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ARTICLE INFO ABSTRACT
Available online 29 April 2019 Pancreatic ductal adenocarcinoma (PDA) is a dismal malignant disease with the lowest stage-combined overall
survival rate compared to any other cancer type. PDA has a unique tumor microenvironment (TME) comprised
KeyWon?-‘ ) of a dense desmoplastic reaction comprising over two-thirds of the total tumor volume. The TME is comprised
Pancreatic ductal adenocarcinoma of cellular and acellular components that all orchestrate different signaling mechanisms together to promote tu-

Tumor microenvironment
Neural remodeling
Perineural invasion

morigenesis and disease progression. Particularly, the neural portion of the TME has recently been appreciated in
PDA progression. Neural remodeling and perineural invasion (PNI), the neoplastic invasion of tumor cells into
nerves, are common adverse histological characteristics of PDA associated with a worsened prognosis and in-
creased cancer aggressiveness. The TME undergoes dramatic neural hypertrophy and increased neural density
that is associated with many signaling pathways to promote cell invasion. PNI is also considered one of the
main routes for cancer recurrence and metastasis after surgical resection, which remains the only current cure
for PDA. Recent studies have shown multiple cell types in the TME signal through autocrine and paracrine mech-
anisms to enhance perineural invasion, pancreatic neural remodeling and disease progression in PDA. This re-
view summarizes the current findings of the signaling mechanisms and cellular and molecular players
involved in neural signaling in the TME of PDA.

© 2019 Elsevier Inc. All rights reserved.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is a devastating malignant
disease with a poor prognosis. The incidence rate continues to rise for
pancreatic cancer; while the 5 year stage-combined overall survival
rate is lower than any other cancer type at 9% in the United States
(Siegel, Miller, & Jemal, 2019). Majority of patients present with ad-
vanced or metastatic disease upon diagnosis, while, only about 20% of
patients are eligible for the only curative therapy for PDA, surgical resec-
tion. Of those who undergo surgical resection, 80% will ultimately re-
lapse and succumb to the disease (Kleeff et al., 2016; Wolfgang et al.,
2013). PDA arises from the exocrine cells of the pancreas and consti-
tutes more than 90% of pancreatic neoplasms (Pelosi, Castelli, & Testa,
2017). Common genetic mutations associated with PDA are found in
KRAS, TP53, CDKN2A, and SMAD4 genes; however, drug-targeting
these mutations has yet to show significant promise (Kleeff et al.,
2016; Pelosi et al., 2017).

A major characteristic of PDA is the extremely dense desmoplastic
environment, or abundance of extracellular matrix (ECM), that sur-
rounds the PDA cells constituting up to 60-90% of the total tumor vol-
ume (Chu, Kimmelman, Hezel, & DePinho, 2007; Maitra & Hruban,
2009). PDA cells induce reconstruction of their surroundings while
also stimulating environmental support for disease propagation. The
stroma of PDA creates a unique tumor microenvironment (TME)
consisting of cellular and acellular components such as fibroblasts, im-
mune cells, blood and lymphatic vessels, extracellular matrix, neurons,
and soluble proteins such as cytokines and growth factors. Increasing
research has found TME components can work together to promote tu-
morigenesis and disease progression (Amit et al., 2017; Biankin et al.,
2012; Bressy et al., 2018; Li et al., 2014; Pinho et al., 2018; Rucki et al.,
2016; Xu et al., 2014).

Of all the components of the TME, the biology behind neuronal sig-
naling is least understood. Yet, several studies highlight the unique im-
portance of neural-PDA cell signaling in pancreatic cancer disease
evolution. The neuronal architecture in the pancreas is distorted during
PDA development and several neuron-related genes are dysregulated to
promote tumorigenesis (Biankin et al., 2012; Ceyhan et al., 2006; Dang,
Zhang, Ma, & Shimahara, 2006; Gohring et al., 2014; Miiller et al., 2007;
Pinho et al., 2018; Saloman et al., 2018). In addition, increased innerva-
tion and neural hypertrophy in the TME is common, as well as, tumor
cell invasion into the nerves which is associated with significant
disease-related pain and a worsened overall prognosis (Amit, Na'Ara,
& Gil, 2016; Chatterjee et al., 2012; Saloman et al., 2016; Stopczynski
et al., 2014). Since targeting neoplastic cells of PDA has been difficult
and shown little promise, superior understanding of neuronal signaling
with tumor cells and other components of the TME is essential for the
development of new therapeutics and better drug infiltration and sensi-
tivity into the dense pancreatic TME.

2. Neural and tumor cell signaling interactions

The normal pancreas is innervated by sympathetic nerve fibers de-
rived from the splanchnic nerves and sensory nerve fibers from the dor-
sal root ganglion (DRG) and vagus nerve (Demir, Friess, & Ceyhan,
2015). In pancreatic cancer, normal neural architecture of the pancreas
transforms to become hyperinnervated with substantial neural hyper-
trophy (Amit et al.,, 2016; Demir et al., 2015; Jobling et al., 2015;
Stopczynski et al., 2014). In addition, perineural invasion (PNI) is a com-
mon histological feature of PDA. PNI is defined as the neoplastic inva-
sion of the nerve by surrounding tumor cells and/or invading into the
spaces of the epineurium, perineurium, or endoneurium (Liang et al.,
2016; Liebig, Ayala, Wilks, Berger, & Albo, 2009). PNI is common in sev-
eral cancer types, but has the highest incidence in PDA at 80-100% and
is an indicator of aggressive tumor behavior and poor prognosis (Bapat,
Hostetter, Von Hoff, & Han, 2011; Liang et al., 2016; Nakao, Harada,
Nonami, Kaneko, & Takagi, 1996; Shimada et al., 2011; Yang, Liu, Gui,

Lei, & Zhang, 2017). Patients with PNI have an overall survival of two
years shorter than patients without PNI (Chatterjee et al., 2012). PNI
can occur without vascular or lymphatic invasion, and is thought to rep-
resent the initial steps of metastasis (Chang, Kim-Fuchs, Le, Hollande, &
Sloan, 2015; Liebig et al.,, 2009). Moreover, the grade of intrapancreatic
neural innervation can be correlated to the extrapancreatic invasion ob-
served. Patients with extrapancreatic nerve plexus invasion had signifi-
cantly lower survival rates than patients without extrapancreatic nerve
plexus invasion at the time of surgical resection. All patients that sur-
vived more than 3 years after surgical resection exhibited no
extrapancreatic nerve invasion at the time of surgery, while portal
vein wall invasion was observed in some cases, indicating that neural
invasion was more predictive of poor prognosis (Nakao et al., 1996).

Several studies indicate the nervous system participates in all stages
of PDAC development. Using a KPC mouse model of PDA, with mutant
Kras and loss of p53 expression in the pancreas, Stopczynski et al.
found that as early as 6-8 weeks of age hyperinnervation was found
in the pancreas of KPC mice, implying that early changes in the microen-
vironment impact the pancreatic neuron innervation. Furthermore, the
KPC mice had increased expression of neurotrophic factor genes in DRG
cells such as neural growth factor (NGF), tropomyosin receptor kinase B
(TRKB), neurturin (Nrtn), and GDNF family receptor alpha 2 (Gfra2).
This increase in DRG neurotropic factor genes was seen before an
overt tumor was formed (Stopczynski et al., 2014). Moreover, another
study found sensory neuron ablation by neonatal capsaicin injection
prevented PNI, delayed PanIN formation and prolonged survival in a
murine autochthonous model of PDA (Saloman et al,, 2016). In addition,
peripheral nerve supporting cells, Schwann cells have been detected
around murine and human pancreatic intraepithelial neoplasias, indi-
cating supportive neural cells also migrate towards pancreatic cancer
cells at the early stages of disease progression. The presence of Schwann
cells during premalignant stages of disease was significantly associated
with the frequency of neural invasion during the malignant phase
(Demir et al., 2014).

Studies have also shown secreted proteins from PDA cells encourage
neural remodeling. Myenteric plexus and DRG cultures treated with
supernant from several PDA cell lines led to significantly increased
neurite outgrowth, neuronal network formation and increased somatic
hypertrophy. Moreover, PDA tissue extract treatment increased com-
plex neuronal branching capacity in myenteric plexus and DRG neurons
(Demir et al., 2010). Several of these secreted signaling factors have
been further investigated to understand the biological changes underly-
ing these phenotypic changes in neural outgrowth, innervation and PNL

Axon guidance molecules have been implicated to directly commu-
nicate between PDA and neural cells. The axon guidance gene family
was found to be the most frequently altered gene family in PDA, includ-
ing mutations and copy number changes, demonstrated from whole
exome sequencing of human samples (Biankin et al., 2012). Axon guid-
ance molecules were originally described for controlling growth, navi-
gation and position of neurons; however, several axon guidance
proteins are misregulated in PDA to promote tumorigenesis (Foley
et al, 2015; Miiller et al., 2007; Yong et al., 2016). Slit guidance ligand
2 (SLIT2) has been defined as a repellent guidance cue to impact neural
and endothelial remodeling (Gohring et al., 2014). The SLIT2 receptors,
ROBO1 and ROBO3 (Li et al., 1999) are found on nerves and PDA epithe-
lial cells. Interestingly, SLIT2 mRNA expression is decreased in PDA cells
compared to normal pancreas cells. Restoration of SLIT2 in tumor cells
was shown to inhibit bidirectional chemoattraction of PDA cells to
nerves and inhibit PDA cell motility. Restoration of SLIT2 expression in
the pancreas decreased invasion and metastasis of PDA cells in a xeno-
graft orthotopic model of PDA. Moreover, clinical specimens expressing
low SLIT2 were significantly associated with higher amounts and frac-
tions of lymph node invasion (Gohring et al., 2014).

Multiple semaphorins (Sema) and plexins, other members of the
axon guidance family of proteins, have been found to be overexpressed
in the TME during tumorigenesis and shown to aid disease progression
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and metastasis, such as Sema3A, Sema3C, Sema3D, Sema3E, PlexinA1l,
and PlexinD1, (Foley et al., 2015; Miiller et al., 2007; Xu et al., 2017;
Yong et al., 2016). High Sema3A and PlexinA1 expression in human
PDA was associated with reduced patient survival (Miiller et al.,
2007). In addition, Sema3A, Sema3E, Sema3D, PlexinA2, and PlexinD1
have been found upregulated in murine PDA samples compared to nor-
mal pancreas tissue indicating a role for axon guidance molecules in dis-
ease progression (Biankin et al., 2012; Foley et al., 2015). Sema3A and its
receptors neuropilin-1 (Nrp1) and PlexinA1 have also been found to ac-
cumulate in the neural and malignant areas in the TME to increase PDA
cell invasiveness (Miiller et al., 2007). Sema3C expression was found to
be positively associated with PDA tumor stage and inversely associated
with survival. Expression of Sema3C increased PDA cell proliferation, in-
vasion and epithelial to mesenchymal transition (EMT) of PDA cells
through activation of the ERK1/2 signaling pathway (Xu et al., 2017).
We reported Semaphorin 3D (Sema3D) secretion and expression to be
upregulated during PDA development. Increased Sema3D expression
was associated with poor survival and metastasis in human PDA
(Foley et al., 2015). We found Sema3D secretion to be regulated by
phosphorylation of Annexin A2, a phospholipid binding protein in-
volved in exocytosis (Foley et al., 2015; Zheng et al., 2011). Secreted
Sema3D acts in an autocrine manner to increase PDA invasion and me-
tastasis through binding of its co-receptors, PlexinD1 and Nrp1 (Foley
et al., 2015). Recently our lab has found paracrine signaling of Sema3D
and PlexinD1 between tumor and neurons to mediate increased inner-
vation, perineural invasion and metastasis in PDA (Jurcak et al., submit-
ted for publication). A comprehensive analysis of axon guidance gene
expression is lacking and would provide insightful information on the
synergistic functions of these proteins in regulating PNI and neural
remodeling.

Neural Growth Factor (NGF) has also been implicated in neural-
tumor signaling. NGF is a member of the neurotrophin family of proteins
found to aid in the growth, survival and differentiation of peripheral
neurons. PDA tumor cells overexpress NGF suggesting a paracrine sig-
naling interaction between peripheral nerves and PDA cells. NGF upreg-
ulation by tumor cells has been associated with a worsened prognosis,
increased perineural invasion and pain (Dang et al., 2006; Zhu et al.,
1999). In addition, the high affinity receptor for NGF, tyrosine kinase re-
ceptor A (TRKA), has been significantly associated with PNI in human
tissue compared to tissue without PNI. NGF promotes tumor growth
while also inhibiting tumor and neuronal cell apoptosis (Ma, Jiang,
Jiang, Sun, & Zhao, 2008). Anti-NGF treatment in KPC mice starting at
8 weeks of age was found to decrease expression of genes involved
with neural invasion and nociception, such as TRKA, NGF receptor,
tachykinin precursor-1, and calbindin-1 in neural DRG cells. Moreover,
anti-NGF treatment induced a reduction in migratory PDA cells found
in the thoracic spinal cord, reduced PNI and inhibited metastases forma-
tion (Saloman et al., 2018).

There is also accumulating evidence that activation of the peripheral
sympathetic nervous system (SNS) through R-adrenergic receptor sig-
naling influences PDA progression. Catecholamines, epinephrine and
norepinephrine (NE), are secreted from sympathetic nerves and bind
to a- and (3- adrenergic receptors to elicit cellular effects. NE is present
in the TME and has been found to stimulate PDA cell growth and inva-
sion through tumoral upregulation of vascular endothelial growth fac-
tor (VEGF) and matrix metalloproteinases (MMPs) MMP-2, MMP-9
expression. MMPs are enzymes capable of degrading components of
the ECM to prompt PDA cell invasion and TME remodeling (Guo et al.,
2009; Qian et al., 2018). Moreover, Qian et al., found NE enhances cell
viability, invasion, and inhibition of apoptosis in a Notch-1 dependent
manner (Qian et al., 2018). Not only are catecholamines produced by
tumor cells, but intrapancreatic neurons also secrete NE (Renz et al.,
2018); and stress-induced signaling from nerves is thought to play a
role in PDA development. Physiological activation of the SNS leads to
NE release into the pancreas from the post-ganglionic nerve fiber, creat-
ing a surplus of NE in the TME (Hisatomi, Maruyama, Orci, Vasko, &

Unger, 1985). The R2-adrenergic receptor has been found to be a medi-
ator of stress-induced cancers. 3-adrenergic receptor agonist treatment
increased PDA tumorigenesis while, a bilateral adrenalectomy was
shown to reduce tumor incidence in a murine Kras-driven model of
PDA (Renz et al., 2018). In addition, a non-selective 3-blocker treatment
has been found to decrease primary tumor growth, reduce PDA cell dis-
sociation and prolong survival (Kim-Fuchs et al., 2014; Renz et al.,
2018). NE has also been shown to promote PNI. NE treatment of PDA
cells increased tumoral STAT3 phosphorylation in a NE dose-
dependent manner; and, treatment with a STAT3 inhibitor reduced
the NE-dependent increased neural invasion and PDA cell migration
(Guo et al., 2013). Moreover, chronic restraint stress can activate (3-
adrenergic receptor signaling of the SNS. Chronic restraint stress placed
on tumor bearing mice increased circulating catecholamine levels.
Chronic restraint stress caused expansion of tumoral intrapancreatic
nerves; which was blocked with p2-adrenergic receptor antagonist
treatment and subsequently also prolonged survival (Renz et al.,
2018). Stromal macrophages, fibroblasts and endothelial cells also ex-
press [3-adrenergic receptors indicating a possible paracrine signaling
route between not only nerves and PDA cells but other components of
the TME as well (Chang et al,, 2015).

Other neurotrophic factors have been investigated in neural signal-
ing of the TME. Midkine (MK), is a neurotropic factor shown to be in-
volved in neurite outgrowth, neuronal survival, and tumorigenesis in
PDA. MK was found to be expressed by tumor cells in patients with peri-
neural invasion, while, its receptor syndecan-3, was found primarily
expressed on the perineurium of pancreatic nerves, but absent in
tumor cells. MK expression levels were higher in patients with PNI com-
pared to patients without, suggesting a role for MK and syndecan-3 in
PNI of PDA. (Yao, Li, Li, Feng, & Gao, 2014). Artemin is another neuro-
trophic factor that belongs to the GDNF family of ligands binding to
GFRa3. Expression of Artemin and GFRa3 was found to be enhanced
in PDA compared to the normal pancreas, particularly in primary and
metastatic PDA cells and hypertrophic nerves; in addition, Artemin
was also found to promote PDA cell invasion (Ceyhan et al., 2006).

Membrane anchored proteins have also been implicated in direct
neural-tumoral interactions in the TME. Mucin-4 (MUC4), a membrane
anchored glycoprotein, was also suggested to be involved in
chemoattraction and enhancing neural invasion in PDA. MUC4 is
overexpressed in PDA compared to normal pancreas tissue and even
further increased in human tumors with neural invasion. MUC4 was
found to regulate netrin-1 expression through the HER2/AKT/NF-kB
pathway to increase tumor cell migration towards nerves and neurite
outgrowth towards tumor cells (Wang et al., 2015). Another study
found overexpression of L1 cell adhesion molecule (L1CAM) in PDA
cells and adjacent Schwann cells, peripheral nerve supporting cells, in
invaded nerves. Schwann cells were found to express L1CAM to act as
a chemoattractant to PDA cells through MAP kinase signaling upregula-
tion and induce PDA upregulation of MMP-2 and MMP-9 through STAT3
activation (Na, Ziv, & Gil, 2018). Furthermore, anti-L1CAM antibody
treatment in a transgenic KPC mouse model of PDA demonstrated sig-
nificantly reduced neural invasion, providing evidence that neural
supporting cells can signal in a paracrine manner to promote PDA inva-
sion (Na et al., 2018). In addition, CX3CL1, a transmembrane chemokine
is expressed by neurons and nerve fibers in PDA; while, its receptor
CX3CR1 is upregulated in neoplastic cells compared to the normal pan-
creas ducts (Marchesi et al.,, 2008). CX3CR1-positive PDA cells migrated
in response to CX3CL1 to specifically adhere to neural CX3CL1+ cells
through activation of G proteins, 31 integrins and focal adhesion kinase.
In addition, positive immunohistochemical staining of CX3CR1 in PDA
tissue was significantly associated with perineural invasion (Marchesi
et al, 2008).

PDA cells can also induce neuronal plasticity. Immunohistochemical
analysis of intrapancreatic nerves invading PDA tissue had upregulated
levels of secretogranin Il and neurosecretory protein VGF compared to
nerves not invading PDA tissue (Alrawashdeh et al., 2019). Also, there
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are several neuropeptides that play a role in pain generation, a common
symptom for PDA patients, such as calcitonin gene-related peptide
(CGRP) and substance P. Activation of transient receptor potential cat-
ion channel subfamily V (TRPV1) in neurons induces CGRP and sub-
stance P secretion that prompts pain in neurons of the DRG and the
pancreas (Warzecha et al., 2001). Overall, these neural to PDA cell sig-
naling changes in the TME prompt TME remodeling to promote disease
progression and PDA metastasis.

3. Fibroblast and tumor signaling interactions

Cancer-associated fibroblasts (CAFs) use several mechanisms to di-
rectly or indirectly act on PDA cells and nerve cells to influence disease
progression (Bressy et al., 2018; Sun et al., 2018; Von Ahrens, Bhagat,
Nagrath, Maitra, & Verma, 2017; Xiao et al., 2016). In the pancreas
under normal conditions, fibroblasts are distributed throughout con-
nective tissue, ducts, blood vessels and pancreatic lobules in relatively
low abundance. However, in PDA, CAFs emerge as part of the immuno-
suppressive TME due to paracrine signaling originating from PDA cells
and function to enhance tumor cell growth, invasion, and metastasis
(Hwang et al., 2008; Shan et al., 2017). CAFs derive from activation of
resident fibroblasts and pancreatic stellate cells, transformation of can-
cer cells into fibroblast-like cells through EMT and differentiation of
bone marrow-derived mesenchymal stem cells (Feig et al., 2013; Sun
et al., 2018; Zhang, Crawford, & Pasca di Magliano, 2018). Pancreatic
stellate cells (PSCs), which express a-smooth muscle actin, comprise
the largest subset of CAFs in the TME and are the main source of the
desmoplastic extracellular matrix responsible for the characteristic fi-
brotic and hypovascular environment. CAFs are a heterogeneous cell
population and can be subdivided into two categories: inflammatory
fibroblasts, which express low levels of a-smooth muscle actin
and high levels of tumor promoting cytokines and chemokines, and
myofibroblasts, which express higher levels of a-smooth muscle actin
and are located immediately adjacent to neoplastic cells (Sun et al.,
2018).

Tumor cell activation of CAFs is essential for downstream signaling
of CAFs to neuronal cells. During tumorigenesis, PDA cells secrete vari-
ous growth factors and cytokines such as transforming growth factor
beta (TGF-B), platelet derived growth factor, and fibroblast growth fac-
tor to recruit and activate fibroblasts (Sun et al., 2018). Interestingly, the
axon guidance gene, Nrp-1, is expressed on fibroblasts and can bind
TGF-B to increase Smad2/3 phosphorylation promoting an activated
myofibroblast phenotype in fibroblasts, known to promote tumorigen-
esis (Cao et al., 2010; Sun et al.,, 2018). After activation, CAFs secrete co-
pious elements contributing to the desmoplastic ECM found in the TME
including, collagen, fibronectin, tenascin C (TnC), and MMPs (Sun et al.,
2018). It has also been revealed that CAFs can signal to PDA cells to en-
hance tumor development and progression. An initial study highlight-
ing the importance of CAFs in promoting tumorigenesis tested the
effect of human PSC conditioned medium on PDA cells. A dose depen-
dent increase in proliferation, migration and invasion was found in
PDA cells after human PSC conditioned medium treatment suggesting
a paracrine signaling axis between PSCs and PDA tumor cells (Hwang
et al., 2008).

Several CAF-PDA cell paracrine signaling pathways have been re-
vealed to be important for primary tumor growth, metastases forma-
tion, and increasing PDA cell invasion. Sonic Hedgehog (SHH)
signaling ligands were found overexpressed in PDA tumor cells; while,
downstream SHH signaling is restricted to the stromal component
allowing for paracrine signaling between stromal and neoplastic cells
(Scales & De Sauvage, 2009). Moreover, SHH ligands expressed by
PDA cells, such as smoothened, have been shown to facilitates CAF ex-
pansion. (Walter et al., 2010; Zhang et al., 2018) SHH ligands induced
CAF cell expression and secretion of insulin-like growth factor 1 (IGF-
1), which is reduced upon SHH inhibition (Rucki et al., 2016). Moreover,
SHH signaling produced from PDA tumor cells has been found to induce

TnC secretion in mesenchymal stem cells. TnC produced by stromal
cells acts back on PDA tumor cells through its receptor, Annexin A2, to
induce PDA cell invasion by stimulating focal adhesion and actin stress
fiber disassembly and to induce apoptotic resistance through ERK/NF-
KB signaling (Chung & Erickson, 1994; Foley, Muth, Jaffee, & Zheng,
2017).

Furthermore, studies revealed CAF-PDA cell signaling induces the
epithelial to mesenchymal transition (EMT) of PDA cells, which is
shown to enhance neural invasion. EMT involves the loss of cell-to-
cell connections and polarity and transformation of epithelial cells into
migratory mesenchymal cells that promotes cell invasion and increased
perineural invasion (Kalluri & Weinberg, 2009). Wu et al., found that
pancreatic stellate cells expressed greater mRNA levels of IL-6, com-
pared to PDA cells which in turn expressed higher levels of the IL-6 re-
ceptor. IL-6 is an inflammatory cytokine found to be involved in PDA
proliferation, migration and angiogenesis (Wu et al., 2017; Zhang
et al,, 2013). IL-6 secreted by PSCs, induced JAK/STAT3 and nuclear fac-
tor erythroid 2 signaling in PDA cells to increase migration and increase
expression of EMT-related genes such as, N-cadherin, fibronectin,
Twist2, Snail, and Slug (Wu et al.,, 2017). G-protein coupled receptor
68 was also found to regulate IL-6 production in PDA CAF cells in a
cAMP-PKA-CREB dependent manner (Wiley et al., 2018). In addition, a
lectin family protein, Galectin-1 (GAL1) was shown to increase the
EMT of PDA cells. Gal-1 is strongly expressed by activated PSCs and
PSC GAL1 expression positively correlated with vimentin, a mesenchy-
mal cell marker, while it negatively correlated with E-cadherin, an epi-
thelial cell marker. Secreted GAL1 from PSCs binds to PDA cells to
promote NF-kB dependent activation of EMT, as well as, increase
growth and metastasis of PDA cells (Tang et al., 2017). Moreover,
GAL3 has also been discovered to be secreted by PDA cells to signal in
a paracrine manner on CAF cells. GAL3 stimulates increased activation
and proliferation in CAFs inducing NF-xB-dependent increased CAF ex-
pression of inflammatory cytokines IL-8, GM-CSF, CXCL-1 and CCL-2.
Furthermore, a GAL3 inhibitor was shown to reduce growth and metas-
tases of orthotopic pancreatic tumors in mice. (Zhao et al., 2018). It
would be interesting to study the if tumor invasion towards nerve is
also impacted by these galectin proteins.

CAFs have also been shown to express several proteins that are in-
volved in neural remodeling and perineural invasion. Supernant from
human PSCs stimulated a stronger neurite outgrowth in myenteric
plexus and DRG neurons than supernant from PDA cells; and induced
a higher neurite density in DRG cells, indicating the significance of pro-
teins secreted by PSCs (Demir et al., 2010). TGF-( treated PSCs have
been shown to increase protein expression of NGF and both its receptors
TRKA and p75™™® through the ALK-5 signal transduction pathway (Haas
et al., 2009). In addition, fibroblast activation protein (FAP) positive CAF
cells, but not PDA cells, were established to secrete CXCL12, which could
then act in a paracrine manner to bind the receptor CXCR4, inducing
PDA cell proliferation. CXCL12 has also been shown to induce NGF ex-
pression in PDA cells; and, subsequently increase PDA cell migration
to nerves (Xu et al., 2014). Interestingly, exogenous CXCL12 treatment
on DRG cells has been shown to induce neurite outgrowth. Moreover,
CXCL12 can also be derived from peripheral nerves to stimulate PDA
cell invasion and metastasis through upregulation of MMP-2 and
MMP-9 (Feig et al., 2013; Shen et al., 2013; Xu et al., 2014). A compre-
hensive analysis of multiple proteins secreted from CAFs and their im-
pact of neural remodeling is warranted.

CAFs undergo metabolic changes compared to normal pancreatic fi-
broblasts to aid PDA function. CAFs consume more glucose compared to
normal pancreatic fibroblasts allowing increased production of secreted
lactate. Excess lactate in the TME is actively taken up by tumor cells to
aid their growth (Shan et al., 2017). In addition, PSCs use autophagy to
secrete alanine which is also taken up by PDA cells to outcompete glu-
cose and glutamine-derived carbon to fuel the TCA cycle (Sousa et al.,
2016); providing another example of how PSCs can promote tumor sur-
vival in the harsh hypoxic TME environment. Interestingly, PNI has been
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associated with PDA cells utilizing upregulated levels of autophagy
(Yan-Hui Yang et al., 2017).

4. Suppressive immune cell and tumor signaling interactions

There are several immunosuppressive cell types in the PDA TME in-
cluding tumor-associated macrophages (TAMs), myeloid-derived sup-
pressor cells (MDSCs), regulatory T cells, and tolerogenic dendritic
cells. In this review, we will focus on TAMs and MDSCs, as they have
also been found to be important in neural signaling in the TME. TAMs
and MDSCs play a critical role in immunosuppression in the TME and
continuously communicate with PDA cells to propagate disease
progression.

Myeloid cells originate from hematopoietic stem cells in the bone
marrow and are continuously replenishing all tissues through the circu-
lation. These cells include monocytes, granulocytes, macrophages, den-
dritic cells, and mast cells. Once monocytes arrive at various tissue they
further mature into macrophages that may have unique tissue-specific
functions and morphologies (Kawamoto & Minato, 2004). TAMs aid
tumor progression and have been associated with a worsened overall
prognosis (Hu et al., 2016; Kurahara et al., 2011).

PDA cells can influence TAM polarization. Studies have shown that
lactate, secreted by cancer cells can polarize macrophages to a more
tumor promoting phenotype (Feng et al., 2018; Mu et al.,, 2018). Lactate
elevates reactive oxygen species (ROS) in macrophages to induce nu-
clear factor erythroid 2 mediated VEGF expression, which has been
found to stimulate EMT markers in PDA cells, increasing the PDA cells
ability for neural invasion (Feng et al., 2018).

The exact role of macrophages in neural plasticity and perineural
invasion in PDA is not fully understood and warrants further investi-
gation; however, a few studies have found TAMs to be linked to neu-
ral invasion. Immunohistochemical staining of human PDA tissue
found that a greater TAM density was found in PDA tumors with
PNI compared to tumors without PNI and was associated with a
worse prognosis (Sugimoto et al., 2014; Zeng et al., 2014). Further-
more, an in vivo model of cancer perineural invasion, CCR2™ deficient
mice, with reduced macrophage recruitment and activation, had re-
duced nerve invasion compared to wild-type mice which developed
complete sciatic nerve paralysis due to cancer invasion (Cavel et al.,
2012). In addition, TAMs can secrete macrophage inflammatory
protein-3a. which interact in a paracrine manner with CCR6, a G-
protein-linked receptor, on PDA tumor cells to promote tumor cell mi-
gration and invasion through PDA upregulation of MMP-9, a type 4-
collagenase known to be involved in neural invasion (Campbell,
Albo, Kimsey, White, & Wang, 2005; Kimsey, Campbell, Albo, &
Wang, 2004; Na et al., 2018). Moreover, PDA cells overexpress
Sema3A, which has been found to upregulate macrophage migration
and VEGF expression (Meda et al,, 2012). Macrophages are attracted
to hypoxia areas through Sema3A signaling via Nrp1/PlexinA1l or A4
and become transactivated through Nrpl-dependent and Nrpl-
independent  VEGFR1  transactivation.  This  subsequently
downregulates TAM Nrp1 expression, stopping their migration. Nrp1
deficiency in TAMs reduces their localization to hypoxia niches and fa-
vors an antitumor response (Casazza et al.,, 2013).

Myeloid-derived suppressor cells (MDSC)s are also an important
immunosuppressive cell type in the TME. MDSCs are a heteroge-
neous population of early myeloid progenitors including monocytic
(M-MDSC) and granulocytic (G-MDSC) subsets that can expand dur-
ing tumorigenesis and encourage immunosuppression. Myeloid cells
infiltrate the pancreas during PanIN formation, persist throughout in-
vasive cancer, and are associated with poor survival (Clark et al.,
2007; Ruffell & Coussens, 2015). Depletion of myeloid cells have
been shown to prevent tumorigenesis. Tumor cells produce several
cytokines and growth factors to foster MDSC generation and expan-
sion including GM-CSF, GCSF, IL-6, CXCL1 and CXCL2 (Marigo et al.,
2010; Shi et al., 2018) Moreover, MDSCs can also secrete growth

factors that act on PDA cells such as epidermal growth factor (EGF)
ligand, that induces EGF receptor/MAPK signaling activation in PDA
cells (Zhang et al., 2017).

Colony-stimulating factor-1 (CSF-1) is overexpressed by PDA cells
and it's receptor, CSF-1R, has been associated with worse overall prog-
nosis (Candido et al., 2018). CSF-1 and CSF-1R regulate the function, mi-
gration and survival of macrophages and myeloid cells (Ries et al.,
2014). Inhibition of CSF-1R has led to TAM depletion and an increased
anti-tumor phenotype of myeloid cells (Saung et al., 2018). CSF-1R
was also found to be important for neural signaling as treatment with
a CSF-1R antagonist reduced PNI in a mouse model of PDA (Amit
et al., 2017).

Moreover, immunosuppressive cells in the TME have been
associated with PDA-associated pain. One study found that cytotoxic T
lymphocytes, macrophages and mast cells all infiltrate nerves in pancre-
atic cancer, yet only perineural mast cell were uniquely increased in
intrapancreatic nerves in PDA patients with neuropathic abdominal
pain (Demir et al., 2013).

5. Multiple TME components enhance neural signaling interactions

Several signaling interactions in the TME are directly between stro-
mal cells and PDA cells; however, multiple signaling pathways converge
to impact TME neural remodeling, perineural invasion, and disease pro-
gression in PDA.

Studies have also shown that PDA cells signal together with CAFs to
promote neural invasion in the TME. Activation of PSCs by SHH signaling
from paracrine PDA cells induced high secretion of PNI-associated mol-
ecules in activated PSCs such as MMP-2, MMP-9, and NGF to promote
PNI in an in vitro 3D model of nerve invasion. Furthermore, co-
implantation of activated PSCs with PDA cells increased xenograft peri-
neural invasion, suggesting that activated PSCs might also play a role in
stimulating PNI in pancreatic cancer (X. Li et al.,, 2014). Axon guidance
protein, ROBO2, was found to be a strong stromal suppressor gene. Dur-
ing initial inflammation of the pancreas, ROBO2 was found to be down-
regulated in PDA cells leading to paracrine TGF-B-mediated activation
of pancreatic myofibroblasts, which in turn induced secretion of pro-
teins involved in increasing neural remodeling (Bressy et al., 2018;
Pinho et al., 2018).

In addition, upregulation of pain associated genes was discovered
in co-cultures with PDA cells, PSCs and nerves. Interestingly
co-culture of PDA cells with PSCs and DRG cells caused DRG cells
to increase expression of TRPV1 and secretion of pain factors such
as substance P and CGRP more than any monoculture with DRG
cells. Mechanistically, SHH secreted by PDA cells induced PSC overex-
pression of NGF and brain-derived neurotropic factor (BDNF).
Secreted NGF from PSCs potentiated TRPV1 current in DRGs to aggra-
vate pain behaviors. Anti-NGF treatment was found to suppress
TRPV1, substance P and CGRP, as well as, reduce pain in mouse
PDA model (Han et al,, 2016).

In addition, Leukemia inhibitory factor (LIF) has also been recently
reported to be involved in neural remodeling in PDA. LIF was found to
be overexpressed in the PDA TME, particularly in tumor and stromal
cells, however, it is absent in normal pancreas tissue. Meanwhile, the
two common receptors for LIF, LIF receptor and GP130 were found
expressed on intratumoral nerves. The study found CAFs to be the
main source of secreted LIF and CAF secretion of LIF was increased
upon coculture with macrophages. Secreted LIF induced neural plastic-
ity, increased neurite outgrowth and increased neural soma areas in
PDA. This study provides evidence of macrophage and CAF signaling
to increase CAF secretion of LIF to promote neural remodeling in the
TME of PDA. Further research is necessary to understand how macro-
phages can increase LIF secretion by CAFs. Moreover, human serum
LIF titer positively correlated with increased intratumoral nerve number
suggesting LIF as a possible biomarker and diagnostic tool of PDA pro-
gression (Bressy et al., 2018).
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Another study found CAFs and neural supporting cells, Schwann
cells, can signal to enhance neural remodeling. Expression of the axon
guidance gene SLIT2, was found to be reduced in PDA neoplastic cells
to enhance tumor growth (Gohring et al., 2014), yet it was also found
to be increased in expression in CAFs. SLIT2 produced by CAFs enabled
neural remodeling by binding to ROBO receptors on Schwann cells
inhibiting N-cadherin-mediated adhesion and subsequent [3-catenin
induced migration and proliferation (Secq et al., 2015). Since high
SLIT2 expression by tumor cells was found to decrease tumor
chemoattraction to nerves, this role of SLIT2 produced by CAFs acting
on Schwann cells to increase neural remodeling, highlights the impor-
tance of fully distinguishing different cell-to-cell interactions that mod-
ulate the overall spatial tumor biology (Gohring et al., 2014; Secq et al.,
2015). Further delineation of this signaling pathway will help identify
the overall role of SLIT2 in disease progression.

In addition, neural tissue resident macrophages have been discov-
ered to aid in PDA cell invasion towards nerves. Immunohistochemical
analysis of PDA tissue demonstrated an increased number of
endoneurial macrophages present near nerves invaded with cancer
cells compared to normal nerves. The study revealed invading PDA
cells secreted CSF-1 to recruit endoneurial macrophages. In turn, glial-
derived neurotrophic factor (GDNF) secreted from tumor activated
endoneurial macrophages induced a 5-fold increase in tumor cell mi-
gration (Cavel et al., 2012). In addition, Schwann cells in nerves with
perineural invasion can secrete CCL2 to induce the recruitment of
CCR2-positive inflammatory monocytes to accumulate near tumor-
invaded nerves, where they are then differentiated into macrophages.
Once differentiated, the macrophages produce cathepsin B to promote
PNI (Bakst et al., 2018). Furthermore, Ret proto-oncogene (RET) expres-
sion was shown to be upregulated by tumors during PDA tumorigenesis
and its activation induced PNI. Bone-marrow derived macrophages ex-
pressing the RET ligand, GDNF, were found to be highly abundant
around cancer invaded nerves. Inhibiting macrophage recruitment
with a CSF-1R antagonist, deletion of GDNF expression from perineural

macrophages and inhibition of RET all reduced PNI in KPC mouse model
of PDA (Amit et al., 2017).

Overall, these studies highlight the multi-cellular signaling path-
ways involved in regulating neural remodeling and neural invasion in
PDA (Fig. 1).

6. Discussion

Despite innumerable efforts, PDA remains one of the most malignant
human diseases and is the fourth leading cause of cancer death (Siegel
etal, 2019). PDA is a very complex disease involving several other cel-
lular components other than neoplastic cells which lead to disease pro-
gression. In addition, drug targeting neoplastic cells in PDA has shown
little promise, suggesting enhanced understanding of the tumor sup-
portive TME is necessary for novel functioning therapeutics. The neural
component in the PDA TME should not be overlooked, as it has been
linked with an increased aggressive and metastatic tumor phenotype.
Neural signaling changes occur early in PDA development and contrib-
ute to desmoplasia and pancreatic cancer associated pain. PNI is also
linked to a worse prognosis, an increase in patient pain and decreased
survival. Moreover, changes in neural-associated proteins have been
found to be the family of proteins most frequently altered in PDA tumor-
igenesis (Biankin et al., 2012). This review summarizes the cellular and
molecular signaling components involved in PDA neural invasion, neu-
ral remodeling, PDA-associated pain, disease progression and metasta-
sis (Fig. 2).

A major contributor to the dismal prognosis of PDA is the lack of ef-
fective treatments for preventing and controlling metastasis. Focusing
on the molecular pathways involved in perineural invasion and neural
remodeling, targets pathways intrinsic to PDA cells invasion and metas-
tasis; therefore, better understanding tumor cells ability to invade
nerves will inherently highlight mechanisms crucial for stopping PDA
cell growth, invasion and metastasis. In this review, not just PDA cells
but CAFs, TAMs, and MDSCs are all described in attributing to neural
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Fig. 2. Major molecular players involved in neural signaling in the TME. During PDA tumorigenesis and disease progression the expression of several molecular factors is dysregulated. This
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The green arrows indicate molecular players with increased expression and the red arrow indicates molecular players with decreased expression.

remodeling and perineural invasion in PDA through a variety of para-
crine signaling mechanisms (Fig. 1). Tumor cells upregulate several
neuron related molecules during tumorigenesis. PDA cells, neurons,
CAFs/PSCs, and TAMs/MDSCs can use molecules involved in axon guid-
ance, cytokine and NGF signaling to upregulate molecules involved in
ECM remodeling. In addition, PDA cells and neurons also use catechol-
amine signaling to promote disease progression. These changes in
TME signaling allow for increased neural remodeling, neural outgrowth,
perineural invasion and tumor growth and metastasis. Moreover, there
are several complex changes in expression that allow for unique para-
crine communication between different cell types in the TME (Fig. 2).
As our understanding of the complex TME evolves, researchers are bet-
ter equipped to create and study therapeutics that may have significant
clinical benefit in not only overall patient survival, but in PDA associated
symptoms such as PDA-related pain.
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