
http://doi.org/10.1158/0008-5472.CAN-14-1439
http://www.ncbi.nlm.nih.gov/pubmed/25339352
http://doi.org/10.1038/nature10189
http://www.ncbi.nlm.nih.gov/pubmed/21734707
http://doi.org/10.1016/j.ccr.2012.05.016
http://doi.org/10.1146/annurev-pharmtox-010818-021856
http://www.ncbi.nlm.nih.gov/pubmed/30256716
http://doi.org/10.1158/0008-5472.CAN-19-1363
http://doi.org/10.1038/nm.2344
http://doi.org/10.1038/ng.3398
http://doi.org/10.1038/nature16965
http://doi.org/10.1186/s12943-017-0739-z
http://doi.org/10.1186/s12935-021-01824-z
http://doi.org/10.1097/SLA.0000000000001173
http://doi.org/10.1111/j.1477-2574.2008.00013.x
http://doi.org/10.1016/j.hpb.2016.02.077
http://doi.org/10.1245/s10434-008-9839-8


Cancers 2022, 14, 2321 24 of 32

67. Campbell, F.; Smith, R.A.; Whelan, P.; Sutton, R.; Raraty, M.; Neoptolemos, J.P.; Ghaneh, P. Classification of R1 Re-sections for
Pancreatic Cancer: The Prognostic Relevance of Tumour Involvement within 1 mm of a Resection Margin. Histopathology 2009, 55,
277–283. [CrossRef]

68. Verbeke, C.S.; Leitch, D.; Menon, K.V.; McMahon, M.J.; Guillou, P.J.; Anthoney, A. Redefining the R1 Resection in Pancreatic
Cancer. Br. J. Surg. 2006, 93, 1232–1237. [CrossRef]

69. Sperti, C.; Pasquali, C.; Piccoli, A.; Pedrazzoli, S. Recurrence after Resection for Ductal Adenocarcinoma of the Pancreas. World J.
Surg. 1997, 21, 195–200. [CrossRef]

70. Richter, A.; Niedergethmann, M.; Sturm, J.W.; Lorenz, D.; Post, S.; Trede, M. Long-Term Results of Partial Pancreaticoduodenec-
tomy for Ductal Adenocarcinoma of the Pancreatic Head: 25-Year Experience. World J. Surg. 2003, 27, 324–329. [CrossRef]

71. Kurlinkus, B.; Ahola, R.; Zwart, E.; Halimi, A.; Yilmaz, B.S.; Ceyhan, G.O.; Laukkarinen, J. In the Era of the Leeds Protocol: A Sys-
tematic Review and A Meta-Analysis on the Effect of Resection Margins on Survival Among Pancreatic Ductal Adenocarcinoma
Patients. Scand. J. Surg. 2020, 109, 11–17. [CrossRef]

72. Nappo, G.; Borzomati, D.; Zerbi, A.; Spaggiari, P.; Boggi, U.; Campani, D.; Mrowiec, S.; Liszka, Ł.; Coppola, A.; Amato, M.; et al.
The Role of Pathological Method and Clearance Definition for the Evaluation of Margin Status after Pancreatoduodenectomy for
Periampullary Cancer. Results of a Multicenter Prospective Randomized Trial. Cancers 2021, 13, 2097. [CrossRef]

73. Matthaei, H.; Hong, S.-M.; Mayo, S.C.; dal Molin, M.; Olino, K.; Venkat, R.; Goggins, M.; Herman, J.M.; Edil, B.H.; Wolfgang,
C.L.; et al. Presence of Pancreatic Intraepithelial Neoplasia in the Pancreatic Transection Margin Does Not Influence Outcome in
Patients with R0 Resected Pancreatic Cancer. Ann. Surg. Oncol. 2011, 18, 3493–3499. [CrossRef]

74. Sato, H.; Liss, A.S.; Mizukami, Y. Large-Duct Pattern Invasive Adenocarcinoma of the Pancreas–a Variant Mimicking Pancreatic
Cystic Neoplasms: A Minireview. World J. Gastroenterol. 2021, 27, 3262–3278. [CrossRef]

75. Verbeke, C. Morphological Heterogeneity in Ductal Adenocarcinoma of the Pancreas–Does It Matter? Pancreatology 2016, 16,
295–301. [CrossRef]

76. Furukawa, T.; Klöppel, G.; Volkan Adsay, N.; Albores-Saavedra, J.; Fukushima, N.; Horii, A.; Hruban, R.H.; Kato, Y.; Klimstra,
D.S.; Longnecker, D.S.; et al. Classification of Types of Intraductal Papillary-Mucinous Neoplasm of the Pancreas: A Consensus
Study. Virchows Arch. 2005, 447, 794–799. [CrossRef]

77. Shi, C.; Hruban, R.H. Intraductal Papillary Mucinous Neoplasm. Hum. Pathol. 2012, 43, 1–16. [CrossRef]
78. Pelaez-Luna, M.; Chari, S.T.; Smyrk, T.C.; Takahashi, N.; Clain, J.E.; Levy, M.J.; Pearson, R.K.; Petersen, B.T.; Topazian, M.D.; Vege,

S.S.; et al. Do Consensus Indications for Resection in Branch Duct Intraductal Papillary Mucinous Neoplasm Predict Malignancy?
A Study of 147 Patients. Am. J. Gastroenterol. 2007, 102, 1759–1764. [CrossRef]

79. Samad, A.; Conway, A.B.; Attam, R.; Jessurun, J.; Pambuccian, S.E. Cytologic Features of Pancreatic Adenocarcinoma with
“Vacuolated Cell Pattern.” Report of a Case Diagnosed by Endoscopic Ultrasound-Guided Fine-Needle Aspiration. Diagn.
Cytopathol. 2014, 42, 302–307. [CrossRef]

80. Yamaguchi, K.; Kanemitsu, S.; Hatori, T.; Maguchi, H.; Shimizu, Y.; Tada, M.; Nakagohri, T.; Hanada, K.; Osanai, M.; Noda, Y.;
et al. Pancreatic Ductal Adenocarcinoma Derived From IPMN and Pancreatic Ductal Adenocarcinoma Concomitant With IPMN.
Pancreas 2011, 40, 571–580. [CrossRef]

81. Tanaka, M.; Fernández-del Castillo, C.; Kamisawa, T.; Jang, J.Y.; Levy, P.; Ohtsuka, T.; Salvia, R.; Shimizu, Y.; Tada, M.; Wolfgang,
C.L. Revisions of International Consensus Fukuoka Guidelines for the Management of IPMN of the Pancreas. Pancreatology 2017,
17, 738–753. [CrossRef]

82. Luchini, C.; Brosens, L.A.A.; Wood, L.D.; Chatterjee, D.; Shin, J.I.; Sciammarella, C.; Fiadone, G.; Malleo, G.; Salvia, R.; Kryklyva,
V.; et al. Comprehensive Characterisation of Pancreatic Ductal Adenocarcinoma with Microsatellite Instability: Histology,
Molecular Pathology and Clinical Implications. Gut 2021, 70, 148–156. [CrossRef]

83. Tannous, T.; Perez Rodriguez, A.L.; Mak, A.W.; Tannous, K.; Keating, M. Primary Clear Cell Carcinoma of the Pancreas: A
Systematic Review. Cureus 2021, 13, e15668. [CrossRef]

84. Sasaki, A.; Ishio, T.; Bandoh, T.; Shibata, K.; Matsumoto, T.; Aramaki, M.; Kawano, K.; Kitano, S.; Kashima, K.; Yokoyama, S. Clear
Cell Carcinoma of the Pancreas: An Adenocarcinoma with Unusual Phenotype of Duct Cell Origin. J. Hepato-Biliary-Pancreat.
Surg. 2004, 11, 140–144. [CrossRef]

85. Kim, L.; Liao, J.; Zhang, M.; Talamonti, M.; Bentrem, D.; Rao, S. Clear Cell Carcinoma of the Pancreas: Histopathologic Features
and a Unique Biomarker: Hepatocyte Nuclear Factor-1β. Mod. Pathol. 2008, 21, 1075–1083. [CrossRef]

86. Singh, R.; Basturk, O.; Klimstra, D.S.; Zamboni, G.; Chetty, R.; Hussain, S.; la Rosa, S.; Yilmaz, A.; Capelli, P.; Capella, C.; et al.
Lipid-Rich Variant of Pancreatic Endocrine Neoplasms. Am. J. Surg. Pathol. 2006, 30, 194–200. [CrossRef]

87. Hoang, M.P.; Hruban, R.H.; Albores–Saavedra, J. Clear Cell Endocrine Pancreatic Tumor Mimicking Renal Cell Carcinoma. Am. J.
Surg. Pathol. 2001, 25, 602–609. [CrossRef]

88. Adsay, V.; Logani, S.; Sarkar, F.; Crissman, J.; Vaitkevicius, V. Foamy Gland Pattern of Pancreatic Ductal Adenocarcinoma. Am. J.
Surg. Pathol. 2000, 24, 493–504. [CrossRef]

89. Bellevicine, C.; Malapelle, U.; Iaccarino, A.; Schettino, P.; Napolitano, V.; Zeppa, P.; Troncone, G. Foamy Gland Pancreatic Ductal
Adenocarcinoma Diagnosed on EUS-FNA: A Histochemical, Immunohistochemical, and Molecular Report. Diagn. Cytopathol.
2013, 41, 77–80. [CrossRef]

http://doi.org/10.1111/j.1365-2559.2009.03376.x
http://doi.org/10.1002/bjs.5397
http://doi.org/10.1007/s002689900215
http://doi.org/10.1007/s00268-002-6659-z
http://doi.org/10.1177/1457496920911807
http://doi.org/10.3390/cancers13092097
http://doi.org/10.1245/s10434-011-1745-9
http://doi.org/10.3748/wjg.v27.i23.3262
http://doi.org/10.1016/j.pan.2016.02.004
http://doi.org/10.1007/s00428-005-0039-7
http://doi.org/10.1016/j.humpath.2011.04.003
http://doi.org/10.1111/j.1572-0241.2007.01224.x
http://doi.org/10.1002/dc.22988
http://doi.org/10.1097/MPA.0b013e318215010c
http://doi.org/10.1016/j.pan.2017.07.007
http://doi.org/10.1136/gutjnl-2020-320726
http://doi.org/10.7759/cureus.15668
http://doi.org/10.1007/s00534-003-0843-x
http://doi.org/10.1038/modpathol.2008.95
http://doi.org/10.1097/01.pas.0000184819.71752.ad
http://doi.org/10.1097/00000478-200105000-00006
http://doi.org/10.1097/00000478-200004000-00003
http://doi.org/10.1002/dc.22923


Cancers 2022, 14, 2321 25 of 32

90. Bagci, P.; Andea, A.A.; Basturk, O.; Jang, K.-T.; Erbarut, I.; Adsay, V. Large Duct Type Invasive Adenocarcinoma of the Pancreas
with Microcystic and Papillary Patterns: A Potential Microscopic Mimic of Non-Invasive Ductal Neoplasia. Mod. Pathol. 2012, 25,
439–448. [CrossRef]

91. Kosmahl, M.; Pauser, U.; Anlauf, M.; Klöppel, G. Pancreatic Ductal Adenocarcinomas with Cystic Features: Neither Rare nor
Uniform. Mod. Pathol. 2005, 18, 1157–1164. [CrossRef]

92. Kelly, P.J.; Shinagare, S.; Sainani, N.; Hong, X.; Ferrone, C.; Yilmaz, O.; Fernández-del Castillo, C.; Lauwers, G.Y.; Deshpande, V.
Cystic Papillary Pattern in Pancreatic Ductal Adenocarcinoma. Am. J. Surg. Pathol. 2012, 36, 696–701. [CrossRef]

93. Kurahara, H.; Maemura, K.; Mataki, Y.; Sakoda, M.; Shinchi, H.; Natsugoe, S. Impact of P53 and PDGFR-β Expression on
Metastasis and Prognosis of Patients with Pancreatic Cancer. World J. Surg. 2016, 40, 1977–1984. [CrossRef]

94. Shin, S.H.; Kim, S.C.; Hong, S.-M.; Kim, Y.H.; Song, K.-B.; Park, K.-M.; Lee, Y.-J. Genetic Alterations of K-Ras, P53, c-ErbB-2, and
DPC4 in Pancreatic Ductal Adenocarcinoma and Their Correlation With Patient Survival. Pancreas 2013, 42, 216–222. [CrossRef]

95. Oshima, M.; Okano, K.; Muraki, S.; Haba, R.; Maeba, T.; Suzuki, Y.; Yachida, S. Immunohistochemically Detected Expression of 3
Major Genes (CDKN2A/P16, TP53, and SMAD4/DPC4) Strongly Predicts Survival in Patients With Resectable Pancreatic Cancer.
Ann. Surg. 2013, 258, 336–346. [CrossRef]

96. Wang, B.-J.; Wang, L.; Yang, S.-Y.; Liu, Z.-J. Expression and Clinical Significance of IMP3 in Microdissected Premalignant and
Malignant Pancreatic Lesions. Clin. Transl. Oncol. 2015, 17, 215–222. [CrossRef]

97. Yantiss, R.K.; Woda, B.A.; Fanger, G.R.; Kalos, M.; Whalen, G.F.; Tada, H.; Andersen, D.K.; Rock, K.L.; Dresser, K. KOC (K
Homology Domain Containing Protein Overexpressed in Cancer). Am. J. Surg. Pathol. 2005, 29, 188–195. [CrossRef]

98. Schaeffer, D.F.; Owen, D.R.; Lim, H.J.; Buczkowski, A.K.; Chung, S.W.; Scudamore, C.H.; Huntsman, D.G.; Ng, S.S.; Owen,
D.A. Insulin-like Growth Factor 2 MRNA Binding Protein 3 (IGF2BP3) Overexpression in Pancreatic Ductal Adenocarcinoma
Correlates with Poor Survival. BMC Cancer 2010, 10, 59. [CrossRef]

99. Wachter, D.L.; Schlabrakowski, A.; Hoegel, J.; Kristiansen, G.; Hartmann, A.; Riener, M.-O. Diagnostic Value of Immunohisto-
chemical IMP3 Expression in Core Needle Biopsies of Pancreatic Ductal Adenocarcinoma. Am. J. Surg. Pathol. 2011, 35, 873–877.
[CrossRef]

100. Burdelski, C.; Jakani-Karimi, N.; Jacobsen, F.; Mï¿ 1
2 ller-Koop, C.; Minner, S.; Simon, R.; Sauter, G.; Steurer, S.; Clauditz, T.; Wilczak,

W. IMP3 Overexpression Occurs in Various Important Cancer Types and Is Linked to Aggressive Tumor Features: A Tissue
Microarray Study on 8877 Human Cancers and Normal Tissues. Oncol. Rep. 2017, 39, 3–12. [CrossRef]

101. Lu, D.; Vohra, P.; Chu, P.G.; Woda, B.; Rock, K.L.; Jiang, Z. An Oncofetal Protein IMP3. Am. J. Surg. Pathol. 2009, 33, 521–525.
[CrossRef]

102. Riener, M.-O.; Fritzsche, F.R.; Clavien, P.-A.; Pestalozzi, B.C.; Probst-Hensch, N.; Jochum, W.; Kristiansen, G. IMP3 Expression in
Lesions of the Biliary Tract: A Marker for High-Grade Dysplasia and an Independent Prognostic Factor in Bile Duct Carcinomas.
Hum. Pathol. 2009, 40, 1377–1383. [CrossRef]

103. Shi, J.; Liu, H.; Wang, H.L.; Prichard, J.W.; Lin, F. Diagnostic Utility of von Hippel-Lindau Gene Product, Maspin, IMP3, and
S100P in Adenocarcinoma of the Gallbladder. Hum. Pathol. 2013, 44, 503–511. [CrossRef]

104. Liu, H.; Shi, J.; Anandan, V.; Wang, H.L.; Diehl, D.; Blansfield, J.; Gerhard, G.; Lin, F. Reevaluation and Identification of the Best
Immunohistochemical Panel (PVHL, Maspin, S100P, IMP-3) for Ductal Adenocarcinoma of the Pancreas. Arch. Pathol. Lab. Med.
2012, 136, 601–609. [CrossRef]

105. Hedegaard Jensen, G.; Mortensen, M.B.; Klöppel, G.; Nielsen, M.F.B.; Nielsen, O.; Detlefsen, S. Utility of PVHL, Maspin, IMP3,
S100P and Ki67 in the Distinction of Autoimmune Pancreatitis from Pancreatic Ductal Adenocarcinoma. Pathol.-Res. Pract. 2020,
216, 152925. [CrossRef]

106. Senoo, J.; Mikata, R.; Kishimoto, T.; Hayashi, M.; Kusakabe, Y.; Yasui, S.; Yamato, M.; Ohyama, H.; Sugiyama, H.; Tsuyuguchi, T.;
et al. Immunohistochemical Analysis of IMP3 and P53 Expression in Endoscopic Ultrasound-Guided Fine Needle Aspiration and
Resected Specimens of Pancreatic Diseases. Pancreatology 2018, 18, 176–183. [CrossRef]

107. Mikata, R.; Yasui, S.; Kishimoto, T.; Kouchi, Y.; Shingyoji, A.; Senoo, J.; Takahashi, K.; Nagashima, H.; Kusakabe, Y.; Ohyama,
H.; et al. Diagnostic Value of IMP3 and P53 Immunohistochemical Staining in EUS-Guided Fine-Needle Aspiration for Solid
Pancreatic Tumors. Sci. Rep. 2021, 11, 17257. [CrossRef]

108. Xiao, W.; Hong, H.; Awadallah, A.; Zhou, L.; Xin, W. Utilization of CDX2 Expression in Diagnosing Pancreatic Ductal Adenocarci-
noma and Predicting Prognosis. PLoS ONE 2014, 9, e86853. [CrossRef]

109. Kaiser, J.; Hinz, U.; Mayer, P.; Hank, T.; Niesen, W.; Hackert, T.; Gaida, M.M.; Büchler, M.W.; Strobel, O. Clinical Presentation and
Prognosis of Adenosquamous Carcinoma of the Pancreas–Matched-Pair Analysis with Pancreatic Ductal Adenocarcinoma. Eur. J.
Surg. Oncol. 2021, 47, 1734–1741. [CrossRef]

110. Haugk, B.; Horton, D.; Oppong, K.; Leeds, J.; Darne, A.; Sloan, P.; Ness, T.; Jones, C.; Bassett, P.; Nayar, M. Morphological and
P40 Immunohistochemical Analysis of Squamous Differentiation in Endoscopic Ultrasound Guided Fine Needle Biopsies of
Pancreatic Ductal Adenocarcinoma. Sci. Rep. 2021, 11, 21290. [CrossRef]

111. Shi, Y.; Gao, W.; Lytle, N.K.; Huang, P.; Yuan, X.; Dann, A.M.; Ridinger-Saison, M.; DelGiorno, K.E.; Antal, C.E.; Liang, G.;
et al. Targeting LIF-Mediated Paracrine Interaction for Pancreatic Cancer Therapy and Monitoring. Nature 2019, 569, 131–135.
[CrossRef] [PubMed]

http://doi.org/10.1038/modpathol.2011.181
http://doi.org/10.1038/modpathol.3800446
http://doi.org/10.1097/PAS.0b013e318249ce1c
http://doi.org/10.1007/s00268-016-3477-2
http://doi.org/10.1097/MPA.0b013e31825b6ab0
http://doi.org/10.1097/SLA.0b013e3182827a65
http://doi.org/10.1007/s12094-014-1216-4
http://doi.org/10.1097/01.pas.0000149688.98333.54
http://doi.org/10.1186/1471-2407-10-59
http://doi.org/10.1097/PAS.0b013e3182189223
http://doi.org/10.3892/or.2017.6072
http://doi.org/10.1097/PAS.0b013e31818aada9
http://doi.org/10.1016/j.humpath.2009.01.024
http://doi.org/10.1016/j.humpath.2012.06.010
http://doi.org/10.5858/arpa.2011-0326-OA
http://doi.org/10.1016/j.prp.2020.152925
http://doi.org/10.1016/j.pan.2017.12.010
http://doi.org/10.1038/s41598-021-96492-4
http://doi.org/10.1371/journal.pone.0086853
http://doi.org/10.1016/j.ejso.2021.02.011
http://doi.org/10.1038/s41598-021-00652-5
http://doi.org/10.1038/s41586-019-1130-6
http://www.ncbi.nlm.nih.gov/pubmed/30996350


Cancers 2022, 14, 2321 26 of 32

112. Bressy, C.; Lac, S.; Nigri, J.; Leca, J.; Roques, J.; Lavaut, M.-N.; Secq, V.; Guillaumond, F.; Bui, T.-T.; Pietrasz, D.; et al. LIF Drives
Neural Remodeling in Pancreatic Cancer and Offers a New Candidate Biomarker. Cancer Res. 2018, 78, 909–921. [CrossRef]
[PubMed]

113. Wang, M.-T.; Fer, N.; Galeas, J.; Collisson, E.A.; Kim, S.E.; Sharib, J.; McCormick, F. Blockade of Leukemia Inhibitory Factor as a
Therapeutic Approach to KRAS Driven Pancreatic Cancer. Nat. Commun. 2019, 10, 3055. [CrossRef] [PubMed]

114. Erkan, M.; Michalski, C.W.; Rieder, S.; Reiser–Erkan, C.; Abiatari, I.; Kolb, A.; Giese, N.A.; Esposito, I.; Friess, H.; Kleeff, J. The
Activated Stroma Index Is a Novel and Independent Prognostic Marker in Pancreatic Ductal Adenocarcinoma. Clin. Gastroenterol.
Hepatol. 2008, 6, 1155–1161. [CrossRef]

115. Mahajan, U.M.; Langhoff, E.; Goni, E.; Costello, E.; Greenhalf, W.; Halloran, C.; Ormanns, S.; Kruger, S.; Boeck, S.; Ribback, S.;
et al. Immune Cell and Stromal Signature Associated With Progression-Free Survival of Patients With Resected Pancreatic Ductal
Adenocarcinoma. Gastroenterology 2018, 155, 1625–1639.e2. [CrossRef]

116. Ikenaga, N.; Ohuchida, K.; Mizumoto, K.; Cui, L.; Kayashima, T.; Morimatsu, K.; Moriyama, T.; Nakata, K.; Fujita, H.; Tanaka, M.
CD10+ Pancreatic Stellate Cells Enhance the Progression of Pancreatic Cancer. Gastroenterology 2010, 139, 1041–1051.e8. [CrossRef]

117. Mizutani, Y.; Kobayashi, H.; Iida, T.; Asai, N.; Masamune, A.; Hara, A.; Esaki, N.; Ushida, K.; Mii, S.; Shiraki, Y.; et al.
Meflin-Positive Cancer-Associated Fibroblasts Inhibit Pancreatic Carcinogenesis. Cancer Res. 2019, 79, 5367–5381. [CrossRef]

118. Shindo, K.; Aishima, S.; Ohuchida, K.; Fujiwara, K.; Fujino, M.; Mizuuchi, Y.; Hattori, M.; Mizumoto, K.; Tanaka, M.; Oda, Y.
Podoplanin Expression in Cancer-Associated Fibroblasts Enhances Tumor Progression of Invasive Ductal Carcinoma of the
Pancreas. Mol. Cancer 2013, 12, 168. [CrossRef]

119. Hirayama, K.; Kono, H.; Nakata, Y.; Akazawa, Y.; Wakana, H.; Fukushima, H.; Fujii, H. Expression of Podoplanin in Stromal
Fibroblasts Plays a Pivotal Role in the Prognosis of Patients with Pancreatic Cancer. Surg. Today 2018, 48, 110–118. [CrossRef]

120. Hu, G.; Wang, S.; Xu, F.; Ding, Q.; Chen, W.; Zhong, K.; Huang, L.; Xu, Q. Tumor-Infiltrating Podoplanin+ Fibroblasts Predict
Worse Outcome in Solid Tumors. Cell. Physiol. Biochem. 2018, 51, 1041–1050. [CrossRef]

121. Song, Y.; Tang, M.-Y.; Chen, W.; Wang, Z.; Wang, S.-L. High JAK2 Protein Expression Predicts a Poor Prognosis in Patients with
Resectable Pancreatic Ductal Adenocarcinoma. Dis. Markers 2020, 2020, 1–8. [CrossRef] [PubMed]

122. Singh, P.; Srinivasan, R.; Wig, J.D. SMAD4 Genetic Alterations Predict a Worse Prognosis in Patients With Pancreatic Ductal
Adenocarcinoma. Pancreas 2012, 41, 541–546. [CrossRef]

123. Boone, B.A.; Sabbaghian, S.; Zenati, M.; Marsh, J.W.; Moser, A.J.; Zureikat, A.H.; Singhi, A.D.; Zeh, H.J.; Krasinskas, A.M. Loss of
SMAD4 Staining in Pre-Operative Cell Blocks Is Associated with Distant Metastases Following Pancreaticoduodenectomy with
Venous Resection for Pancreatic Cancer. J. Surg. Oncol. 2014, 110, 171–175. [CrossRef] [PubMed]

124. Winter, J.M.; Tang, L.H.; Klimstra, D.S.; Liu, W.; Linkov, I.; Brennan, M.F.; D’Angelica, M.I.; DeMatteo, R.P.; Fong, Y.; Jarnagin,
W.R.; et al. Failure Patterns in Resected Pancreas Adenocarcinoma: Lack of Predicted Benefit to SMAD4 Ex-pression. Ann. Surg.
2013, 258, 331–335. [CrossRef] [PubMed]

125. Biankin, A.V.; Morey, A.L.; Lee, C.-S.; Kench, J.G.; Biankin, S.A.; Hook, H.C.; Head, D.R.; Hugh, T.B.; Sutherland, R.L.; Henshall,
S.M. DPC4/Smad4 Expression and Outcome in Pancreatic Ductal Adenocarcinoma. J. Clin. Oncol. 2002, 20, 4531–4542. [CrossRef]
[PubMed]

126. Yachida, S.; White, C.M.; Naito, Y.; Zhong, Y.; Brosnan, J.A.; Macgregor-Das, A.M.; Morgan, R.A.; Saunders, T.; Laheru, D.A.;
Herman, J.M.; et al. Clinical Significance of the Genetic Landscape of Pancreatic Cancer and Implications for Identification of
Potential Long-Term Survivors. Clin. Cancer Res. 2012, 18, 6339–6347. [CrossRef]

127. Schlitter, A.M.; Segler, A.; Steiger, K.; Michalski, C.W.; Jäger, C.; Konukiewitz, B.; Pfarr, N.; Endris, V.; Bettstetter, M.; Kong, B.; et al.
Molecular, Morphological and Survival Analysis of 177 Resected Pancreatic Ductal Adenocarcinomas (PDACs): Identification of
Prognostic Subtypes. Sci. Rep. 2017, 7, 41064. [CrossRef]

128. Jeong, J.; Park, Y.N.; Park, J.S.; Yoon, D.-S.; Chi, H.S.; Kim, B.R. Clinical Significance of P16 Protein Expression Loss and Aberrant
P53 Protein Expression in Pancreatic Cancer. Yonsei Med. J. 2005, 46, 519. [CrossRef]

129. Simone, C.G.; Zuluaga Toro, T.; Chan, E.; Feely, M.M.; Trevino, J.G.; George, T.J. Characteristics and Outcomes of Adenosquamous
Carcinoma of the Pancreas. Gastrointest. Cancer Res. 2013, 6, 75–79. [CrossRef]

130. Matsuo, Y.; Ochi, N.; Sawai, H.; Yasuda, A.; Takahashi, H.; Funahashi, H.; Takeyama, H.; Tong, Z.; Guha, S. CXCL8/IL-8 and
CXCL12/SDF-1α Co-Operatively Promote Invasiveness and Angiogenesis in Pancreatic Cancer. Int. J. Cancer 2009, 124, 853–861.
[CrossRef]

131. Gao, Z.; Wang, X.; Wu, K.; Zhao, Y.; Hu, G. Pancreatic Stellate Cells Increase the Invasion of Human Pancreatic Cancer Cells
through the Stromal Cell-Derived Factor-1/CXCR4 Axis. Pancreatology 2010, 10, 186–193. [CrossRef] [PubMed]

132. Xu, Z.; Vonlaufen, A.; Phillips, P.A.; Fiala-Beer, E.; Zhang, X.; Yang, L.; Biankin, A.V.; Goldstein, D.; Pirola, R.C.; Wilson, J.S.; et al.
Role of Pancreatic Stellate Cells in Pancreatic Cancer Metastasis. Am. J. Pathol. 2010, 177, 2585–2596. [CrossRef] [PubMed]

133. Olivares, O.; Mayers, J.R.; Gouirand, V.; Torrence, M.E.; Gicquel, T.; Borge, L.; Lac, S.; Roques, J.; Lavaut, M.-N.; Berthezène, P.;
et al. Collagen-Derived Proline Promotes Pancreatic Ductal Adenocarcinoma Cell Survival under Nu-trient Limited Conditions.
Nat. Commun. 2017, 8, 16031. [CrossRef] [PubMed]

134. Kumar, V.; Donthireddy, L.; Marvel, D.; Condamine, T.; Wang, F.; Lavilla-Alonso, S.; Hashimoto, A.; Vonteddu, P.; Behera, R.;
Goins, M.A.; et al. Cancer-Associated Fibroblasts Neutralize the Anti-Tumor Effect of CSF1 Receptor Blockade by Inducing
PMN-MDSC Infiltration of Tumors. Cancer Cell 2017, 32, 654–668.e5. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-15-2790
http://www.ncbi.nlm.nih.gov/pubmed/29269518
http://doi.org/10.1038/s41467-019-11044-9
http://www.ncbi.nlm.nih.gov/pubmed/31296870
http://doi.org/10.1016/j.cgh.2008.05.006
http://doi.org/10.1053/j.gastro.2018.08.009
http://doi.org/10.1053/j.gastro.2010.05.084
http://doi.org/10.1158/0008-5472.CAN-19-0454
http://doi.org/10.1186/1476-4598-12-168
http://doi.org/10.1007/s00595-017-1559-x
http://doi.org/10.1159/000495484
http://doi.org/10.1155/2020/7656031
http://www.ncbi.nlm.nih.gov/pubmed/33029256
http://doi.org/10.1097/MPA.0b013e318247d6af
http://doi.org/10.1002/jso.23606
http://www.ncbi.nlm.nih.gov/pubmed/24665063
http://doi.org/10.1097/SLA.0b013e31827fe9ce
http://www.ncbi.nlm.nih.gov/pubmed/23360922
http://doi.org/10.1200/JCO.2002.12.063
http://www.ncbi.nlm.nih.gov/pubmed/12454109
http://doi.org/10.1158/1078-0432.CCR-12-1215
http://doi.org/10.1038/srep41064
http://doi.org/10.3349/ymj.2005.46.4.519
http://doi.org/10.1200/jco.2013.31.4_suppl.311
http://doi.org/10.1002/ijc.24040
http://doi.org/10.1159/000236012
http://www.ncbi.nlm.nih.gov/pubmed/20484957
http://doi.org/10.2353/ajpath.2010.090899
http://www.ncbi.nlm.nih.gov/pubmed/20934972
http://doi.org/10.1038/ncomms16031
http://www.ncbi.nlm.nih.gov/pubmed/28685754
http://doi.org/10.1016/j.ccell.2017.10.005


Cancers 2022, 14, 2321 27 of 32

135. Biffi, G.; Oni, T.E.; Spielman, B.; Hao, Y.; Elyada, E.; Park, Y.; Preall, J.; Tuveson, D.A. IL1-Induced JAK/STAT Signaling Is
Antagonized by TGFβ to Shape CAF Heterogeneity in Pancreatic Ductal Adenocarcinoma. Cancer Discov. 2019, 9, 282–301.
[CrossRef]

136. Scherz-Shouval, R.; Santagata, S.; Mendillo, M.L.; Sholl, L.M.; Ben-Aharon, I.; Beck, A.H.; Dias-Santagata, D.; Koeva, M.; Stemmer,
S.M.; Whitesell, L.; et al. The Reprogramming of Tumor Stroma by HSF1 Is a Potent Enabler of Malignancy. Cell 2014, 158, 564–578.
[CrossRef] [PubMed]

137. Feig, C.; Gopinathan, A.; Neesse, A.; Chan, D.S.; Cook, N.; Tuveson, D.A. The Pancreas Cancer Microenvironment. Clin. Cancer
Res. 2012, 18, 4266–4276. [CrossRef] [PubMed]

138. Jacobetz, M.A.; Chan, D.S.; Neesse, A.; Bapiro, T.E.; Cook, N.; Frese, K.K.; Feig, C.; Nakagawa, T.; Caldwell, M.E.; Zecchini, H.I.;
et al. Hyaluronan Impairs Vascular Function and Drug Delivery in a Mouse Model of Pancreatic Cancer. Gut 2013, 62, 112–120.
[CrossRef]

139. Amrutkar, M.; Aasrum, M.; Verbeke, C.S.; Gladhaug, I.P. Secretion of Fibronectin by Human Pancreatic Stellate Cells Promotes
Chemoresistance to Gemcitabine in Pancreatic Cancer Cells. BMC Cancer 2019, 19, 596. [CrossRef]

140. Adamek, D.; Stoj, A. Cancer as a “Mafia” within the Body: A Proposition of Conceptual Approach That Seems Congruent to the
Complex Biology of the Disease. Integr. Cancer Sci. Ther. 2014, 1, 51–52. [CrossRef]

141. van Cutsem, E.; Tempero, M.A.; Sigal, D.; Oh, D.-Y.; Fazio, N.; Macarulla, T.; Hitre, E.; Hammel, P.; Hendifar, A.E.; Bates,
S.E.; et al. Randomized Phase III Trial of Pegvorhyaluronidase Alfa With Nab-Paclitaxel Plus Gemcitabine for Patients With
Hyaluronan-High Metastatic Pancreatic Adenocarcinoma. J. Clin. Oncol. 2020, 38, 3185–3194. [CrossRef] [PubMed]

142. Hingorani, S.R.; Zheng, L.; Bullock, A.J.; Seery, T.E.; Harris, W.P.; Sigal, D.S.; Braiteh, F.; Ritch, P.S.; Zalupski, M.M.; Bahary, N.;
et al. HALO 202: Randomized Phase II Study of PEGPH20 Plus Nab-Paclitaxel/Gemcitabine Versus Nab-Paclitaxel/Gemcitabine
in Patients With Untreated, Metastatic Pancreatic Ductal Adenocarcinoma. J. Clin. Oncol. 2018, 36, 359–366. [CrossRef] [PubMed]

143. North, B.; Kocher, H.M.; Sasieni, P. A New Pragmatic Design for Dose Escalation in Phase 1 Clinical Trials Using an Adaptive
Continual Reassessment Method. BMC Cancer 2019, 19, 632. [CrossRef] [PubMed]

144. Olive, K.P.; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.; Goldgraben, M.A.; Caldwell,
M.E.; Allard, D.; et al. Inhibition of Hedgehog Signaling Enhances Delivery of Chemotherapy in a Mouse Model of Pancreatic
Cancer. Science 2009, 324, 1457–1461. [CrossRef] [PubMed]

145. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P.;
Tattersall, I.W.; et al. Stromal Elements Act to Restrain, Rather Than Support, Pancreatic Ductal Adenocarcinoma. Cancer Cell
2014, 25, 735–747. [CrossRef]

146. Özdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.-C.; Simpson, T.R.; Laklai, H.; Sugimoto, H.; Kahlert, C.;
Novitskiy, S.V.; et al. Depletion of Carcinoma-Associated Fibroblasts and Fibrosis Induces Immunosuppression and Accelerates
Pancreas Cancer with Reduced Survival. Cancer Cell 2014, 25, 719–734. [CrossRef]

147. Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, F.R.; Hingorani, S.R.;
Hunter, T.; et al. A Framework for Advancing Our Understanding of Cancer-Associated Fibroblasts. Nat. Rev. Cancer 2020, 20,
174–186. [CrossRef]

148. Rockey, D.C.; Weymouth, N.; Shi, Z. Smooth Muscle α Actin (Acta2) and Myofibroblast Function during Hepatic Wound Healing.
PLoS ONE 2013, 8, e77166. [CrossRef]

149. Wehr, A.Y.; Furth, E.E.; Sangar, V.; Blair, I.A.; Yu, K.H. Analysis of the Human Pancreatic Stellate Cell Secreted Proteome. Pancreas
2011, 40, 557–566. [CrossRef]

150. Öhlund, D.; Handly-Santana, A.; Biffi, G.; Elyada, E.; Almeida, A.S.; Ponz-Sarvise, M.; Corbo, V.; Oni, T.E.; Hearn, S.A.; Lee, E.J.;
et al. Distinct Populations of Inflammatory Fibroblasts and Myofibroblasts in Pancreatic Cancer. J. Exp. Med. 2017, 214, 579–596.
[CrossRef]

151. Arina, A.; Idel, C.; Hyjek, E.M.; Alegre, M.-L.; Wang, Y.; Bindokas, V.P.; Weichselbaum, R.R.; Schreiber, H. Tumor-Associated
Fibroblasts Predominantly Come from Local and Not Circulating Precursors. Proc. Natl. Acad. Sci. USA 2016, 113, 7551–7556.
[CrossRef] [PubMed]

152. Scarlett, C.J. Contribution of Bone Marrow Derived Cells to the Pancreatic Tumor Microenvironment. Front. Physiol. 2013, 4, 56.
[CrossRef] [PubMed]

153. Lin, W.-R.; Inatomi, O.; Lee, C.Y.; Kallis, Y.N.; Otto, W.R.; Jeffery, R.; Poulsom, R.; Alison, M.R. Bone Marrow-Derived Cells
Contribute to Cerulein-Induced Pancreatic Fibrosis in the Mouse. Int. J. Exp. Pathol. 2012, 93, 130–138. [CrossRef] [PubMed]

154. Scarlett, C.J.; Colvin, E.K.; Pinese, M.; Chang, D.K.; Morey, A.L.; Musgrove, E.A.; Pajic, M.; Apte, M.; Henshall, S.M.; Sutherland,
R.L.; et al. Recruitment and Activation of Pancreatic Stellate Cells from the Bone Marrow in Pancreatic Cancer: A Model of
Tumor-Host Interaction. PLoS ONE 2011, 6, e26088. [CrossRef] [PubMed]

155. Karnoub, A.E.; Dash, A.B.; Vo, A.P.; Sullivan, A.; Brooks, M.W.; Bell, G.W.; Richardson, A.L.; Polyak, K.; Tubo, R.; Weinberg,
R.A. Mesenchymal Stem Cells within Tumour Stroma Promote Breast Cancer Metastasis. Nature 2007, 449, 557–563. [CrossRef]
[PubMed]

156. Raz, Y.; Cohen, N.; Shani, O.; Bell, R.E.; Novitskiy, S.V.; Abramovitz, L.; Levy, C.; Milyavsky, M.; Leider-Trejo, L.; Moses, H.L.;
et al. Bone Marrow–Derived Fibroblasts Are a Functionally Distinct Stromal Cell Population in Breast Cancer. J. Exp. Med. 2018,
215, 3075–3093. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-18-0710
http://doi.org/10.1016/j.cell.2014.05.045
http://www.ncbi.nlm.nih.gov/pubmed/25083868
http://doi.org/10.1158/1078-0432.CCR-11-3114
http://www.ncbi.nlm.nih.gov/pubmed/22896693
http://doi.org/10.1136/gutjnl-2012-302529
http://doi.org/10.1186/s12885-019-5803-1
http://doi.org/10.15761/ICST.1000111
http://doi.org/10.1200/JCO.20.00590
http://www.ncbi.nlm.nih.gov/pubmed/32706635
http://doi.org/10.1200/JCO.2017.74.9564
http://www.ncbi.nlm.nih.gov/pubmed/29232172
http://doi.org/10.1186/s12885-019-5801-3
http://www.ncbi.nlm.nih.gov/pubmed/31242873
http://doi.org/10.1126/science.1171362
http://www.ncbi.nlm.nih.gov/pubmed/19460966
http://doi.org/10.1016/j.ccr.2014.04.021
http://doi.org/10.1016/j.ccr.2014.04.005
http://doi.org/10.1038/s41568-019-0238-1
http://doi.org/10.1371/journal.pone.0077166
http://doi.org/10.1097/MPA.0b013e318214efaf
http://doi.org/10.1084/jem.20162024
http://doi.org/10.1073/pnas.1600363113
http://www.ncbi.nlm.nih.gov/pubmed/27317748
http://doi.org/10.3389/fphys.2013.00056
http://www.ncbi.nlm.nih.gov/pubmed/23531764
http://doi.org/10.1111/j.1365-2613.2011.00804.x
http://www.ncbi.nlm.nih.gov/pubmed/22283686
http://doi.org/10.1371/journal.pone.0026088
http://www.ncbi.nlm.nih.gov/pubmed/22022519
http://doi.org/10.1038/nature06188
http://www.ncbi.nlm.nih.gov/pubmed/17914389
http://doi.org/10.1084/jem.20180818


Cancers 2022, 14, 2321 28 of 32

157. Mishra, P.J.; Mishra, P.J.; Humeniuk, R.; Medina, D.J.; Alexe, G.; Mesirov, J.P.; Ganesan, S.; Glod, J.W.; Banerjee, D. Carcinoma-
Associated Fibroblast–Like Differentiation of Human Mesenchymal Stem Cells. Cancer Res. 2008, 68, 4331–4339. [CrossRef]

158. Zhang, Y.; Daquinag, A.C.; Amaya-Manzanares, F.; Sirin, O.; Tseng, C.; Kolonin, M.G. Stromal Progenitor Cells from Endogenous
Adipose Tissue Contribute to Pericytes and Adipocytes That Populate the Tumor Microenvironment. Cancer Res. 2012, 72,
5198–5208. [CrossRef]

159. Bochet, L.; Lehuédé, C.; Dauvillier, S.; Wang, Y.Y.; Dirat, B.; Laurent, V.; Dray, C.; Guiet, R.; Maridonneau-Parini, I.; le Gonidec, S.;
et al. Adipocyte-Derived Fibroblasts Promote Tumor Progression and Contribute to the Desmoplastic Reaction in Breast Cancer.
Cancer Res. 2013, 73, 5657–5668. [CrossRef]

160. Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.; le Gonidec, S.; et al.
Cancer-Associated Adipocytes Exhibit an Activated Phenotype and Contribute to Breast Cancer Invasion. Cancer Res. 2011, 71,
2455–2465. [CrossRef]

161. Zhang, Y.; Daquinag, A.; Traktuev, D.O.; Amaya-Manzanares, F.; Simmons, P.J.; March, K.L.; Pasqualini, R.; Arap, W.; Kolonin,
M.G. White Adipose Tissue Cells Are Recruited by Experimental Tumors and Promote Cancer Progression in Mouse Models.
Cancer Research 2009, 69, 5259–5266. [CrossRef] [PubMed]

162. Quintás-Cardama, A.; Verstovsek, S. Molecular Pathways: JAK/STAT Pathway: Mutations, Inhibitors, and Resistance. Clin.
Cancer Res. 2013, 19, 1933–1940. [CrossRef] [PubMed]

163. Fukuda, A.; Wang, S.C.; Morris, J.P.; Folias, A.E.; Liou, A.; Kim, G.E.; Akira, S.; Boucher, K.M.; Firpo, M.A.; Mulvihill, S.J.; et al.
Stat3 and MMP7 Contribute to Pancreatic Ductal Adenocarcinoma Initiation and Progression. Cancer Cell 2011, 19, 441–455.
[CrossRef] [PubMed]

164. Wörmann, S.M.; Song, L.; Ai, J.; Diakopoulos, K.N.; Kurkowski, M.U.; Görgülü, K.; Ruess, D.; Campbell, A.; Doglioni, C.; Jodrell,
D.; et al. Loss of P53 Function Activates JAK2–STAT3 Signaling to Promote Pancreatic Tumor Growth, Stroma Modification, and
Gemcitabine Resistance in Mice and Is Associated With Patient Survival. Gastroenterology 2016, 151, 180–193.e12. [CrossRef]
[PubMed]

165. Tape, C.J.; Ling, S.; Dimitriadi, M.; McMahon, K.M.; Worboys, J.D.; Leong, H.S.; Norrie, I.C.; Miller, C.J.; Poulogiannis, G.;
Lauffenburger, D.A.; et al. Oncogenic KRAS Regulates Tumor Cell Signaling via Stromal Reciprocation. Cell 2016, 165, 910–920.
[CrossRef] [PubMed]

166. Bruzzese, F.; Hägglöf, C.; Leone, A.; Sjöberg, E.; Roca, M.S.; Kiflemariam, S.; Sjöblom, T.; Hammarsten, P.; Egevad, L.; Bergh, A.;
et al. Local and Systemic Protumorigenic Effects of Cancer-Associated Fibroblast-Derived GDF15. Cancer Res. 2014, 74, 3408–3417.
[CrossRef] [PubMed]

167. O’Connell, J.T.; Sugimoto, H.; Cooke, V.G.; MacDonald, B.A.; Mehta, A.I.; LeBleu, V.S.; Dewar, R.; Rocha, R.M.; Brentani, R.R.;
Resnick, M.B.; et al. VEGF-A and Tenascin-C Produced by S100A4+ Stromal Cells Are Important for Metastatic Colonization.
Proc. Natl. Acad. Sci. USA 2011, 108, 16002–16007. [CrossRef]

168. Fukumura, D.; Xavier, R.; Sugiura, T.; Chen, Y.; Park, E.-C.; Lu, N.; Selig, M.; Nielsen, G.; Taksir, T.; Jain, R.K.; et al. Tumor
Induction of VEGF Promoter Activity in Stromal Cells. Cell 1998, 94, 715–725. [CrossRef]

169. Monteran, L.; Erez, N. The Dark Side of Fibroblasts: Cancer-Associated Fibroblasts as Mediators of Immunosuppression in the
Tumor Microenvironment. Front. Immunol. 2019, 10, 1835. [CrossRef]

170. Fearon, D.T. The Carcinoma-Associated Fibroblast Expressing Fibroblast Activation Protein and Escape from Immune Surveillance.
Cancer Immunol. Res. 2014, 2, 187–193. [CrossRef]

171. Zhang, Y.; Lazarus, J.; Steele, N.G.; Yan, W.; Lee, H.-J.; Nwosu, Z.C.; Halbrook, C.J.; Menjivar, R.E.; Kemp, S.B.; Sirihorachai, V.R.;
et al. Regulatory T-Cell Depletion Alters the Tumor Microenvironment and Accelerates Pancreatic Carcinogenesis. Cancer Discov.
2020, 10, 422–439. [CrossRef] [PubMed]

172. Martinez-Outschoorn, U.E.; Lisanti, M.P.; Sotgia, F. Catabolic Cancer-Associated Fibroblasts Transfer Energy and Biomass to
Anabolic Cancer Cells, Fueling Tumor Growth. Semin. Cancer Biol. 2014, 25, 47–60. [CrossRef] [PubMed]

173. Valencia, T.; Kim, J.Y.; Abu-Baker, S.; Moscat-Pardos, J.; Ahn, C.S.; Reina-Campos, M.; Duran, A.; Castilla, E.A.; Metallo, C.M.;
Diaz-Meco, M.T.; et al. Metabolic Reprogramming of Stromal Fibroblasts through P62-MTORC1 Signaling Promotes Inflammation
and Tumorigenesis. Cancer Cell 2014, 26, 121–135. [CrossRef] [PubMed]

174. Bertero, T.; Oldham, W.M.; Grasset, E.M.; Bourget, I.; Boulter, E.; Pisano, S.; Hofman, P.; Bellvert, F.; Meneguzzi, G.; Bulavin, D.V.;
et al. Tumor-Stroma Mechanics Coordinate Amino Acid Availability to Sustain Tumor Growth and Malignancy. Cell Metab. 2019,
29, 124–140.e10. [CrossRef] [PubMed]

175. Sanford-Crane, H.; Abrego, J.; Sherman, M.H. Fibroblasts as Modulators of Local and Systemic Cancer Metabolism. Cancers 2019,
11, 619. [CrossRef] [PubMed]

176. Martinez-Outschoorn, U.E.; Lin, Z.; Trimmer, C.; Flomenberg, N.; Wang, C.; Pavlides, S.; Pestell, R.G.; Howell, A.; Sotgia, F.;
Lisanti, M.P. Cancer Cells Metabolically “Fertilize” the Tumor Microenvironment with Hydrogen Peroxide, Driving the Warburg
Effect. Cell Cycle 2011, 10, 2504–2520. [CrossRef]

177. Yan, W.; Wu, X.; Zhou, W.; Fong, M.Y.; Cao, M.; Liu, J.; Liu, X.; Chen, C.-H.; Fadare, O.; Pizzo, D.P.; et al. Cancer-Cell-Secreted
Exosomal MiR-105 Promotes Tumour Growth through the MYC-Dependent Metabolic Reprogram-ming of Stromal Cells. Nat.
Cell Biol. 2018, 20, 597–609. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-08-0943
http://doi.org/10.1158/0008-5472.CAN-12-0294
http://doi.org/10.1158/0008-5472.CAN-13-0530
http://doi.org/10.1158/0008-5472.CAN-10-3323
http://doi.org/10.1158/0008-5472.CAN-08-3444
http://www.ncbi.nlm.nih.gov/pubmed/19491274
http://doi.org/10.1158/1078-0432.CCR-12-0284
http://www.ncbi.nlm.nih.gov/pubmed/23406773
http://doi.org/10.1016/j.ccr.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21481787
http://doi.org/10.1053/j.gastro.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27003603
http://doi.org/10.1016/j.cell.2016.03.029
http://www.ncbi.nlm.nih.gov/pubmed/27087446
http://doi.org/10.1158/0008-5472.CAN-13-2259
http://www.ncbi.nlm.nih.gov/pubmed/24780757
http://doi.org/10.1073/pnas.1109493108
http://doi.org/10.1016/S0092-8674(00)81731-6
http://doi.org/10.3389/fimmu.2019.01835
http://doi.org/10.1158/2326-6066.CIR-14-0002
http://doi.org/10.1158/2159-8290.CD-19-0958
http://www.ncbi.nlm.nih.gov/pubmed/31911451
http://doi.org/10.1016/j.semcancer.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24486645
http://doi.org/10.1016/j.ccr.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/25002027
http://doi.org/10.1016/j.cmet.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30293773
http://doi.org/10.3390/cancers11050619
http://www.ncbi.nlm.nih.gov/pubmed/31058816
http://doi.org/10.4161/cc.10.15.16585
http://doi.org/10.1038/s41556-018-0083-6


Cancers 2022, 14, 2321 29 of 32

178. Pavlides, S.; Whitaker-Menezes, D.; Castello-Cros, R.; Flomenberg, N.; Witkiewicz, A.K.; Frank, P.G.; Casimiro, M.C.; Wang, C.;
Fortina, P.; Addya, S.; et al. The Reverse Warburg Effect: Aerobic Glycolysis in Cancer Associated Fibroblasts and the Tumor
Stroma. Cell Cycle 2009, 8, 3984–4001. [CrossRef]

179. Sousa, C.M.; Biancur, D.E.; Wang, X.; Halbrook, C.J.; Sherman, M.H.; Zhang, L.; Kremer, D.; Hwang, R.F.; Witkiewicz, A.K.; Ying,
H.; et al. Pancreatic Stellate Cells Support Tumour Metabolism through Autophagic Alanine Secretion. Nature 2016, 536, 479–483.
[CrossRef]

180. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.; Biffi, G.; Lucito, M.S.;
et al. Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma Reveals Antigen-Presenting Cancer-Associated
Fibroblasts. Cancer Discov. 2019, 9, 1102–1123. [CrossRef]

181. Dominguez, C.X.; Müller, S.; Keerthivasan, S.; Koeppen, H.; Hung, J.; Gierke, S.; Breart, B.; Foreman, O.; Bainbridge, T.W.;
Castiglioni, A.; et al. Single-Cell RNA Sequencing Reveals Stromal Evolution into LRRC15 + Myofibroblasts as a Determinant of
Patient Response to Cancer Immunotherapy. Cancer Discov. 2020, 10, 232–253. [CrossRef] [PubMed]

182. Hosein, A.N.; Huang, H.; Wang, Z.; Parmar, K.; Du, W.; Huang, J.; Maitra, A.; Olson, E.; Verma, U.; Brekken, R.A. Cellular
Heterogeneity during Mouse Pancreatic Ductal Adenocarcinoma Progression at Single-Cell Resolution. JCI Insight 2019, 4,
e129212. [CrossRef] [PubMed]

183. Bernard, V.; Semaan, A.; Huang, J.; San Lucas, F.A.; Mulu, F.C.; Stephens, B.M.; Guerrero, P.A.; Huang, Y.; Zhao, J.; Kamyabi,
N.; et al. Single-Cell Transcriptomics of Pancreatic Cancer Precursors Demonstrates Epithelial and Micro-environmental
Heterogeneity as an Early Event in Neoplastic Progression. Clin. Cancer Res. 2019, 25, 2194–2205. [CrossRef] [PubMed]

184. Djurec, M.; Graña, O.; Lee, A.; Troulé, K.; Espinet, E.; Cabras, L.; Navas, C.; Blasco, M.T.; Martín-Díaz, L.; Burdiel, M.; et al. Saa3 Is
a Key Mediator of the Protumorigenic Properties of Cancer-Associated Fibroblasts in Pancreatic Tumors. Proc. Natl. Acad. Sci.
USA 2018, 115, E1147–E1156. [CrossRef]

185. Chen, Y.; LeBleu, V.S.; Carstens, J.L.; Sugimoto, H.; Zheng, X.; Malasi, S.; Saur, D.; Kalluri, R. Dual Reporter Genetic Mouse
Models of Pancreatic Cancer Identify an Epithelial-to-mesenchymal Transition-independent Metastasis Program. EMBO Mol.
Med. 2018, 10, e9085. [CrossRef] [PubMed]

186. Li, C.; Heidt, D.G.; Dalerba, P.; Burant, C.F.; Zhang, L.; Adsay, V.; Wicha, M.; Clarke, M.F.; Simeone, D.M. Identification of
Pancreatic Cancer Stem Cells. Cancer Res. 2007, 67, 1030–1037. [CrossRef] [PubMed]

187. Lee, C.J.; Dosch, J.; Simeone, D.M. Pancreatic Cancer Stem Cells. J. Clin. Oncol. 2008, 26, 2806–2812. [CrossRef]
188. Hermann, P.C.; Huber, S.L.; Herrler, T.; Aicher, A.; Ellwart, J.W.; Guba, M.; Bruns, C.J.; Heeschen, C. Distinct Populations of

Cancer Stem Cells Determine Tumor Growth and Metastatic Activity in Human Pancreatic Cancer. Cell Stem Cell 2007, 1, 313–323.
[CrossRef]

189. Durko, L.; Wlodarski, W.; Stasikowska-Kanicka, O.; Wagrowska-Danilewicz, M.; Danilewicz, M.; Hogendorf, P.; Strzelczyk, J.;
Malecka-Panas, E. Expression and Clinical Significance of Cancer Stem Cell Markers CD24, CD44, and CD133 in Pancreatic
Ductal Adenocarcinoma and Chronic Pancreatitis. Dis. Markers 2017, 2017, 3276806. [CrossRef] [PubMed]

190. Lee, S.H.; Kim, H.; Hwang, J.-H.; Shin, E.; Lee, H.S.; Hwang, D.W.; Cho, J.Y.; Yoon, Y.-S.; Han, H.-S.; Cha, B.H. CD24 and S100A4
Expression in Resectable Pancreatic Cancers With Earlier Disease Recurrence and Poor Survival. Pancreas 2014, 43, 380–388.
[CrossRef]

191. Ding, Q.; Miyazaki, Y.; Tsukasa, K.; Matsubara, S.; Yoshimitsu, M.; Takao, S. CD133 Facilitates Epithelial-Mesenchymal Transition
through Interaction with the ERK Pathway in Pancreatic Cancer Metastasis. Mol. Cancer 2014, 13, 15. [CrossRef] [PubMed]

192. Zhang, Y.; Wei, J.; Wang, H.; Xue, X.; An, Y.; Tang, D.; Yuan, Z.; Wang, F.; Wu, J.; Zhang, J.; et al. Epithelial Mesenchymal Transition
Correlates with CD24+CD44+ and CD133+ Cells in Pancreatic Cancer. Oncol. Rep. 2012, 27, 1599–1605. [CrossRef] [PubMed]

193. Rasheed, Z.A.; Yang, J.; Wang, Q.; Kowalski, J.; Freed, I.; Murter, C.; Hong, S.-M.; Koorstra, J.-B.; Rajeshkumar, N.V.; He, X.; et al.
Prognostic Significance of Tumorigenic Cells With Mesenchymal Features in Pancreatic Adenocarcinoma. JNCI J. Natl. Cancer Inst.
2010, 102, 340–351. [CrossRef] [PubMed]

194. Lonardo, E.; Frias-Aldeguer, J.; Hermann, P.C.; Heeschen, C. Pancreatic Stellate Cells Form a Niche for Cancer Stem Cells and
Promote Their Self-Renewal and Invasiveness. Cell Cycle 2012, 11, 1282–1290. [CrossRef] [PubMed]

195. Lonardo, E.; Hermann, P.C.; Mueller, M.-T.; Huber, S.; Balic, A.; Miranda-Lorenzo, I.; Zagorac, S.; Alcala, S.; Rodriguez-Arabaolaza,
I.; Ramirez, J.C.; et al. Nodal/Activin Signaling Drives Self-Renewal and Tumorigenicity of Pancreatic Cancer Stem Cells and
Provides a Target for Combined Drug Therapy. Cell Stem Cell 2011, 9, 433–446. [CrossRef]

196. Jordan, C.T. Cancer Stem Cells: Controversial or Just Misunderstood? Cell Stem Cell 2009, 4, 203–205. [CrossRef]
197. Aronsson, L.; Bengtsson, A.; Torén, W.; Andersson, R.; Ansari, D. Intraductal Papillary Mucinous Carcinoma versus Pancreatic

Ductal Adenocarcinoma: A Systematic Review and Meta-Analysis. Int. J. Surg. 2019, 71, 91–99. [CrossRef]
198. Koh, Y.-X.; Chok, A.-Y.; Zheng, H.-L.; Tan, C.-S.; Goh, B.K.P. Systematic Review and Meta-Analysis Comparing the Surgical

Outcomes of Invasive Intraductal Papillary Mucinous Neoplasms and Conventional Pancreatic Ductal Adenocarcinoma. Ann.
Surg. Oncol. 2014, 21, 2782–2800. [CrossRef]

199. Yopp, A.C.; Katabi, N.; Janakos, M.; Klimstra, D.S.; D’Angelica, M.I.; DeMatteo, R.P.; Fong, Y.; Brennan, M.F.; Jarnagin, W.R.;
Allen, P.J. Invasive Carcinoma Arising in Intraductal Papillary Mucinous Neoplasms of the Pancreas. Ann. Surg. 2011, 253,
968–974. [CrossRef]

200. Sohn, T.A.; Yeo, C.J.; Cameron, J.L.; Iacobuzio-Donahue, C.A.; Hruban, R.H.; Lillemoe, K.D. Intraductal Papillary Mucinous
Neoplasms of the Pancreas: An Increasingly Recognized Clinicopathologic Entity. Ann. Surg. 2001, 234, 313–322. [CrossRef]

http://doi.org/10.4161/cc.8.23.10238
http://doi.org/10.1038/nature19084
http://doi.org/10.1158/2159-8290.CD-19-0094
http://doi.org/10.1158/2159-8290.CD-19-0644
http://www.ncbi.nlm.nih.gov/pubmed/31699795
http://doi.org/10.1172/jci.insight.129212
http://www.ncbi.nlm.nih.gov/pubmed/31335328
http://doi.org/10.1158/1078-0432.CCR-18-1955
http://www.ncbi.nlm.nih.gov/pubmed/30385653
http://doi.org/10.1073/pnas.1717802115
http://doi.org/10.15252/emmm.201809085
http://www.ncbi.nlm.nih.gov/pubmed/30120146
http://doi.org/10.1158/0008-5472.CAN-06-2030
http://www.ncbi.nlm.nih.gov/pubmed/17283135
http://doi.org/10.1200/JCO.2008.16.6702
http://doi.org/10.1016/j.stem.2007.06.002
http://doi.org/10.1155/2017/3276806
http://www.ncbi.nlm.nih.gov/pubmed/28659655
http://doi.org/10.1097/MPA.0000000000000097
http://doi.org/10.1186/1476-4598-13-15
http://www.ncbi.nlm.nih.gov/pubmed/24468059
http://doi.org/10.3892/or.2012.1681
http://www.ncbi.nlm.nih.gov/pubmed/22322379
http://doi.org/10.1093/jnci/djp535
http://www.ncbi.nlm.nih.gov/pubmed/20164446
http://doi.org/10.4161/cc.19679
http://www.ncbi.nlm.nih.gov/pubmed/22421149
http://doi.org/10.1016/j.stem.2011.10.001
http://doi.org/10.1016/j.stem.2009.02.003
http://doi.org/10.1016/j.ijsu.2019.09.014
http://doi.org/10.1245/s10434-014-3639-0
http://doi.org/10.1097/SLA.0b013e318214bcb4
http://doi.org/10.1097/00000658-200109000-00005


Cancers 2022, 14, 2321 30 of 32

201. Maire, F.; Hammel, P.; Terris, B.; Paye, F.; Scoazec, J.-Y.; Cellier, C.; Barthet, M.; O’Toole, D.; Rufat, P.; Partensky, C.; et al. Prognosis
of Malignant Intraductal Papillary Mucinous Tumours of the Pancreas after Surgical Resection. Comparison with pancreatic
ductal adenocarcinoma. Gut 2002, 51, 717–722. [CrossRef] [PubMed]

202. Poultsides, G.A.; Reddy, S.; Cameron, J.L.; Hruban, R.H.; Pawlik, T.M.; Ahuja, N.; Jain, A.; Edil, B.H.; Iacobuzio-Donahue,
C.A.; Schulick, R.D.; et al. Histopathologic Basis for the Favorable Survival after Resection of Intraductal Papillary Mucinous
Neoplasm-Associated Invasive Adenocarcinoma of the Pancreas. Ann. Surg. 2010, 251, 470–476. [CrossRef] [PubMed]

203. OKABAYASHI, T.; SHIMA, Y.; KOSAKI, T.; SUMIYOSHI, T.; KOZUKI, A.; IIYAMA, T.; TAKEZAKI, Y.; KOBAYASHI, M.;
NISHIMORI, I.; OGAWA, Y.; et al. Invasive Carcinoma Derived from Branch Duct-Type IPMN May Be a More Aggressive
Neoplasm than That Derived from Main Duct-Type IPMN. Oncol. Lett. 2013, 5, 1819–1825. [CrossRef] [PubMed]

204. Rodrigues, C.; Hank, T.; Qadan, M.; Ciprani, D.; Mino-Kenudson, M.; Weekes, C.D.; Ryan, D.P.; Clark, J.W.; Allen, J.N.; Hong,
T.S.; et al. Impact of Adjuvant Therapy in Patients with Invasive Intraductal Papillary Mucinous Neoplasms of the Pancreas.
Pancreatology 2020, 20, 722–728. [CrossRef] [PubMed]

205. D’Angelica, M.; Brennan, M.F.; Suriawinata, A.A.; Klimstra, D.; Conlon, K.C. Intraductal Papillary Mucinous Neoplasms of the
Pancreas. Ann. Surg. 2004, 239, 400–408. [CrossRef] [PubMed]

206. Mino-Kenudson, M.; Fernandez-del Castillo, C.; Baba, Y.; Valsangkar, N.P.; Liss, A.S.; Hsu, M.; Correa-Gallego, C.; Ingkakul, T.;
Perez Johnston, R.; Turner, B.G.; et al. Prognosis of Invasive Intraductal Papillary Mucinous Neoplasm Depends on Histological
and Precursor Epithelial Subtypes. Gut 2011, 60, 1712–1720. [CrossRef]

207. Luchini, C.; Bibeau, F.; Ligtenberg, M.J.L.; Singh, N.; Nottegar, A.; Bosse, T.; Miller, R.; Riaz, N.; Douillard, J.-Y.; Andre, F.;
et al. ESMO Recommendations on Microsatellite Instability Testing for Immunotherapy in Cancer, and Its Relationship with
PD-1/PD-L1 Expression and Tumour Mutational Burden: A Systematic Review-Based Approach. Ann. Oncol. 2019, 30, 1232–1243.
[CrossRef]

208. Marabelle, A.; Le, D.T.; Ascierto, P.A.; di Giacomo, A.M.; de Jesus-Acosta, A.; Delord, J.-P.; Geva, R.; Gottfried, M.; Penel,
N.; Hansen, A.R.; et al. Efficacy of Pembrolizumab in Patients With Noncolorectal High Microsatellite Instability/Mismatch
Repair–Deficient Cancer: Results From the Phase II KEYNOTE-158 Study. J. Clin. Oncol. 2020, 38, 1–10. [CrossRef]

209. Somerville, T.D.; Biffi, G.; Daßler-Plenker, J.; Hur, S.K.; He, X.-Y.; Vance, K.E.; Miyabayashi, K.; Xu, Y.; Maia-Silva, D.; Klingbeil, O.;
et al. Squamous Trans-Differentiation of Pancreatic Cancer Cells Promotes Stromal Inflammation. Elife 2020, 9, e53381. [CrossRef]

210. Boyd, C.A.; Benarroch-Gampel, J.; Sheffield, K.M.; Cooksley, C.D.; Riall, T.S. 415 Patients with Adenosquamous Carcinoma of the
Pancreas: A Population-Based Analysis of Prognosis and Survival. J. Surg. Res. 2012, 174, 12–19. [CrossRef]

211. Byun, Y.; Lee, K.; Jang, J.; Han, Y.; Choi, Y.J.; Kang, J.S.; Kim, H.; Kwon, W. Peritumoral Lymph Nodes in Pancreatic Cancer
Revisited; Is It Truly Equivalent to Lymph Node Metastasis? J. Hepato-Biliary-Pancreat. Sci. 2021, 28, 893–901. [CrossRef] [PubMed]

212. Speichinger, F.; Dragomir, M.P.; Schallenberg, S.; Loch, F.N.; Degro, C.E.; Baukloh, A.-K.; Hartmann, L.; Pozios, I.; Schineis,
C.; Margonis, G.A.; et al. Rethinking the TNM Classification Regarding Direct Lymph Node Invasion in Pancreatic Ductal
Adenocarcinoma. Cancers 2021, 14, 201. [CrossRef] [PubMed]

213. Hoshikawa, M.; Ogata, S.; Nishikawa, M.; Kimura, A.; Einama, T.; Noro, T.; Aosasa, S.; Hase, K.; Tsujimoto, H.; Ueno, H.; et al.
Pathomorphological Features of Metastatic Lymph Nodes as Predictors of Postoperative Prognosis in Pancreatic Cancer. Medicine
2019, 98, e14369. [CrossRef] [PubMed]

214. Williams, J.L.; Nguyen, A.H.; Rochefort, M.; Muthusamy, V.R.; Wainberg, Z.A.; Dawson, D.W.; Tomlinson, J.S.; Hines, O.J.; Reber,
H.A.; Donahue, T.R. Pancreatic Cancer Patients with Lymph Node Involvement by Direct Tumor Extension Have Similar Survival
to Those with Node-Negative Disease. J. Surg. Oncol. 2015, 112, 396–402. [CrossRef] [PubMed]

215. Iwasaki, T.; Hiraoka, N.; Ino, Y.; Nakajima, K.; Kishi, Y.; Nara, S.; Esaki, M.; Shimada, K.; Katai, H. Reduction of Intra-pancreatic
Neural Density in Cancer Tissue Predicts Poorer Outcome in Pancreatic Ductal Carcinoma. Cancer Sci. 2019, 110, 1491–1502.
[CrossRef] [PubMed]

216. Fouquet, T.; Germain, A.; Brunaud, L.; Bresler, L.; Ayav, A. Is Perineural Invasion More Accurate Than Other Factors to Predict
Early Recurrence after Pancreatoduodenectomy for Pancreatic Head Adenocarcinoma? World J. Surg. 2014, 38, 2132–2137.
[CrossRef] [PubMed]

217. Chen, J.W.C.; Bhandari, M.; Astill, D.S.; Wilson, T.G.; Kow, L.; Brooke-Smith, M.; Toouli, J.; Padbury, R.T.A. Predicting Patient
Survival after Pancreaticoduodenectomy for Malignancy: Histopathological Criteria Based on Perineural In-filtration and
Lymphovascular Invasion. HPB 2010, 12, 101–108. [CrossRef]

218. Chatterjee, D.; Katz, M.H.; Rashid, A.; Wang, H.; Iuga, A.C.; Varadhachary, G.R.; Wolff, R.A.; Lee, J.E.; Pisters, P.W.; Crane,
C.H.; et al. Perineural and Intraneural Invasion in Posttherapy Pancreaticoduodenectomy Specimens Predicts Poor Prognosis in
Patients With Pancreatic Ductal Adenocarcinoma. Am. J. Surg. Pathol. 2012, 36, 409–417. [CrossRef]

219. Lesina, M.; Kurkowski, M.U.; Ludes, K.; Rose-John, S.; Treiber, M.; Klöppel, G.; Yoshimura, A.; Reindl, W.; Sipos, B.; Akira, S.; et al.
Stat3/Socs3 Activation by IL-6 Transsignaling Promotes Progression of Pancreatic Intraepithelial Neo-plasia and Development of
Pancreatic Cancer. Cancer Cell 2011, 19, 456–469. [CrossRef]

220. Bonetto, A.; Aydogdu, T.; Jin, X.; Zhang, Z.; Zhan, R.; Puzis, L.; Koniaris, L.G.; Zimmers, T.A. JAK/STAT3 Pathway Inhibition
Blocks Skeletal Muscle Wasting Downstream of IL-6 and in Experimental Cancer Cachexia. Am. J. Physiol.-Endocrinol. Metab.
2012, 303, E410–E421. [CrossRef]

http://doi.org/10.1136/gut.51.5.717
http://www.ncbi.nlm.nih.gov/pubmed/12377813
http://doi.org/10.1097/SLA.0b013e3181cf8a19
http://www.ncbi.nlm.nih.gov/pubmed/20142731
http://doi.org/10.3892/ol.2013.1268
http://www.ncbi.nlm.nih.gov/pubmed/23833648
http://doi.org/10.1016/j.pan.2020.03.009
http://www.ncbi.nlm.nih.gov/pubmed/32222340
http://doi.org/10.1097/01.sla.0000114132.47816.dd
http://www.ncbi.nlm.nih.gov/pubmed/15075659
http://doi.org/10.1136/gut.2010.232272
http://doi.org/10.1093/annonc/mdz116
http://doi.org/10.1200/JCO.19.02105
http://doi.org/10.7554/eLife.53381
http://doi.org/10.1016/j.jss.2011.06.015
http://doi.org/10.1002/jhbp.940
http://www.ncbi.nlm.nih.gov/pubmed/33735543
http://doi.org/10.3390/cancers14010201
http://www.ncbi.nlm.nih.gov/pubmed/35008365
http://doi.org/10.1097/MD.0000000000014369
http://www.ncbi.nlm.nih.gov/pubmed/30702628
http://doi.org/10.1002/jso.24011
http://www.ncbi.nlm.nih.gov/pubmed/26303811
http://doi.org/10.1111/cas.13975
http://www.ncbi.nlm.nih.gov/pubmed/30776178
http://doi.org/10.1007/s00268-014-2465-7
http://www.ncbi.nlm.nih.gov/pubmed/24715041
http://doi.org/10.1111/j.1477-2574.2009.00140.x
http://doi.org/10.1097/PAS.0b013e31824104c5
http://doi.org/10.1016/j.ccr.2011.03.009
http://doi.org/10.1152/ajpendo.00039.2012


Cancers 2022, 14, 2321 31 of 32

221. Hurwitz, H.; van Cutsem, E.; Bendell, J.; Hidalgo, M.; Li, C.-P.; Salvo, M.G.; Macarulla, T.; Sahai, V.; Sama, A.; Greeno, E.;
et al. Ruxolitinib + Capecitabine in Advanced/Metastatic Pancreatic Cancer after Disease Progression/Intolerance to First-Line
Therapy: JANUS 1 and 2 Randomized Phase III Studies. Investig. New Drugs 2018, 36, 683–695. [CrossRef] [PubMed]

222. Hurwitz, H.I.; Uppal, N.; Wagner, S.A.; Bendell, J.C.; Beck, J.T.; Wade, S.M.; Nemunaitis, J.J.; Stella, P.J.; Pipas, J.M.; Wainberg, Z.A.;
et al. Randomized, Double-Blind, Phase II Study of Ruxolitinib or Placebo in Combination With Capecitabine in Patients With
Metastatic Pancreatic Cancer for Whom Therapy With Gemcitabine Has Failed. J. Clin. Oncol. 2015, 33, 4039–4047. [CrossRef]
[PubMed]

223. Jurcak, N.R.; Rucki, A.A.; Muth, S.; Thompson, E.; Sharma, R.; Ding, D.; Zhu, Q.; Eshleman, J.R.; Anders, R.A.; Jaffee, E.M.; et al.
Axon Guidance Molecules Promote Perineural Invasion and Metastasis of Orthotopic Pancreatic Tumors in Mice. Gastroenterology
2019, 157, 838–850.e6. [CrossRef] [PubMed]

224. He, S.; Chen, C.-H.; Chernichenko, N.; He, S.; Bakst, R.L.; Barajas, F.; Deborde, S.; Allen, P.J.; Vakiani, E.; Yu, Z.; et al. GFR 1
Released by Nerves Enhances Cancer Cell Perineural Invasion through GDNF-RET Signaling. Proc. Natl. Acad. Sci. USA 2014,
111, E2008–E2017. [CrossRef]

225. Demir, I.E.; Kujundzic, K.; Pfitzinger, P.L.; Saricaoglu, Ö.C.; Teller, S.; Kehl, T.; Reyes, C.M.; Ertl, L.S.; Miao, Z.; Schall, T.J.; et al.
Early Pancreatic Cancer Lesions Suppress Pain through CXCL12-Mediated Chemoattraction of Schwann Cells. Proc. Natl. Acad.
Sci. USA 2017, 114, E85–E94. [CrossRef]

226. Demir, I.E.; Boldis, A.; Pfitzinger, P.L.; Teller, S.; Brunner, E.; Klose, N.; Kehl, T.; Maak, M.; Lesina, M.; Laschinger, M.; et al.
Investigation of Schwann Cells at Neoplastic Cell Sites Before the Onset of Cancer Invasion. JNCI J. Natl. Cancer Inst. 2014, 106,
dju184. [CrossRef]

227. Ketterer, K.; Rao, S.; Friess, H.; Weiss, J.; Büchler, M.W.; Korc, M. Reverse Transcription-PCR Analysis of Laser-Captured Cells
Points to Potential Paracrine and Autocrine Actions of Neurotrophins in Pancreatic Cancer. Clin. Cancer Res. 2003, 9, 5127–5136.

228. Bapat, A.A.; Munoz, R.M.; von Hoff, D.D.; Han, H. Blocking Nerve Growth Factor Signaling Reduces the Neural Invasion
Potential of Pancreatic Cancer Cells. PLoS ONE 2016, 11, e0165586. [CrossRef]

229. Xin, B.; He, X.; Wang, J.; Cai, J.; Wei, W.; Zhang, T.; Shen, X. Nerve Growth Factor Regulates CD133 Function to Promote Tumor
Cell Migration and Invasion via Activating ERK1/2 Signaling in Pancreatic Cancer. Pancreatology 2016, 16, 1005–1014. [CrossRef]

230. Wang, J.; Chen, Y.; Li, X.; Zou, X. Perineural Invasion and Associated Pain Transmission in Pancreatic Cancer. Cancers 2021, 13,
4594. [CrossRef]

231. Takaori, K.; Bassi, C.; Biankin, A.; Brunner, T.B.; Cataldo, I.; Campbell, F.; Cunningham, D.; Falconi, M.; Frampton, A.E.; Furuse, J.;
et al. International Association of Pancreatology (IAP)/European Pancreatic Club (EPC) Consensus Review of Guidelines for the
Treatment of Pancreatic Cancer. Pancreatology 2016, 16, 14–27. [CrossRef] [PubMed]

232. Gui, J.-C.; Yan, W.-L.; Liu, X.-D. CA19-9 and CA242 as Tumor Markers for the Diagnosis of Pancreatic Cancer: A Me-ta-Analysis.
Clin. Exp. Med. 2014, 14, 225–233. [CrossRef] [PubMed]

233. Błogowski, W.; Deskur, A.; Budkowska, M.; Sałata, D.; Madej-Michniewicz, A.; Dąbkowski, K.; Dołęgowska, B.; Starzyńska, T.
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248. Diem, M.; Miljković, M.; Bird, B.; Chernenko, T.; Schubert, J.; Marcsisin, E.; Mazur, A.; Kingston, E.; Zuser, E.; Papa-markakis, K.;

et al. Applications of Infrared and Raman Microspectroscopy of Cells and Tissue in Medical Diagnostics: Present Status and
Future Promises. Spectroscopy 2012, 27, 463–496. [CrossRef]
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