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Proper functioning of the digestive system is ensured by coordinated action of the central and peripheral nervous
systems (PNS). Peripheral innervation of the digestive system can be viewed as intrinsic and extrinsic. The intrinsic
portion is mainly composed of the neurons and glia of the enteric nervous system (ENS). The extrinsic part is
formed by sympathetic, parasympathetic, and sensory branches of the PNS with Schwann cells (SCs) being the
chef glial cells. SCs are a crucial component of digestive tract innervation, and a great deal of research evidence

highlights the important status of these glial cells in health and disease.

Schwann cells digestive system pancreas cancer

| 1. Oral Cavity

The oral cavity is densely innervated by branches of the trigeminal nerve that has sensory and motor functions &,
Chronic and acute orofacial pain conditions such as headache, and dental and cancer-related pain affect many
people worldwide . Oral cancers are among the 10 most prevalent cancers, have a poor prognosis, and are
associated with intense pain B4, The most common type of mouth tumours is oral squamous cell carcinoma
(OSCC), which represents around 90% of all cases 2. Loss of TP53, a gene most commonly mutated in head and
neck cancers, further promotes innervation in mouse oral epithelia, while in patients with OSCC, increased
innervation correlates with worse overall survival . In fact, perineural invasion (PNI) is a common

pathophysiological feature observed in up to 60% of OSCCs and increases the risk of lymph node metastasis I,

Glia are recognised as mediators of orofacial pain B, and several studies suggest that SCs are involved in the
increased nociception 19 and nerve invasion 23l ghserved in oral malignancies. One of the proposed
mechanisms is the activation of SCs in response to tumour necrosis factor alpha (TNFa) secreted by OSCC cells.
This activation, in turn, stimulates TNFa and nerve growth factor (NGF) production by SCs themselves. TNFa
overexpression is found in oral cancer tissues and is indeed correlated with elevated pain, while supernatants from
activated SCs can increase facial allodynia in mice 1. The TrkB/BDNF signalling axis is involved in the oral cancer
PNI process, since modulation of this pathway in co-culture studies regulates SC—tumour cell interaction, and
influences cell migration and differentiation 12131 Additionally, tooth SCs have a special status in dental pulp
where they perform stem cell 14 functions, and modulate immune response 22! and nociception . For a broader

discussion of this topic, researchers refer the reader to a recent review [18],
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| 2. Esophagus

The esophagus is innervated by many inputs, including vagal motor neurons, sensory neurons, and local enteric
neurons L8l |mpalance of inhibitory and excitatory neural activity 19 as well as sensitisation of esophageal
afferent neurons by inflammatory mediators and endogenous substances (hydrogen, potassium ions, 5-HT,

bradykinins, prostaglandins, etc.) 2%, |eads to various esophageal-related disorders.

Esophageal cancer is the sixth leading cause of cancer-related deaths worldwide 21, The predominant types of
esophageal cancers are squamous cell carcinoma (ESCC) and esophageal adenocarcinoma. These carcinomas
have a strong tendency to metastasise, even if the tumour is superficial 22, In a recent histological investigation of
260 human esophageal cancers, innervation in the tumour microenvironment was identified in 38% of the cancers
and, more commonly, in ESCC, while signs of PNI were detected in 12% of the samples 231, PNI was correlated
with reduced survival 28 which supports previous findings that nerve invasion by tumour cells can be used as a
prognostic factor in patients with esophageal cancer 24123, PN| was also found to be a better prognostic indicator

than lymphovascular invasion in ESCC 28,

Several neurotrophic factor receptors, including Tropomyosin receptor kinase A (TrkA) 22, TrkB [28! and p75 2229
(391 are expressed by esophageal tumour cells. A subset of esophageal tumour cells could express both NGF and
NGF receptors 24, suggesting an autocrine signalling loop. Antigenic characterization combined with the genetic
tracing of peripheral glia in murine esophageal tissue revealed the presence of myelinating and non-myelinating
SCs of motor processes, a network of non-myelinating perisynaptic SCs, several types of enteric glial cells, and
some glial cells along the blood vessels 18, To what extent this rich variety of cells is involved in esophageal
pathology remains to be demonstrated, but p75 expression is a hallmark of activated SCs, and glia-cancer cell
interaction via p75 signalling has been reported in other gastrointestinal tumours B, Intriguingly, a portion of ENS
neurons in the esophagus are derived from SCPs that travel along the vagus nerve 2. This contribution occurs
earlier than similar SCP-borne neurogenesis in the gut 23; nevertheless, potential subsequent contribution of SCs

to esophageal homeostasis and disease remains unexplored.

| 3. Stomach

The stomach is innervated by extrinsic parasympathetic vagal and sympathetic spinal nerves, as well as intrinsic
neurons of the ENS 2483 A meta-analysis of the association between PNI and survival in patients with resectable
gastric cancer concluded that PNI is an independent prognostic factor and can also serve as a predictive factor for
tumour recurrence 28 Additionally, PNI might help predict patients who could benefit from postoperative adjuvant
therapy B2,

The role of innervation in gastric tumour has been studied in murine models. In an earlier report, myenteric
denervation in rats using benzalkonium chloride resulted in a reduced incidence of chemically induced gastric
cancer 38 Similarly, denervation by vagotomy or botulinum toxin treatment in various mouse models of gastric

cancer slowed disease progression and reduced tumour lesion incidence 2. In these tumour models, neurons act
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by activating Wnt signalling through the muscarinic acetylcholine receptor M3 and thus promote the expansion of
gastric epithelial cells. Stomach denervation leads to diminished Wnt signalling and reduced number of Lgr5+
epithelial stem cells. Furthermore, neurons in a gastric organoid co-culture system can substitute for the presence

of mandatory Wnt3a in the culture medium 22,

The activation of the Wnt pathway in stomach epithelial cells was further studied later and attributed to tuft cell- and
axon-derived acetylcholine. In a positive feedback loop, Ach-activated tumour cells produce NGF and recruit more
Ach-secreting axons, leading to hyperinnervation and further Wnt activation #9. Interestingly, in a genetic mouse
line, where an excess amount of NGF is secreted by gastric epithelial cells, the stromal compartment of the lamina
propria is significantly expanded, epithelial tissue architecture changes, and tumours arise. Among the stromal
cells, the authors observed many Nestin+/s100b+ glial cells ¥ Given the ability of glial cells to secrete
neurotrophic factors, including NGF, and participate in axon guidance, it would be intriguing to study in more detail

the role of these cells in gastric tumorigenesis.

| 4. Pancreas
4.1. Pancreatic Innervation and Insights from 3D Imaging

Innervation of the pancreas has been studied for more than a century, with important findings and descriptions
dating back to the age of major discoveries in anatomy and physiology “. Moreover, the most evidence for the
involvement of SCs in the aspects of development, physiology, and disease of the gastrointestinal system comes
from the studies of this organ. The pancreas is innervated by extrinsic and intrinsic neurons. Extrinsic are mainly
associated with the vagus nerve and sympathetic splanchnic nerves, as well as sensory innervation, while intrinsic
stem from intrapancreatic ganglia (421431441 |n addition, there are connections to the ENS [42l. Nerve endings can

synapse at the ganglia or directly contact other pancreatic structures, for example, blood vessels, ducts, acini, and
islets [44],

Recently, several studies have addressed pancreatic innervation in more detail using advanced tissue-clearing and
imaging techniques [4l43146]147]  Quantitative imaging of the adult mouse pancreas revealed that the nerve
distribution in the organ is not uniform, with a larger volume of nerve seen closer to the duodenum. Depending on
the neuronal marker used, up to 35% of all islets are contacted by the axons. These islets tend to be much larger
so that around half of the islets by mass are innervated. Exocrine innervation is much less dense than in the
endocrine portion and, similarly, is more prevalent in the duodenal region 48l This agrees with earlier observations
from electron microscopy studies, which noted dense innervation around arterioles and islets, and rather sparse

innervation around the ducts and the acini of the murine pancreas 481421,

The anatomically compact human pancreas is very different from the diffuse mesenteric type of pancreas found in
murine species 2%, Differences are also seen with respect to innervation. Unlike in the murine pancreas, the
innervation density in human tissue samples is similar in the endocrine and exocrine portions, while the proportion

of innervated islets is smaller than in mouse tissue 48! and nerve-endocrine contacts are sparse 211, Interestingly,
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the distribution of intrapancreatic ganglia was similar in humans and mice and was not significantly affected by
diabetes [48],

As expected, species differences are also observed in the way SCs are distributed within the endocrine pancreas.
Most of the Insulin+ islet mass in mice is contacted by axons &l Additionally, direct SC- endocrine cell contacts
might increase the coverage even further. SCs form a dense envelope-like coating of murine pancreatic islets with
SC processes reaching inside 252 |n human tissue, GFAP+ cells are less dense and are associated with
autonomic neurons; however, some SC projections terminate at the endocrine cells 2. SC processes associated
with thin axons were also observed in the exocrine compartment together, forming a loose network on the surface

of the acinar structures [48l,

4.2. Physiological Role of Innervation and SCs in Healthy Pancreas

Autonomic regulation of pancreatic function, in general, is well described B3IB4l parasympathetic activation
induces the secretion of insulin and digestive enzymes, while sympathetic signalling results in reduced secretion
and blood vessel constriction. Nevertheless, a detailed examination is revealing, and new functions of innervation
come to light. For example, some sympathetic nerves project to the pancreatic lymph nodes and, if stimulated, can
exert immunomodulatory functions B3I, Another recent study found that sensory innervation of the vagal branch
makes extensive contacts with islets and B-cells use serotonin to communicate with these neuronal processes (28],
There may be more revealing studies to come since the choice of neuronal markers can be crucial for a correct
assessment of the extent of innervation 48, especially given that axons can be as thin as 0.1 pM, while some of

these markers are also expressed by parenchymal cells 8!,

Insights from developmental studies suggest that innervation is critical for proper formation of the pancreas.
Parasympathetic denervation leads to reduced B-cell proliferation in rats 2. Disruption of sympathetic innervation
and B-adrenergic signalling, on the other hand, results in hampered mouse endocrine cell maturation and altered
insulin production 58, This is reflected in the adult, since innervated islets in mice tend to be up to 10 times larger
than the rest 48, In addition, neural crest (NC) cells and glia appear to play a major role in this process. Migrating
NC cells arrive in the developing murine pancreas soon after delamination and engage in reciprocal signalling with
progenitors of the pancreatic epithelium to control islet mass B, As a result, B-cell proliferation is reduced and islet
maturation is fostered (Figure 1A) B Similarly, zebrafish NCs come into close contact with the endocrine

epithelium before forming neurons that innervate the islets and pave the way for further neuronal contacts 621,
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Figure 1. Role of SC and neural crest (NC) cells in the physiology and disease of the endocrine pancreas. (A)
Reciprocal signalling with endocrine progenitors promotes islet maturation and glial fate choice by NC cells. (B)
The transplanted islets contain surviving donor SCs. Co-transplantation and coating of endocrine islets with NC
stem cell (NCSC)-like cells improve graft function and stimulate [-cell proliferation and survival. (C) SCs cover the
surface of endocrine islets in mice (to a lesser extent in humans) and make contact with endocrine cells. (D) In T2D
and insulitis, SCs expand and gliosis is observed. Extensive contacts are detected with capillaries. (E) With the

onset of T1D SCs die before B-cells and innervation is reduced. SCs might have immunomodulatory function.

4.3. Fate and Function of SCs in Disorders of the Endocrine Pancreas

Pancreatic innervation is clearly affected by the onset of endocrine disorders (Figure 1C-E). It was reported that in
models of autoimmune type 1 diabetes (T1D), such as non-obese diabetic (NOD) mice, general and sympathetic
innervation is reduced 8263l On the contrary, other studies suggested increased innervation of surviving islets in
tissue samples from both streptozotocin (STZ)-treated and NOD mouse pancreas 4864l Similar observations were
made in human samples, and even more so, axon—endocrine cell contacts were preserved in samples from
patients with type 2 diabetes (T2D) 48, The same is true for the glial counterpart of innervation. After experimental
STZ treatment, which models T2D, and in early insulitis in NOD mice, reactive gliosis is observed around the islets
[62][65][66] After STZ injury, SCs demonstrate significant outgrowth and make more membrane contacts with the
intra-islet capillaries (7. With progression of insulitis, SCs die prior to B-cells [€8l. One of the hypotheses suggests
that peri-islet SCs could act as antigen presenters at the onset of T1D and amplify inflammatory signals €8],
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The observation of glial cells surrounding the islets of Langerhans 42 and NC cells in close contact with developing
endocrine cells B2 could have contributed to the idea of improving islet grafts by co-transplantation with NC stem
cell (NCSC)-like cells (Figure 1B). Unlike in developmental settings in vivo, where NC cells limit endocrine cell
proliferation 960 co-transplantation with NCSC spheres promotes adult B-cell expansion B2, Insulin production
by co-transplanted islets is also increased and can partially restore normoglycemia in mice after heterotopic
transplantation 2. Similarly, transplantation from human islets with NCSC spheres SCs mouse embryonic DRGs
promotes endocrine cell proliferation, vascularisation, and innervation of the graft /9. The same group developed a
method to coat the surface of murine islets with NCSCs before transplantation. This improved engraftment into liver
tissue, islet vascularisation, and overall performance of the graft. Moreover, many NCSCs migrated into the graft
and differentiated to glial and neuronal phenotypes 1. Interestingly, donor SCs are normally present in the grafted
islets, and the fate of these cells was studied in optically cleared mouse islets after transplantation under the kidney
capsule. SCs survive transplantation and appear to be the main contributors to the re-established SC network;
however, this process is slow and does not reach the extent seen in in situ islets /2. Along these lines, NCSCs in
co-culture were able to protect insulin-producing islet cells from cytokine-induced death, suggesting a potential
immune-modulatory action 28], Taken together, SCs remain in the grafted islets, but the addition of glial cells or
NCSCs could be beneficial. However, caution should be taken with such approaches, as SCs might actively

participate in the immune process and exacerbate autoimmune response 881741,

4.3. Fate and Function of SCs in Disorders of the Exocrine Pancreas

The exocrine pancreas makes up the largest portion of the organ, or about 95% by mass, and is the site of origin of
various pancreatic disorders 2. Pancreatitis, cystic fibrosis, and cancer are just a few disorders that affect the
function of this tissue. Pancreatic cancer is known for its grim prognosis at the time of diagnosis and has the lowest
survival rate among cancers in Europe 8 Both pancreatitis and cancer are linked to abnormal innervation. In fact,
nerve size and innervation density correlate well with the severity of pancreatic disease and increase as the tissue
progresses from normal to inflamed and malignant 2. One of the common alterations that accompany such
neuropathic changes is PNI, which develops in virtually all cases of pancreatic ductal adenocarcinoma (PDAC) and

correlates with increased morbidity and pain 8],

In addition to neuron-mediated effects, other contributions of stromal cells to pancreatic neuropathy have been
extensively studied. Immune cells, cancer-associated fibroblasts, and SCs have all been implicated (Figure 2) 2,
PNI in pancreatic cancer is not fully understood, but is likely driven by an initial interplay of signals from tumour and
immune cells, gradually accompanied by injury response cues from various activated nerve-associated cells. An
early report suggested that adenocarcinoma cells interact with SCs in PNI, as apparent from patient tissue sections
(891 Another immunohistological study of human tissue reported an activated state of intrapancreatic glia in
pancreatitis and pancreatic cancer patient samples, as evidenced by increased Nestin expression 4. Later, it was
shown that SCs are localised in the vicinity of neoplastic pancreatic and colon lesions before PNI. SCs displayed
tropism to pancreatic tumour cells, at least in part dependant on the NGF-p75 signalling (1. This was a novel
development and suggested that in PNI settings, nerve components could be the first to migrate. The same

research team proposed that SCs are activated through various routes, notably through hypoxia, tumour-derived
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interleukin (IL)-6, and chemokine CXCL-12, overexpressed in the pancreatic intraepithelial neoplasia (PanIN) 2
831 |n this scenario, activated SCs participate in pain suppression in early PDAC lesions by modulating the activity
of the astroglia and microglia of the spinal cord and could cause a delay in the diagnosis of the disease. Demir and
colleagues showed that glia-specific inactivation of the CXCL-12 receptor CXCR4/CXCR7 or blockade of IL-6
signalling abrogated SC migration, decreased glial cell numbers in PanIN lesions, and increased pain sensation in

mice.
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Figure 2. SC involvement in the pathophysiology of pancreatic cancer. (A) SCs, fibroblasts, immune cells, and
other cells of the stroma contribute to the progression of pancreatic tumours and nerve invasion. (B) SCs engage

in paracrine interaction with tumour and stromal cells.

SCs can be activated or participate in PDAC tumorigenesis indirectly by communicating with other cells of the
stroma. For example, by producing CCL2, SCs attract CCR2-expressing monocytes that eventually differentiate to
tumour macrophages and promote nerve invasion 84 An axon guidance molecule SLIT2 derived from tumour
fibroblasts modulates N-cadherin/b-catenin pathway to induce SC proliferation and migration and promote neurite
outgrowth 85 | ikewise, tumour stroma-derived leukemia inhibitory factor (LIF) activates STAT3 signalling in SCs,

leading to SC differentiation and increased neuronal remodelling in PDAC [86]
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