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Abstract 

Introduction Perineural invasion (PNI) is defined as the presence of cancer cells along nerves. 

PNI has its highest incidence in pancreatic ductal adenocarcinoma (PDAC), where it is present in 

80-100% of patients and it is also a negative factor associated with increased cancer recurrence 

and diminished survival. During PNI, nerves and cancer form a unique microenvironment that 

promotes both cancer growth and neural remodeling. Several molecules have been described to 

promote PNI, like neurotrophins and chemokines. Schwann Cells (SCs), the main glial cells of 

the peripheral nervous system, infiltrate PDAC at the early stages of disease and provide a guide 

to cancer cells along nerves as well as promoting neurogenesis around tumor. Despite the clear 

contribution of SCs to PNI, the interactions between myelinated nerves, SCs and PDAC have 

been poorly investigated. 

Objectives Study the reciprocal interactions between PDAC and nervous cells and develop a new 

score to better stratify and analyze the severity of PNI in patients. 

Materials and methods: We analyzed how myelinated nerves and cancer cells interact and 

identified the molecules governing this interaction. We used SCs-neuronal cocultures and 2D 

cancer cells to recreate in vitro PNI. In addition, to evaluate more physiologically these 

interactions, we developed pancreatic organoids. 

Results: Our results showed that neoplastic cells can induce profound alterations in myelinated 

cocultures, both by direct and paracrine contact. By secretome analyses, we selected potential 

candidates able to induce myelin degeneration and focused on FGF-BP1, a molecule involved 

both in cancer progression and nerve degeneration. By treating with recombinant FGF-BP1 and 

inhibiting its signaling, we suggested that FGF-BP1 mediates myelin degeneration induced by 

cancer cells.  

Moreover, we showed that myelin degeneration promotes cancer cells growth, proliferation, 

migration and invasion. To reproduce these results in a more physiological setting, we developed 

pancreatic organoids, spheroids and organoids-nerve cocultures. We also established an in vivo 

model of PNI by orthotopically transplanting cancer spheroids that we are currently validating. 

Finally, we applied the newly developed PNI score to a population of 507 patients who underwent 

surgical resection for PDAC at San Raffaele Hospital. 

Conclusions: We have rigorously analyzed the interactions between PDAC and nerve and 

identified a candidate that could become a new therapeutic target for PDAC patients. In addition, 

we have detailed the role of PNI specifically in PDAC, prompting a greater attention for PNI in 

clinical settings. 
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Introduction 
 

1. The human pancreas 
 

The pancreas is a retroperitoneal organ with both exocrine and endocrine functions. It 

lies in the retroperitoneum at the level of L1 and L2 vertebrae, surrounded by a not well 

defined fibrous capsule (Longnecker, 2021).  

It is commonly divided into three parts: the head, separated from the rest of the organ 

by the left border of the superior mesenteric artery (SMA), the body, and the tail, which 

extends towards the spleen. The ventral part of the head has an embryologically different 

origin from the rest of the pancreas. It derives from the ventral pancreatic bud that at the 

7th week of gestation rotates to fuse with the dorsal pancreatic bud. This results in smaller 

and stiffer lobules in the ventral pancreas and a different distribution of islets of 

Langerhans and vasculature (Adda et al, 1984). Islets of Langerhans density is almost 

two-fold higher in the body-tail as compared to the head of the pancreas. Interestingly, 

the head of the pancreas is more susceptible for islet cells loss, that will eventually lead 

to diabetes development, as well as for cancer growth.(Wang et al, 2013). Further studies 

are needed to understand why the risk to develop such pathologies is increased in this 

region of the pancreas. 

 

The pancreas is vascularized by two major arteries, the coeliac artery and the superior 

mesenteric artery (SMA) (Villasenor & Cleaver, 2012).  

These two arteries give rise to the superior and inferior pancreaticoduodenal arcades 

that vascularize the head of the pancreas. The superior pancreaticoduodenal arteries 

derive from the gastroduodenal artery, which originates from the common hepatic artery; 

the inferior pancreaticoduodenal arteries, instead, stem directly from the SMA. The body 

and tail of the pancreas are vascularized by multiple branches all deriving from the splenic 

artery (Kumar et al, 2021).  

Venous drainage of the pancreas follows the arterial pattern and drains into the portal 

system. The portal vein is formed immediately behind the pancreas by the confluence of 

the splenic vein and superior mesenteric vein (SMV). The splenic vein receives blood 
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from the body and tail of the pancreas. The head of the pancreas is drained by two 

systems: the superior pancreatic veins, that end in the gastroepiploic vein or directly in 

the portal vein, and the inferior pancreatic veins that drain into the SMV (Mahadevan, 

2019; Ibukuro, 2001) (Figure 1).  

 

 

 

Figure 1. Vascular anatomy of the pancreas: arterial and venous drainage 

Pancreatic vascularization. Arterial vessels derive from the superior mesenteric artery 

and from the coeliac trunk. Venous vessels follow the path of the corresponding arteries. 

IVC, inferior vena cava (Cesmebasi et al, 2015). 

 

Functionally, the pancreas can be divided into an exocrine and an endocrine part. The 

exocrine pancreas is composed by acinar and ductal cells, it is responsible for the 

secretion of digestive enzymes. The endocrine pancreas is composed by the islets of 
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Langerhans, whose function is to synthetize and release different hormones in the blood 

stream.  

The exocrine part of the pancreas accounts for most of the pancreatic volume, 

approximately 85%, while the endocrine part represents less than 4% of the total 

pancreatic volume. Approximately 90% of the pancreatic blood supply is dedicated to the 

exocrine pancreas (Lewis et al, 1998). 

The remaining 20% is essentially composed of mesenchyme (Pandol, 2010).  During 

development, mesenchymal tissue supports the proliferation of precursor cells and the 

normal growth of the pancreas (Landsman et al, 2011) (Hibsher et al, 2016). 

 

The exocrine and the endocrine pancreas represent two structurally separated regions: 

even if the islet of Langerhans are found scattered among exocrine pancreas, these two 

components have very typical structures (Figure 2). The cellular composition of exocrine 

and endocrine pancreas is distinctive, giving rise to two different systems: the acinar-

ductal one for digestive enzyme secretion and distribution, and the islet one for hormone 

production and homeostasis.  
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Figure 2. Normal pancreatic morphology 

Normal pancreatic structure showing the proximity of acinar and ductal cells with islet 

of Langerhans, composed by α cells, β cells, δ cells, γ cells and resident macrophages. 

Blood vessels and nerves supply all pancreatic compartments (Rickels et al, 2020). 

1.1 Exocrine pancreas 

 

Exocrine pancreas relies on functional units composed of an acinus and its matching 

draining ducts. The small ductules from the acinus drain into interlobular (also called 

intercalated) ducts, which in turn drain into the main pancreatic duct (Reichert & Rustgi, 

2011). Acinar cells are responsible for the secretion and storage of zymogens and 

digestive enzymes. The timing of production and secretion of these enzyme is highly 

regulated to ensure a proper supply of digestive enzymes (Williams, 2010). 

From a structural point of view, both acinar and ductal cells are polarized towards the 

lumen of the duct where they release their content. On their basal membrane, acinar cells 

express receptor for hormones and neurotransmitters that drive enzymes secretion; the 
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nucleus and the endoplasmic reticulum are located in the basal region, while zymogen 

granules, that are fundamental for storing and secreting enzymes, can be found in the 

apical region of the cell. Tight junctions between acinar cells create a barrier against the 

leakage of digestive enzyme (Husain & Thrower, 2009). 

Ductal cells provide the epithelial lining of the pancreatic ductal system. They contain 

a high number of mitochondria, as they need energy to transport ions. Ions secretion is 

regulated by secretin and acetylcholine.  These two molecules mediate the activation of 

the chloride channel cystic fibrosis transmembrane conductance regulator (CFTR) on the 

luminal membrane and the activation of two potassium channels, the voltage- and Ca2+-

activated K+, big conductance (BK, maxi-K), and the intermediate (IK, KCa3.1) Ca2+-

activated K+ channels  (Schnipper et al, 2020)on the basolateral membrane. High levels 

of chloride ions in the lumen determines a subsequent chloride/bicarbonate exchange 

(Venglovecz et al, 2021), resulting in an alkaline fluid,  necessary to prevent intra-

pancreatic activation of the acinar digestive enzymes and to neutralize the acid chyme 

leaving the stomach and entering the duodenum (Grapin-Botton, 2005). 

Another cellular component of the pancreas is represented by centroacinar cells, which 

are localized between ductal and acinar cells. These cells express ductal markers, like 

Sex-determining region Y box 9 (SOX9), though it was also demonstrated their role as β-

cell precursors in zebra fish (Delaspre et al, 2015). Their exact role in humans is not 

completely understood (Beer et al, 2016). 

Pancreatic stellate cells are, in physiological conditions, inactive cells that encircle 

acinar and ductal structure. It has been proposed that they provide a basement membrane 

for the formation of epithelial structures (Pandol, 2010). The role of stellate cells is more 

intriguing during pathological states: for instance, in pancreatic cancer they differentiate 

into myofibroblast-like cells expressing α-smooth muscle actin (SMA) that secrete pro-

inflammatory cytokines and growth factors used by the neoplastic cells to grow and 

proliferate (Masamune & Shimosegawa, 2013). In addition, activated stellate cells 

promote a desmoplastic reaction and increased extracellular matrix deposition, creating a 

barrier around cancer that protects it from chemotherapy (Schnittert et al, 2019). 

1.2 Endocrine pancreas 

 



 

11 
 

Endocrine cells are organized in the islet of Langerhans, distributed in the exocrine 

tissue. In a normal pancreas, there are more than 1 million islets, which are composed of 

different type of cells: 60% are β cells, 30% α cells, and the final 10% includes δ-cells, γ 

cells and ε-cells (Da Silva Xavier, 2018).  

β cells are responsible for the production and secretion of insulin in response to various 

stimuli, like high blood glucose concentration and incretin hormones (Marchetti et al, 

2017). α cells produce glucagon, the counter regulator of insulin whose major function is 

to prevent hypoglycemia (Wendt & Eliasson, 2020). δ-cells are somatostatin secreting 

cells that can be found also in the hypothalamus and in the gastrointestinal tract. 

Somatostatin is a negative regulator of various hormones, like insulin, glucagon and 

pancreatic polypeptide (Arrojo e Drigo et al, 2019). γ cells are pancreatic polypeptide-

producing cells, found in higher number at the head of the pancreas. Pancreatic 

polypeptide is involved in metabolism balance and it is considered a satiety hormone 

(Asakawa et al, 2003). ε-cells are responsible for ghrelin secretion, whose main function 

could be to act as paracrine inhibitors of insulin secretion (Wierup et al, 2013). 

The proportion of the different types of cells constituting the islet vary according to 

age, size of the islet and their location, with smaller islet comprising mainly β cells 

(Atkinson et al, 2020). 

 

Exocrine and endocrine cells are connected by a microvasculature network, the insulo-

acinar portal system. Capillaries leave the islet cells of Langerhans to drain into secondary 

capillaries around acini and ducts, and ultimately into the portal vein. This venous system 

exposes exocrine cells to a high concentration of insular hormones that participate in the 

exocrine cells secretion (Shiratori & Shimizu, 2018). 

Different pathologies can affect the pancreas, both in the endocrine and in the exocrine 

component, like diabetes, acute and chronic pancreatitis, neuroendocrine tumors, and 

cancer. Here we will specifically focus on pancreatic adenocarcinoma arising from ductal 

cells, an aggressive cancer with a dismal prognosis. 
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1.3 Innervation of the pancreas 

 

 Pancreatic innervation is supplied by sympathetic, parasympathetic and sensory 

fibers (Figure 3). Nervous fibers travel both in and out of the pancreas following the blood 

vessels and innervate the exocrine and the endocrine pancreas in a quite complex and 

entangled network (Bockman, 2007). 

 

Figure 3. Pancreatic innervation 

Parasympathetic fibers originate from the dorsal motor nucleus of the vagus (DMV) 

and the nucleus ambiguous. Sympathetic efferent fibers project from the spinal cord 

lateral horn to the coeliac ganglia (CG) and the superior mesenteric ganglia (SMG) (Li 

et al, 2019). 

 

The coeliac plexus gives rise to the anterior and posterior hepatic plexuses and 

innervates the head of the pancreas. The anterior hepatic plexus runs along the common 

hepatic artery, the gastroduodenal artery and the pancreaticoduodenal artery. The 

posterior hepatic plexus runs parallel to the portal vein and its most inferior nerve fibers 

innervate the dorsal part of the pancreatic head (Ren et al, 2020).  
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The body and tail of the pancreas are innervated by the splenic plexus via nervous 

fibers that enter the pancreas following the great pancreatic artery, and also by the coeliac 

plexus via nervous fibers that run along the inferior pancreatic artery (Yi et al, 2003). 

Sensory innervation of the pancreas is provided by the vagal nerve and spinal 

pathways. Neurons of the spinal pathway are located in T6-L2 dorsal root ganglia and 

travel with sympathetic fibers in splanchnic nerves and coeliac plexus. These axons 

include small myelinated (Aδ) and unmyelinated (C) fibers that transmit mechanoceptive 

and nociceptive information (Love et al, 2007). Vagal axons originate from the nodose 

ganglia and regulate glucose homeostasis via communication with pancreatic β-cells 

(Makhmutova et al, 2021). The nodose ganglia contains mainly A fibers and C fibers 

(Waise et al, 2018). Interestingly, in rats the right ganglia predominantly innervates the 

duodenal lobe while the left ganglia the splenic lobe, suggesting a regional distribution 

of the sensory innervation (Neuhuber, 1989). It would be interesting to study if this 

regional innervation has any influence on the different behavior of PDAC arising from 

the different regions of the pancreas.  

Sympathetic innervation of the pancreas derives from sympathetic neurons found in 

the intermediolateral column of the lower thoracic and upper lumbar segments of the 

spinal cord. These fibers project to the sympathetic chain via white communicating rami 

(anatomic structures connecting the preganglionic sympathetic neurons of the spinal cord 

to the sympathetic chain, containing a majority of myelinated axons – hence defined white 

rami (Ernsberger & Rohrer, 2018)) and to coeliac and mesenteric ganglia via splanchnic 

nerves (Babic & Travagli, 2016). Noradrenergic fibers of the postganglionic neurons 

innervate intrapancreatic ganglia, endocrine islets, ducts, lymph node and vessels. 

Sympathetic activation induces vasoconstriction and reduces exocrine and endocrine 

secretion (Makhmutova & Caicedo, 2021). It has been suggested that sympathetic fibers 

interact with the immune pancreatic system and that a loss of islet specific sympathetic 

fibers might be correlated to the onset of type I diabetes in patients (Mundinger et al, 

2016). 

Parasympathetic innervation originates from the dorsal motor nucleus of the vagus 

(DMV) and directly synapses with pancreatic ganglia. Pancreas-projecting neurons are 

located in the left DMV area, where the hepatic and the anterior gastric branches of the 
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vagus are found. However, also nerve projections deriving from the coeliac branches of 

the vagus in the right DMV area give a small contribution to the innervation of the tail of 

the pancreas. Input to the DMV originates mainly from the nearby located nucleus tractus 

solitarius that transmits to the DMV via glutamatergic, GABAergic and 

catecholaminergic signals (Travagli & Anselmi, 2016). Parasympathetic stimulation 

increases insulin secretion and regulates the pulsatile secretion of insulin (Fontaine et al, 

2021). Moreover, parasympathetic activation modulates the release of exocrine enzymes 

and participates in the cephalic phase of digestion (Power & Schulkin, 2008). 

 

1.4 Pancreatic anatomy: human and murine comparison 

 

Human pancreas has some peculiar differences from mouse pancreas that should be 

considered while using animal models to replicate human diseases. 

During embryonic development, murine pancreas becomes visible at day E9. The 

pancreatic epithelial tissue can be distinguished by the expression of pancreatic duodenal 

homeobox 1 (Pdx1), which is one of the earliest transcription factors expressed that marks 

pluripotent epithelial cells (Gu et al, 2003). In the following days, the epithelium, 

supported by the mesenchyme, grows forming the ventral and dorsal bud that will fuse at 

E13 forming a single organ (Puri & Hebrok, 2007; Jørgensen et al, 2007). By E15, 

differentiation markers for all pancreatic cell types are expressed (Pan et al, 2013). 

Macroscopically, the mouse pancreas is a rather diffuse organ as compared to the 

human pancreas, which is, instead, more compact. The mouse pancreas can be divided 

into three parts: the duodenal lobe, the splenic lobe and the gastric lobe (Dolenšek et al, 

2015). The splenic lobe is the biggest one and can be compared to the body-tail of the 

human pancreas, with the gastric lobe as a small appendage of the splenic lobe. The 

duodenal lobe, instead, corresponds to the head of the human pancreas. 

Microscopically, murine and human pancreases differ both for the exocrine and the 

endocrine components. In humans, the exocrine pancreas is organized in lobules, each 

composed of acini made by clusters of acinar cells that drain into intercalated ducts. These 

smaller ducts drain into various order of bigger ducts, and eventually converge into the 

duct of Wirsung, the main pancreatic duct, that together with the common bile duct, drains 
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in the duodenum via the ampulla of Vater (Horiguchi & Kamisawa, 2010). In mice, there 

is a large interlobular duct that drains the three lobules; the splenic and gastric duct merges 

early with the common bile duct, before the duodenal duct merges with them and then 

enter the duodenum (Higashiyama et al, 2016). Endocrine cells are more heterogeneously 

distributed in the mouse pancreas as compared to human; moreover, the islet of 

Langerhans are organized in a less complex structure in mice compared to humans 

(Dolenšek et al, 2015). 

Nerve distribution is rather different in the human and mouse pancreas. A detailed 

morphological study on the distribution of nerve trunks in murine pancreas identifies 

nerves in two major locations: around blood vessels and intrapancreatic lymph nodes. 

Notably, the authors of this article did not detect nerves in the interlobular septae. The 

majority of nerves were observed in the head of the pancreas, where they also showed a 

higher number of nociceptive fibers (positive for substance P, a neuropeptide known 

mediator of pain) (Saricaoglu et al, 2020). In humans, nerves enter the pancreas following 

the blood vessels, similar to what happens in mice, but there is a lack of detailed 

information regarding the association between nerves and lymph nodes. Moreover, the 

distribution of different types of nerves presents some differences between mouse and 

human. While sympathetic fibers are in close contact with exocrine cells and vessels in 

humans, mediating an inhibitory effect on acinar and ductal secretion, in mice, acinar 

cells are only scarcely innervated by them (Dolenšek et al, 2015). On the contrary, 

sympathetic fibers provide little innervation to the islets of Langerhans in humans, while 

in mice these fibers directly contact α cells and encircle the adjacent arterioles, forming a 

neurovascular complex (Chiu et al, 2012). 

 

 

2. Peripheral Nervous System 
 

The nervous system is a network of specialized cells that connect and coordinate 

different parts of the body. The nervous system consists of two parts, the Central Nervous 

System (CNS) and the Peripheral Nervous System (PNS). The CNS comprises the brain 

and the spinal cord, while peripheral nerves and ganglia connecting the CNS to the rest 
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of the body are the component of the PNS. In this thesis I will specifically focus on the 

PNS. 

The PNS can be further divided into somatic and autonomic nervous system. The 

somatic nervous system is responsible for the voluntary movements that are accomplished 

via skeletal muscles. The somatic system orchestrates inputs we receive from afferent 

(from the periphery to the CNS) and efferent fibers (from the CNS to the periphery), both 

deputed to the control of voluntary movements (Akinrodoye & Lui, 2020).  

The autonomic nervous system controls involuntary actions and the physiological 

functioning of the organism. It is further subdivided into sympathetic and 

parasympathetic nervous systems. The type of response controlled by the 

sympathetic nervous system focuses on the “fight or flight” reaction, which supports 

immediate response in case of danger through the increase of cardiovascular function, 

subsequent higher oxygen availability to muscles, and decreased pain sensation, and 

relies on acetylcholine and norepinephrine as neurotransmitters. The parasympathetic 

nervous system, instead, is responsible for the “rest and digest” response, during which 

the physiological bodily functions take place, like digestion, salivation, urination and 

sleep, and uses acetylcholine as the only transmitter for muscarinic receptors (LeBouef 

& Whited, 2019). 

 

2.1 Peripheral Nerve Structure 

 

The PNS contains two main types of cells: neurons and glial cells. Glial cells of the 

PNS are SCs, enteric glial cells and satellite cells and have a fundamental role in 

providing metabolic support to neurons, insulating axons to increase conductance, and 

promoting regeneration after injury (Jessen, 2004). Other PNS components are 

fibroblasts, immune cells like macrophages, and pericytes; these cells have ancillary 

functions like structural and proliferative support to SCs (Dreesmann et al, 2009), myelin 

debris clearance after injury (Griffin et al, 1992; Forese et al, 2020), creation and 

maintenance of the blood-nerve-barrier (Shimizu et al, 2011), respectively. Neurons are 

responsible for the reception and transmission of electrical inputs. Neuronal cell bodies 
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covered by satellite cells constitute PNS ganglia, while peripheral nerves are composed 

by afferent and efferent axons, SCs and connective tissue + (Butler & Bronner, 2015).  

Peripheral nerves are organized in bundles of nerve fibers that could be either 

myelinated or non-myelinated based on their size and function. Myelinated fibers usually 

mediate motor, proprioceptive and vibratory senses, while small unmyelinated or thinly 

myelinated fibers convey nociception and autonomic functions (Saporta & Shy, 2015). 

Peripheral nerves are structured into three compartments: 1) the epineurium: it is the 

outermost layer and surrounds the entire nerve fibers, including also blood vessel which 

provide nutrients to the nerve; 2) the perineurium: it is composed of flat perineural cells 

that isolate nerve fascicles composed of SCs-axons units; 3) the endoneurium: it is a 

permeable, thin collagenous tissue layer, which encloses single nerve bundles (Peltonen 

et al, 2013).  

SCs are the main component of the peripheral nerve. They derive from the neural crest 

and become mature cells through a series of strictly regulated passages. One of the best 

characterized markers of SCs, expressed from the stage of neural crest precursor to mature 

SCs, is SRY-related HMG box 10 (Sox-10). In mice mutant for Sox-10, glial cells are 

lacking; neurons develop normally, but, at later stages, sensory, sympathetic and motor 

neurons degenerate, probably because of the lack of trophic support (Britsch et al, 2001; 

Finzsch et al, 2010). 

SC precursors are tightly associated with emerging nerves and rely on survival signals 

from axons. A key neuronal factor is Neuregulin (NRG)-1 type III that binds to its 

receptors ErbB2-ErbB3 (erythroblastic leukemia viral oncogene homolog-2/3) on SCs 

and, at this stage of embryonic development, orchestrates proliferative and pro-survival 

signals. ErbB3 mutant mice lack SCs precursors and therefore SCs (Riethmacher et al, 

1997). This pathway is conserved in evolution, as demonstrated by studies in zebrafish. 

ErbB2/3 mutants in zebrafish confirmed that this signaling is essential for SCs 

proliferation, migration along axons and post-migratory SCs proliferation, essential for 

the onset of myelination (Woldeyesus et al, 1999; Garratt et al, 2000a). 

SC precursors are fundamental to provide trophic support to the developing nerves: in 

mice knock out for NRG-1 type III, SC precursor are initially present but then dye 

resulting in SCs absence in embryonic nerves. In this mice, sensory and motor neurons 
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degenerate and die (Wolpowitz et al, 2000), suggesting that neurons and glia depend on 

each other for survival in the early developmental phases. 

Around E14, SC precursors develop into immature SCs that will subsequently become 

myelinating or non-myelinating SCs. Immature SCs stop migrating and start secreting 

their own basal lamina, as well as different factors like insulin-like growth factor-2 (IGF-

2), Platelet-derived growth factor beta (PDGFβ), Neurotrophin-3 (NT3), leukemia 

inhibitory factor (LIF) (Meier et al, 1999; Dowsing et al, 1999). All these factors are 

important for sustaining SCs survival in an autocrine way. 

 

In nerve morphogenesis, immature SCs are responsible for the separation of large 

caliber axons, that will become myelinated, from small axons that will instead form 

Remak bundles as non-myelinated fibers (Jessen & Mirsky, 2005). This process is termed 

radial sorting, it starts around birth and is essential for the correct maturation of nerves 

(Figure 4). 

 

 

Figure 4. Myelinating and non-myelinating Schwann Cells development 

SC precursors (SCPs) actively proliferate and migrate along growing axons 

(longitudinal section). Subsequently, SCPs become immature SCs, associate with 

different axons, stop migration and start secreting basal lamina (BL) – which will mature 

through SCs development. During radial sorting, immature SCs experience two different 

fates. Myelinating SCs wrap their cytoplasm around a single axonal fiber, creating the 
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myelin sheath. Non-myelinating SCs ensheath multiple small axons, forming a Remak 

bundle (Monk et al, 2015). 

 

During radial sorting, immature SCs envelop their cytoplasm around an axon bundle 

and myelinating SCs associate with large caliber axons in a 1:1 ratio, segregating 

(defasciculating) them at the periphery of the axonal bundle. Remaining SCs will become 

Remak SCs, ensheathing multiple axons without producing the myelin sheath (Webster 

et al, 1973). This represents the end of the radial sorting process, which occurs around 

post-natal day 10 in rodents (Monk et al, 2015). 

 

2.2 Myelin structure and composition 

 

Myelin is a specialized plasma membrane that provides electrical insulation to large 

axons to sustain a fast conduction of action potentials (Morell & Quarles, 1959). SCs 

plasma membrane forms spiral layers around a single axon (Jessen et al, 2015). The 

apposition of these layers generates intraperiod lines, formed by the apposition of the 

outer faces of two consecutive wraps, and major dense lines, formed when the cytoplasm 

of the myelin process is extruded and the opposite plasma membrane fuse together (Horih, 

1989). Myelin is not continuous along the axons but is interrupted by the nodes of Ranvier 

that separate one internode from the following one. Nodes of Ranvier contain a high 

concentration of voltage-gated sodium ion channels, responsible for a rapid saltatory 

conduction (Rasband & Peles, 2016) (Figure 5).  

Flanking the node, paranodal junctions can be found. They are specialized sites that 

attach the myelin sheath to the axon and create a boundary to limit the lateral diffusion of 

nodal structures (Rosenbluth, 2009; Lazzarini & Nave, 2004). In addition, 

communication and exchanges of molecules between Schwann cells and axons across the 

myelin sheath is allowed by Schmidt-Lanterman incisures, specialized cytoplasmic 

channels crossing the myelin layer from the most outer part to the inner one (Terada et 

al, 2019). 
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Figure 5. Myelinated nerve fiber structure 

a) Cartoon illustrating a myelinated nerve fiber and the saltatory conduction of action 

potential. b) Illustration of transverse section of a myelinated axon. c) Electron 

microscopy of a myelinated axon in a murine optic nerve at high magnification, the axon 

is surrounded by the multilamellar structure of myelin. Modified from (Susuki, 2010). 

 

Myelin has a unique biochemical composition. A peculiar characteristic is its high lipid 

content, around 70-85% of the total, as compared to a relative low protein content (20-

30%). This is in contrast with the composition of most plasma membranes that typically 

have a 1:1 lipid to protein ratio. Myelin lipid composition is peculiar as compared to other 

biological membranes, since it is composed of high amounts of cholesterol and an 

abundant quantity of glycolipids. Lipid composition is similar between CNS and PNS, 

though phosphatidylcholines and sphingomyelin are more abundant in peripheral myelin 

(Poitelon et al, 2020).  
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Among lipids, cholesterol represents approximately 40% of total myelin lipids. Its 

relevance has been further underscored in several studies, showing that in its absence, 

oligodendrocytes cannot synthesize myelin (Saher et al, 2005). In development, SCs can 

uptake cholesterol from the circulation, but mainly rely on self-produced cholesterol. 

Indeed, mice with conditionally inactivated SCAP in SCs, a Sterol responsive element 

binding protein (SREBP) Cleavage Activation Protein needed for SREBP activation, are 

unable to produce cholesterol. SCAP inactivation therefore interferes with cholesterol 

synthesis and uptake, and SCs lacking SCAP result in a severe congenital 

hypomyelination of sciatic nerve (Verheijen et al, 2009). In addition, the reduced 

presence of cholesterol determines a down-regulation of myelin proteins (Saher et al, 

2011). 

Galactosylceramides are the major are the major glycosphingolipids of myelin. Their 

principal role is to increase myelin stability. They create strong hydrophobic forces 

between myelin membranes, thus sticking them together (Bakhti et al, 2014). Both 

Phosphatidylcholines and sphingomyelins represent classes of lipids enriched in PNS 

myelin. Phosphatidylcholines are structural components of the myelin membrane. They 

are mainly self-produced by SCs through choline uptake and represent the precursors for 

the synthesis of other important lipids, like sphingomyelins (Furse & De Kroon, 2015). 

Sphingomyelins participate in myelin membrane stability and are involved in signaling 

pathways regulating proteins and cholesterol trafficking to the membrane (Simons et al, 

2000). 

 

Lipids are fundamental for the insulating activity operated by myelin, while proteins 

have a role in myelin stability and in its correct functioning. Differently from lipids, 

myelin proteins are highly specific and differ between PNS and CNS. The major proteins 

in the PNS include Myelin Protein Zero (P0), Peripheral Myelin Protein 22 (PMP22), 

Myelin-Associated Glycoprotein (MAG), Myelin Basic Protein (MBP). 

P0 is the main myelin protein, exclusively present in the PNS, and represents 50-70% 

of the total myelin protein content. It is expressed early in development, at E13.5, 

probably representing a marker of SCs lineage, and its expression levels peaks during 

myelination at post-natal day 21 (Lee et al, 1997; Stahl et al, 1990). P0 serves as a 
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structural component of myelin; it participates to maintain myelin compaction (Lemke & 

Axel, 1985) via homophilic interactions with other P0 proteins, as well as binding to 

sphingolipids and PMP22. 

PMP22 represents 2-5% of total PNS myelin protein content. Though the specific 

functions of PMP22 have not been fully characterized, it is believed to participate in 

myelin stability through interactions with other proteins, like P0. Its expression is strictly 

regulated: indeed, alterations in PMP22 protein levels cause different neuropathies. For 

example, duplication of PMP22 gene causes Charcot-Marie-Tooth 1A, characterized by 

reduced nerve conduction velocity, distal muscle weakness, atrophy and sensory loss; 

instead, gene deletion causes in Hereditary Neuropathy With Pressure Palsy (Watila & 

Balarabe, 2015; Van Paassen et al, 2014). 

MAG accounts for 0.1% of total PNS myelin content. Unlike the above described 

myelin proteins, it is expressed in both CNS and PNS myelin. It is localized in the 

innermost layer of myelin, in contact with the axon. MAG has adhesive properties, and it 

might mediate communication between SCs and axons. It is involved in a rare, 

autoimmune peripheral neuropathy where autoantibodies are produced specifically 

against MAG, resulting in sensory neuropathy with ataxia and tremor (Quarles, 2007; 

Pascual-Goñi et al, 2019). 

MBP represents 5-15% of total PNS myelin proteins. Similarly to MAG, it is expressed 

in both CNS and PNS myelin. It is believed to participate in myelin maintenance and 

compaction; while it is essential only for CNS myelin structuring, MBP is not necessary 

for myelin lamellae formation in the PNS (Smith-Slatas & Barbarese, 2000) (Lazzarini et 

al, 2004). 

 

2.3 The process of myelination 

 

Numerous axonal and extracellular matrix-derived signaling pathways are activated in 

SCs to drive myelination. 

Besides controlling important steps in pre-natal SCs proliferation and survival, NRG1 

type III is the key molecule governing myelination in the PNS. It is expressed on axons 
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and its expression levels determines the myelinating or non-myelinating fate of SCs. 

Dorsal Root Ganglia (DRG) neurons, derived from mice lacking NRG1 type III, are not 

myelinated (Taveggia et al, 2005). Moreover, mice overexpressing NRG1 type III are 

hypermyelinated, while mice with haploinsufficient for NRG1 type III are 

hypomyelinated (Michailov et al, 2004), indicating that myelin sheath thickness is 

directly proportional to the levels of NRG1 type III expressed on axons. 

NRG1 type III binds to ErbB-2 and ErbB-3 that are expressed on SCs, where they 

function as forced heterodimers (Citri et al, 2003). Conditional ablation of ErbB2 in 

myelinating SCs leads to the formation of thinner myelin sheath with a resulting 

widespread peripheral neuropathy. This result further underlines the important role of 

NRG1-ErbBs interactions in myelination (Garratt et al, 2000b). NRG1 type III activation 

of ErbB-2 and 3 results in the activation of various signaling pathways, among which the 

main characterized are the phosphatidylinositol 3-kinase (PI3K)-AKT 8 virus oncogene 

cellular homolog (AKT) pathway and the extracellular signal-regulated kinases (ERK) 

pathway (Newbern & Birchmeier, 2010). Several studies have shown that the concerted 

modulation of these pathways leads to the physiological production of myelin proteins 

and lipids.  

Pharmacological inhibition of AKT in vitro reduces myelin proteins expression and 

impairs myelin formation in cultures, while sustained AKT activation in SCs in vivo 

resulted in nerves hypermyelination and myelin abnormalities (Domènech-Estévez et al, 

2016). Notably, these hypermyelination and abnormalities were reversed by treating mice 

with rapamycin, a mammalian target of rapamycin inhibitor, suggesting the involvement 

of mTOR in myelination downstream of AKT (Domènech-Estévez et al, 2016; Heller et 

al, 2014).  

Deletion of ERK1/2 in the developing neural crest determines an absence of SCs on 

peripheral nerves, and ERK1/2 ablation in SC precursors results in hypomyelination and 

reduction in the number of myelinated fibers, similarly to what observed in NRG1 and 

ErbBs knock out mice (Newbern et al, 2011). Nonetheless, ERK1/2 role in nerve 

development is controversial. Indeed, sustained ERK activation leads to 

hypermyelination (Ishii et al, 2013), but it has also been reported to cause demyelination 

in already myelinated nerves (Napoli et al, 2012). 
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At transcriptional level, positive regulators of myelination include Sox-10, that, in turn, 

can activate the transcription factor octamer-binding transcription factor 6 (Oct-6).  

Together, Sox-10 and Oct-6 activate Krox-20 (Sundaram et al, 2021), which is considered 

the master regulator of myelination. Indeed, in vivo, SCs lacking Krox-20 can only form 

one layer of myelin around a deputed axon (Topilko et al, 1994). 

Myelination is controlled also by negative regulators, which inhibit myelin genes 

activation and are activated during nerve injury response. For example, Sox-2 is 

downregulated in myelinating cells in vivo, and its overexpression in SCs suppresses 

myelin genes expression and inhibits myelination in vitro (Roberts et al, 2017). c-Jun is 

highly expressed in immature SCs and it is subsequently downregulated at later stages of 

the Schwann cells lineage, when Krox-20 and myelination commence. Indeed, c-Jun 

overexpression in SCs inhibits myelination (Parkinson et al, 2008a). Interestingly, 

immediately after injury, c-Jun is upregulated as it is required for SCs de-differentiation 

and subsequent transformation in repair SCs; ablation of c-Jun in SCs impairs the 

regenerative abilities of nerves after injury (Parkinson et al, 2008b). 

Notch intra-cellular domain (NICD) is a transcriptional regulator that is suppressed by 

Krox-20 in vitro in myelinating SCs. Indeed, when NCID is ectopically expressed in 

healthy nerves in vivo, it induces demyelination – working as a negative regulator of 

myelination (Woodhoo et al, 2009).  
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3. Pancreatic ductal adenocarcinoma 
 

Pancreatic adenocarcinoma (PDAC) is the most common malignancy of the pancreas, 

representing up to 85% of cases. PDAC is currently the fourth leading cause of cancer 

related death in Western countries and the seventh worldwide. Notably, it is expected to 

become the third leading cause of cancer death by 2025 in Europe (Sung et al, 2021). This 

increased incidence can be explained by the general ageing of our society but also by the 

increased prevalence of obesity and type two diabetes, both accepted risk factors for 

PDAC (Orth et al, 2019). The low survival rate is mainly due to the late stage at which 

PDAC is diagnosed. Only 20% of the patients arrive at clinical attention when surgical 

resection is feasible – and surgical resection is still the only curative treatment. The 

survival rate of PDAC has only slightly increased in the past years, nevertheless the 

cumulative rate of survival at five-years still remains around 5% (Siegel et al, 2020).  

PDAC is a particularly challenging cancer to treat, not only because of the late stages 

at which it is usually diagnosed, but also for its tendency to form early metastasis and its 
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intrinsic resistance to chemo and radiotherapy treatments. This is further underscored by 

the fact that even recent advances in cancer treatment like immunotherapy and immune 

check-point inhibitors have failed in PDAC, with check-point inhibitors approved for 

only 2% of PDAC patients, namely those presenting high microsatellite instability 

(Lemery et al, 2017). 

 

Among pancreatic cells, acinar cells are very sensitive to genetic and environmental 

stimuli as compared to other pancreatic cells (Wang et al, 2019). They are able to 

differentiate into ductal cells in a process called acinar to ductal metaplasia, where they 

lose acinar marker and express markers of ductal lineage like cytokeratin-19 (CK-19) and 

SOX9 (Kopp et al, 2012). During differentiation, these metaplastic acinar cells are more 

prone to pro-oncogenic hits like KRAS mutations and environmental stressor that may 

lead to a transformation into Pancreatic intraepithelial neoplasia (PanINs). Accordingly, 

it has been suggested that acinar to ductal metaplasia might provide an initial step for 

PDAC development (Chuvin et al, 2017). PanINs are recognized precursor lesions of 

PDAC. They are divided into three categories (PanIN 1, PanIN 2 and PanIN 3) with 

increasing degrees of nuclear and cellular atypia. PanIN-1 and PanIN-2 lesions can be 

found even in the absence of cancer, while PanIN-3 is usually associated with invasive 

neoplasia (Distler et al, 2014). The prevalence of PanINs increase with age and are most 

commonly found in the head of the pancreas.  

PanIN stage correlates with increasing genetic mutations. KRAS is an early mutation, 

already found in PanIN 1 stage, while the other classical mutations of PDAC like 

inactivation of p16/CDKN2A are usually associated to PanIN 2. Finally, inactivation of 

TP53 and SMAD4 are detected in PanIN 3 (Hruban et al, 2008). These genetic alterations 

recapitulate the consequential mutations observed in most cases of human PDAC 

(Sakorafas & Tsiotou, 1999). The high frequency and early appearance of KRAS mutation 

in PanINs supports the role of KRAS as an initiating event for PDAC development 

(Koorstra et al, 2008). 

Given the difficulties in treating established PDAC, it would be very important to develop 

methods to detect early lesions like PanINs that would allow a window for monitoring 

their progression towards aggressive cancer and prompt early intervention. This is 
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particularly true for patients with familiar PDAC, where the possible detection of PanIN3 

would suggest immediate and aggressive intervention (Hruban et al, 2008). However, 

even though PanINs have provided a valid model for studying the multi-step progression 

of PDAC, none of the altered genes or proteins found in PanINs have been translated into 

early disease markers or potential therapeutic targets for PDAC. 

 

3.1 Clinical presentation 

 

PDAC clinical presentation is often aspecific, depending mainly on the size and the 

anatomic location of the tumor: 60-70% of PDAC arise from the head of the pancreas, 

whereas 20-25% from the body/tail of this organ. Tumors arising from the head of the 

pancreas gain earlier clinical attention than those originating in the body and tail, as in 

the pancreatic head runs the common bile duct which, if compressed, induces jaundice 

(Kamisawa et al, 2016).  

Generally, the most common presenting symptoms of PDAC are malignant biliary 

obstruction and weight loss (Hidalgo, 2011). Jaundice is caused by the extrinsic 

obstruction of the bile ducts and the subsequent increase in the levels of bilirubin and 

alkaline phosphatase in the blood. This results in dark urine and pale stools due the 

absence of urobilinogen and stercobilinogen (Rodarte-Shade & Kahaleh, 2015). Around 

82% of patients with PDAC of the head of the pancreas have a painless jaundice, where 

the only symptom is pruritus due to the high bilirubin levels (Grossberg et al, 2020). 

Jaundice is present in 80-90% of patients with pancreatic head cancer, just in 6% of 

patients with cancer of the body and tail. When jaundice is detected in body and tail 

cancer, it usually indicates the presence of hepatic metastases and/or lymph nodes 

compression at the porta hepatis. Weight loss is present in up to 85% of patients at 

diagnosis (Hendifar et al, 2018). Severe weight loss in cancer patients is described as 

cachexia, a complex metabolic disorder characterized by progressive weight loss, loss of 

skeletal muscle and adipose mass, and systemic inflammation (Fearon et al, 2011). 

Weight loss and cachexia represent a detrimental burden for PDAC patients: they increase 

post-operative complications, decrease response to chemotherapy, lower quality of life, 

reduce survival. In addition, around 30% of patients die because of cachexia (Hendifar et 

al, 2019). Uncommon presentation of PDAC include acute pancreatitis (caused by 
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obstruction of the pancreatic duct), new onset diabetes and incidental findings on 

abdominal imaging (Fogel et al, 2017).  

Around 80% of PDAC patients experience glucose intolerance or have frank diabetes. 

The majority of PDAC associated diabetes is found at the same time of cancer diagnosis 

or within 2 years before PDAC diagnosis (Pannala et al, 2009; Li, 2012). The tumor 

usually destroys only a small portion of the endocrine mass, and the hormone secretion 

function is maintained even with a large loss of islets of Langerhans – the endocrine 

disfunction is unlikely provoked by the decreased endocrine volume. PDAC patients have 

altered levels of insulin and other hormones release after stimuli, suggesting that the 

tumor could alter the secretion of different types of islet cells (Mezza et al, 2020). While 

type I diabetes is not believed to be associated with an increased risk of PDAC, type II 

diabetes (non-insulin dependent) is associated with a two-fold increase in risk of cancer 

development (De Souza et al, 2016). Type II diabetes is a long disease where the 

prolonged hyperinsulinemia might stimulate the growth of PDAC cells via the insulin 

receptor present on cancer (Mutgan et al, 2018; Chan et al, 2014). 

Pain appears in almost all patients, even at different disease stages, it is usually 

localized in the upper abdomen that radiates to the back, and it responds poorly to drugs. 

Pain can be present even if the tumor is small (< 2 cm) and independently on its location, 

even though it is more frequently reported by patients with PDAC of the body and tail 

(90%) as compared to those with PDAC in the head of the pancreas (70%) (Tomasello et 

al, 2019). Pancreatic pain may also result from ductal stenosis or obstruction. The origin 

of pain is multifactorial and comprises neuropathic, visceral and somatic causes; it could 

also be the result of perineural invasion. Pain can be caused also by metastases in different 

sites: somatic pain derives from neoplastic invasion of peritoneum and bones, while 

visceral pain derives from metastases to liver or ascites in the abdominal cavity (Lohse & 

Brothers, 2020). Pain might serve as a predictor of poor outcome in PDAC, while in other 

pancreatic malignancies, where neural invasion is not a key pathological phenomenon, 

no association between pain and survival was registered (D’Haese et al, 2014). Indeed, 

pain from perineural invasion might suggest the presence of metastatic disease (Ceyhan 

et al, 2009a).  
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The majority of patients have metastatic disease at presentation. Most commonly, 

metastasis from PDAC are found in liver, lungs, peritoneum and regional lymph nodes 

(Mackay et al, 2019). The number of metastatic patients at diagnosis explains the high 

mortality of PDAC. 

Patients with PDAC of the body and tail suffer from the same symptoms, but are more 

likely to experience pain as presenting symptom rather than jaundice, and are usually 

diagnosed at more advanced stages with a higher metastasis rate (Ling et al, 2013). 

 

3.2 Diagnosis and differential diagnosis 

 

To date, PDAC diagnosis relies on serological markers, imaging and cytological 

studies. 

Among serological markers, the most validated is CA 19-9. CA19-9 is a mucinous 

glycoprotein, normally present in glandular secretions of mucous type, that can be 

detected at elevated levels in patients with pancreatic cancer (Goonetilleke & 

Siriwardena, 2007). The commonly used CA 19-9 cut-off is 37 kU/L, which has a mean 

sensitivity of 80% and specificity of 90%. However, 5-10% of the population lacks the 

glycosyl transferase Lewis blood group antigen required for CA 19-9, expression thus 

reducing the diagnostic potential of CA 19-9 (Lee et al, 2020). CA 19-9 levels have been 

also incorporated into the definition of borderline resectable disease by the International 

Association of Pancreatology as a biological factor: levels of CA19-9 above 500 IU/ml 

indicate an inoperable tumor(Isaji et al, 2018). In addition, it is also useful for monitoring 

patients after surgery and during chemotherapy. Indeed, in case of an effective reduction 

or eradication of the cancer, CA 19-9 levels diminish under threshold level. Conversely, 

in case of cancer recurrence or progression, CA 19-9 levels tend to increase, offering a 

tool to monitor disease progression (Salleh et al, 2020). 

 

Different imaging techniques are routinely used for PDAC diagnosis and staging. 

Abdominal ultrasound is the first-line diagnostic tool used in patients presenting with 

jaundice or abdominal pain, since it is a non-invasive, cost-effective modality (Lee & 
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Lee, 2014). Doppler ultrasound can be performed to evaluate the involvement of 

peripancreatic vessels (like portal vein and mesenteric vessel, aorta and inferior vena 

cava), and to better evaluate the margins and size of the lesion, but it is not as diffused as 

ultrasound (Zamboni et al, 2012). 

Further investigations to confirm diagnosis are required and are usually performed 

with computed tomography (CT) scan. CT scan has an excellent spatial and temporal 

resolution and allows assessment of both local and distant disease at the same time. The 

CT protocol that allows the best characterization of the mass consists of four phases 

(unenhanced, pancreatic/late arterial phase, portal/venous phase, late phase), and it is 

considered the modality of choice for radiological diagnosis (Zhang et al, 2018a). In the 

early phase of CT, PDAC is characterized by abundant fibrous stroma and it is 

hypovascularized, resulting in a poor enhancement of the tumor mass compared to the 

surrounding healthy parenchyma. The arterial phase is the most effective for tumor 

detection, the tumor mass appears as a defined hypodense mass in the hyperdense 

pancreatic parenchyma. The venous phase is better for liver metastasis detection. 

Contrast-enhanced CT scan is also the gold standard for evaluating vascular involvement, 

one of the most important factor for predicting resectability (Lee & Lee, 2014). 

Nonetheless, some lesions are of difficult observations to their small size, in particular 

hepatic and peritoneal metastases (Miura et al, 2006).  

Thanks to its great soft-tissue contrast, magnetic resonance imaging (MRI) can be 

useful in detecting small lesions that might be dubious at CT scan (Robertis, 2015), but 

there is no significant advantage of MRI over contrast-enhanced CT scan for PDAC 

diagnosis: usually, this radiological technique is chosen when patients present with small 

lesions, hypertrophied pancreas and focal fat infiltration (Takakura et al, 2011). 

Positron emission tomography, in association with CT scan, is very accurate for 

treatment monitoring during chemo-radiotherapy given its great sensibility to detect 

cancer recurrence and metastases, but it is not routinely used at diagnosis (Dibble et al, 

2012). 

The gold standard for PDAC diagnosis is endoscopic ultrasonography (EUS) with fine 

needle aspiration that allows histopathological diagnosis (Puli et al, 2013). It has replaced 

endoscopic retrograde cholangiopancreatography as the endoscopic procedure for tissue 
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acquisition, due to its lower post-procedural risks and the high sensitivity and sensibility 

(Raut et al, 2003). The tissue acquired with fine needle aspiration allows cytological 

studies with a sensitivity and accuracy of diagnostic evaluation in 85- 90% of patients 

(Hewitt et al, 2012). Cytological analyses evaluate the presence of anisonucleosis, nuclear 

membrane irregularity or enlargement, all of which suggest malignancy. When a bigger 

sample of tissue is required, for example when the retrieved tissue is necrotic, EUS with 

a fine needle biopsy is usually performed to improve yield without higher post-procedural 

complications. Tissue obtained from biopsies allows the analysis of intact tissue 

architecture as well as the performance of immunohistochemical stainings, thus providing 

a more accurate diagnosis (Cheng et al, 2018). Both cytology and histology are required 

to validate the neoplastic nature of all suspicious pancreatic masses, thus supporting the 

definition of the appropriate therapeutic plan. While Imaging techniques, especially CT, 

show specific characteristic useful for differential diagnosis, cytology is usually 

performed to validate the diagnosis. 

 

It is fundamental to discriminate PDAC from other solid lesions of the pancreas. 

Differential diagnosis should be performed mainly with high-grade neuroendocrine 

tumors (NETs), solid pseudopapillary tumors, metastases and inflammatory lesions like 

pancreatitis.  

NETs are tumors derived from the islet cells of Langerhans. They are divided into 

functioning NETs, when they secrete endocrine hormones (insulin, glucagon, 

somatostatin, vasoactive intestinal peptide), or non-functioning NETs, when they do not 

secrete hormones. They can be further classified as low, intermediate, and high grade 

tumors (Klimstra et al, 2010). High grade NETs are rare, poorly differentiated cancers 

with a high proliferative rate measured with Ki67 and abundant necrosis, and among 

NETs only the high grade ones go in differential diagnosis with PDAC. Indeed, on CT 

scans, they can appear as hypovascularized mass and lymph node metastasis, thus 

mimicking PDAC; however, they do not present pancreatic duct dilatation (Crippa et al, 

2016). 

Solid pseudopapillary tumors are rare pancreatic tumors (1-2% of all cases), typically 

seen in young women. Small (<3 cm) tumors have a pure solid nature with well-defined 
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margin that could mimic PDAC, but younger patients’ age and the presence of 

intratumoral hemorrhage helps in discriminating these tumors (Megibow, 2012). 

Metastases to the pancreas from another primary tumor are usually found in the context 

of a known disease, especially renal cell and lung cancer (Adsay et al, 2004). Usually, 

metastases are solitary hypodense masses that can be differentiated by the absence of 

pancreatic duct dilatation and the different pattern of enhancement after contrast medium 

(Triantopoulou et al, 2012). 

Among inflammatory lesions, autoimmune pancreatitis can be challenging to 

discriminate from PDAC because of similar imaging features. Autoimmune pancreatitis 

are characterized by pancreatic infiltration of IgG4 plasma cells that give rise to 

pancreatic fibrosis causing narrowing of the pancreatic duct and acinar atrophy. However, 

vascular encasement and calcification are usually absent unlike in PDAC (Takuma et al, 

2012). Groove pancreatitis is another rare condition that can be very difficult to 

differentiate from PDAC, and histologic confirmation is often required for differential 

diagnosis (Raman et al, 2013). 

 

3.3 Staging and treatment 

 

Accurate staging of PDAC is fundamental for prognosis prediction and more 

importantly for correct treatment stratification and patient selection for potential clinical 

trials. Staging of PDAC is based on the 8th AJCC/UICC edition tumor-node-metastases 

(TNM) staging system (Allen et al, 2017). This system classifies cancer on the basis of 

its extension: T (tumor) stage refers to the size of the primary tumor, N (nodes) defines 

the number of nearby lymph nodes that show the presence of neoplastic cells, M 

(metastasis) refers to the presence of metastatic spread. TNM staging is the major 

determinant for prognosis and treatment. TNM 8th edition for PDAC focuses on T size, 

allowing an improved prognostic discrimination as well as a refined N stage based on the 

number of positive lymph node (Schlitter et al, 2017). Tumor grading is not formally part 

of the TNM system, but it is an autonomous prognostic factor approved by the World 

Health Organization (WHO - (Bosman FT et al). Grade gives information on the degree 



 

33 
 

of differentiation of tumor cells and their biological aggressiveness, and it is a validated 

prognostic factor for survival (Strijker et al, 2019).  

PDAC Treatment aims at limiting disease progression, increasing life span and 

ameliorating quality of life. The National Comprehensive Cancer Network 

(NCCN) recognizes four categories that stratify patients according to the treatment they 

will receive, while the TNM system is more useful for prognostic predictions (Tempero 

et al, 2021).  

According to imaging evidence, NCCN recognizes four categories of PDAC: 

- Resectable: intrapancreatic disease only, no contact with major vessels. 

- Borderline resectable: involvement of superior mesenteric vein and/or portal vein 

with or without impingement and narrowing of the lumen, or short segment 

occlusion with safe reconstruction options; tumor abutment (when the tumor is 

inseparable from the vessel) <180° (< or = 50% vessel circumference) of celiac 

artery, common hepatic artery or superior mesenteric artery  

- Locally advanced: superior mesenteric vein or portal vein occlusion with no 

possibility of reconstruction; tumor abutment >180° of celiac artery, common 

hepatic artery, superior mesenteric artery. 

- Metastatic: any evidence of metastatic spread. 

In addition to these anatomical criteria, biological and clinical criteria should be 

considered (Isaji et al, 2018). Biological resectability is focused on the level of the tumor 

marker at diagnosis, values above 200 U/ml have been correlated with aggressiveness of 

the disease and the presence of micro metastasis (Ferrone et al, 2006). Further, clinical 

criteria consider patients’ fitness for surgery to prevent possible complications. 
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Treatment can be schematized as follows: 

 

Surgical resection is the only curative treatment that significantly increases patients’ 

survival. Only 20% of patients have resectable disease at time of diagnosis, with a median 

overall survival (OS) of 20-22 months (Oettle et al, 2013). Currently, surgery is almost 

always associated with neoadjuvant and/or adjuvant therapy to increase both disease free 

(DFS) and overall survival (Du & Wang-Gillam, 2017).  

Neoadjuvant treatment has a fundamental role in PDAC since most patients are 

unresectable at diagnosis. Fluorouracil, leucovorin, irinotecan, and 

oxaliplatin  (FOLFIRINOX) or gemcitabine + nab-paclitaxel are the preferred regimens 

(Oba et al, 2020). FOLFIRINOX induces mainly hematological or gastrointestinal 

toxicities, and cumulative peripheral neuropathy by oxaliplatin (Muranaka et al, 2017). 

Gemcitabine + nab-paclitaxel regimen induces mainly hematological toxicities 

(Blomstrand et al, 2019). The aim of neoadjuvant treatment in the settings of borderline 

resectable and locally advanced patients is to increase the chance of radical surgical 

resection, both by decreasing tumor size and by excluding patients who have disease 

progression during treatment (i.e., with a biologically-aggressive disease) (Ferrone et al, 

2015b). The role of neoadjuvant treatment for resectable patients is still debated, since it 
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could improve survival and treat undetected micro metastatic disease with the risk of 

delaying surgery and thus potentially favoring cancer growth ultimately limiting resection 

(Oba et al, 2020). 

Adjuvant treatment is routinely administered to improve patients’ survival after 

surgery. FOLFIRINOX is the best treatment option for fit patients, gemcitabine + 

capecitabine can be administered to the other patients, while gemcitabine alone should be 

reserved for very frail patients (Conroy & Ducreux, 2019). 

Metastatic patients have a dramatic dismal survival rate, typically less than one year. 

Standard of care is FOLFIRINOX, while gemcitabine is preferred for frail patients 

(Conroy et al, 2011). When possible, metastatic patients should be directed to clinical 

trials that offer new therapeutic targeting strategies (Smithy & O’Reilly, 2021). 

 

 

3.4 Prognosis 

 

PDAC has one of the poorest prognoses among solid cancer, with a 5-year OS lower 

than 10%. Patients with resectable disease have a 39% 5-years OS, while patients with 

locally advanced disease have a 13% 5-years OS. 5-years OS drops to a grim 3% for 

patients with metastatic cancer at diagnosis, which are around half of newly diagnosed 

patients (Pancreatic Cancer: Statistics | Cancer.Net). In resected patients, the strongest 

predictor of survival remains lymph nodal status (Allen et al, 2017); other independent 

predictors of survival are perineural invasion (PNI), vascular invasion and resection 

margin status (Belfiori et al, 2020).  

Among predictors of recurrence, lymph node ratio is the most described. (Groot et al, 

2018). Lymph node ratio is the ratio of metastatic lymph nodes to the total number of 

harvested lymph nodes, it has a better prognostic performance than simply considering 

the number of positive lymph nodes that are more prone to be biased (You et al, 2019). 

As mentioned, PNI is used as a predictor of disease progression. In a large metanalysis 

performed on 3538 patients, PNI was reported being present in 71.7% of patients and 

resulted as an independent negative prognostic factor for both OS and DFS (Schorn et al, 
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2017). Interestingly, a recent study indicates PNI as the only predictor of disease-free 

survival for early-stage pancreatic cancer. This study shows that PNI has a high 

prevalence even in early cancer, up to 78.7% in PDAC ≤ 20 mm and 70.6% in R0/N0 

tumors, strengthening the idea that PNI is a very early phenomenon in pancreatic cancer 

and might represent a warning sign of a more aggressive disease (Crippa et al, 2020). In 

addition, another study focusing on long-term survivors (patients reaching 5 years of 

survival after surgery) demonstrated that the absence of PNI was the only predictor of 

survival (Belfiori et al, 2021).  

Thus, recent studies indicate that PNI is a strong, negative prognostic factor for both 

OS and DFS; as such, it should be taken into consideration when planning adjuvant 

treatment for PDAC patients together with the other commonly evaluated pathological 

factors. Moreover, clinical trials are needed to identify and stratify PDAC patients based 

on PNI presence and aggressiveness of the disease; these studies might result in 

modification of the currently used therapies. 

3.5 Pancreatic cancer: human disease, murine models and organoids 

 

To mimic the human tumor, we can exploit genetically engineered mouse model 

(GEMMs) and orthotopic or heterotopic transplants in mice.  

Pancreatic ductal adenocarcinoma (PDAC) GEMMs are particularly useful to study 

the cancer microenvironment, the immune response to cancer and the development of 

cancer at early stages; on the other hand, transplants are easier to perform and offer a 

more rapid tool for the development of pharmaceutical targets. 

Both orthotopic and heterotopic transplants can be performed with neoplastic cells of 

murine or human origin (xenografts), derived from the primary tumor or from established 

bidimensional cell lines. Heterotopic transplant refers to the procedure where the organ 

or tissue is implanted in a different anatomical position compared to the physiological 

one, while orthotopic transplants maintain the same anatomical location. The use of both 

primary cells and established cell lines presents advantages and disadvantages. 

Transplanted cell lines, for example, do not faithfully recapitulate tumor biology due to 

the loss of heterogeneity observed in culture. On the other hand, it can be very difficult 

to obtain cell lines from some slowly growing tumors (Meijer et al, 2017).  
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Considering instead the use of murine vs. human cells, a disadvantage of xenografts is 

that they require immunodeficient mice, losing the possibility of studying the interactions 

between cancer cells and the immune system (Siolas & Hannon, 2013).  

In addition, heterotopic models lack the cancer microenvironment that is fundamental 

to correctly study cancer growth and progression (Lee et al, 2016). Orthotopic models, 

instead, are widely used thanks to their lower cost compared to GEMMs, as well as to 

their better reproducibility. They offer the possibility to study the cancer 

microenvironment and, when using immunocompetent mice, characterize almost all the 

components of the tumor microenvironment. They are also more accurate for drug testing 

as compared to heterotopic models (Qiu & Su, 2013). 

A recent development for orthotopic transplants is the possibility to use both murine 

and human organoids, to reproduce PDAC. Organoids are self-assembling, three-

dimensional cultures grown into an extracellular support. They are almost identical to 

their organ of origin, also from a histological point of view (Kim et al, 2020). Organoids 

overcome some of the difficulties encountered with the classic bi-dimensional models 

used in cancer research, both for in vivo and in vitro studies. They retain tumor 

heterogeneity and maintain a three-dimensional architecture that enables cells to 

reproduce the mechanical interactions occurring in vivo. Moreover, organoids can be co-

cultured with other cell types, like fibroblasts and immune cells, thus allowing to reach a 

more complex level of understanding of the tumor microenvironment (Tsai et al, 2018). 

 Organoids are relatively fast to develop and expand, features that makes them 

appealing for personalized medicine and drug screening (Baker et al, 2016). A recent 

study performed therapeutic profiling of patient-derived organoids and compared these 

results with the clinical response of a selected cohort of patients to the same drugs. 

Remarkably, organoids resistance to drugs, measured in terms of cell viability, turned out 

to be comparable to that of corresponding patients, measured in terms of progression free 

survival. In addition, patient-derived organoids resistant to drugs routinely used in the 

clinical practice were tested for sensitivity to other drug regimens, providing an 

interesting approach for precision medicine (Tiriac et al, 2018).  

Another interesting application of organoids is the possibility to derive them from 

metastases, by means of biopsies and, more recently, from circulating tumor cells. In this 
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setting, organoids are a relatively fast method to perform drug screening tests - it takes 

around 6 weeks to establish organoids and perform drugs screening from metastases. 

From this perspective, they offer a prediction on treatment response, and represent an 

alternative treatment regimen in case of resistance to the chosen one (Frappart & 

Hofmann, 2020). 

Organoids are not only excellent models for in vitro studies, but they have many 

advantages also for in vivo experiments. Transplanted organoids are a validated model to 

study the development of PDAC, with reproducible timing of progression from pre-

invasive lesions to overt cancer and metastatic dissemination (Boj et al, 2015; D’Agosto 

et al, 2020a). The slow progression of neoplastic lesions occurring in organoids 

transplants reproduces more faithfully human PDAC growth; moreover, they recapitulate 

stromal deposition, molecular subtype and immunophenotype of the human disease 

(Filippini et al, 2019).  

 

Since the characterization of the driver mutations of PDAC, many murine models have 

been created to reproduce the human disease. KRAS is activated in 95% of PDAC patients, 

while the tumor suppressor genes CDKN2A, TP53, and SMAD4 are inactivated in 95%, 

75% and 55% of patients, respectively (Saiki & Horii, 2014).  

The precursor of the currently most used models of PDAC is the KC mouse, 

characterized by a heterozygous knock-in allele of (mutated) KRAS at the single site 

G12D, which is also the most commonly mutation found in patients (Kamisawa et al, 

2016). By using this model it was possible to demonstrate that mutation in KRAS is 

sufficient to induce PDAC formation, in particular the pre-neoplastic lesions termed 

pancreatic intraepithelial neoplasia (PanIN). Despite the importance of this model, KC 

mutant mice require an extensive period do time to develop bona fide PDAC tumors. In 

addition the eventually formed tumors do not develop metastatic cancer (Westphalen & 

Olive, 2012). A rapid progression from PanIN to PDAC was obtained when the KC 

mutant was crossed with mice bearing additional mutations in tumor suppressor genes. 

Additional mutations in important tumor suppressor genes that were found to be deleted 

in sporadic human PDAC have generated other GEMM: deletion of CDKN2A (encoding 

the p16Ink4a and p19Arf tumor suppressors) in combination with KrasG12D leads to earlier 
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appearance of PanINs and to a rapid progression to metastatic cancer (Aguirre et al, 

2003); KrasG12D combined with knockout of the TGF-β2-receptor results in a well-

differentiated PDAC, closely resembling the human PDAC, with a 100% penetrance – 

though mutation or deletion of TGF-β2-receptor are found in less than 5% of patients 

(Ijichi et al, 2006). The most used model is probably the KPC model (PDX-1-Cre, LSL-

KrasG12D, LSL-Trp53R172H/-), which carries mutation in KrasG12D and a conditionally 

expressed point mutant allele of Trp53R175H. Both mutations occur in developing mouse 

pancreas through interbreeding with Pdx-1-Cre transgenic animals (Hingorani et al, 

2005). This model resembles human histopathological alterations – like decreased 

vasculature and resistance to common chemotherapeutic agents. Moreover, it develops 

metastases resembling those observed in patients, in lung, liver and peritoneum (Ponz-

Sarvise et al, 2015). However, it is still debated whether the KPC model develops PNI. 

Indeed, neural invasion has been described only when the primary pancreatic mass 

reached big dimension and compressed the posterior abdominal nerves, but not in terms 

of nerve hypertrophy and altered neural density – which are the phenomenon commonly 

observed in human patients. (Demir et al, 2015a). 
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4. Perineural Invasion 
 

PNI is defined as the presence of cancer cells along and inside nerves. Specifically, 

cancer cells can be found in the epineural, perineurial and endoneural space of nerves 

(Liebig et al, 2009). Though the ability of neoplastic cells to exploit nerve for their growth 

process has been hypothesized almost 200 years ago (M Jobert, 1840), only in more recent 

years PNI has been accepted as a fourth route of cancer dissemination – together with the 

“classical” vascular, lymphatic spread and direct invasion.  

PNI is an invasive phenomenon still not completely understood; it is emerging as a 

negative prognostic factor in different malignancies, even if the prevalence of PNI vary 

greatly among the various types of cancer. In gastric cancer and cholangiocarcinoma, PNI 

is found in 41% and 80% of cases respectively, and it is a recognized indicator of 

aggressive disease and poor OS (De Franco et al, 2018; Zhang et al, 2020). In colorectal 

cancer, PNI has a lower prevalence as compared to other gastro-intestinal malignancies, 

around 10-30%. Nevertheless it is a validated prognostic factors that might be related to 

aggressive disease (Knijn et al, 2016). In head and neck cancer, PNI is present in up to 

80% of patients and it correlates with increased recurrence and diminished OS but also 

with pain (trigeminal neuralgia) and facial nerve paralysis (Bakst et al, 2019; Amit et al, 

2016). Finally, in prostate cancer, PNI is associated to a more aggressive disease and 

greatly reduces OS of patients (Zareba et al, 2017). 

Though PNI is getting more and more attention in different types of cancer, the 

understanding of its pathogenesis is still limited by inadequate or incomplete in vivo and 
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in vitro reliable models mimicking it. The most used in vitro model to study PNI relies 

on co-cultures of neoplastic cells with dorsal root ganglia (DRGs) neurons explants, 

obtained either from embryos or from adult mice (Huyett et al, 2017; Gil et al, 2010; 

Na’ara et al, 2016). These models exploit the radial growth of axons from the DRGs that 

eventually contact neoplastic cells (Ayala et al, 2001). When DRGs are cocultured with 

PDAC cells, they induce a significant neurotrophic movement of PDAC cells along the 

axons (Gil et al, 2010). 

In addition to in vitro approaches, also ex vivo models have been proposed to study 

PNI. One particular study (Abiatari et al, 2009) aimed at investigating the relationships 

existing between PDAC cells and rat vagal nerves, in order to reveal distinct gene 

expression profiles typical of highly neuro-invasive cells. In this work, the authors 

measured the invasiveness of neoplastic cells by analyzing the time needed to move along 

the resected vagal nerve and divided cells into highly and minimally invasive. Through 

genome-wide transcriptional analyses, they were able to identify a consensus set of genes 

differentially regulated in the highly versus minimally invasive cells. 

In vivo models are more physiologically relevant, but PNI can be difficult to detect 

given the small size of nerves and their anatomical location. A recent model of heterotopic 

transplant suggests a way to study the direct interaction of PDAC cells and nerves 

overcoming the problem of size and accessibility of invaded pancreatic nerves. By 

injecting neoplastic cells into the distal murine sciatic nerve, it was shown that neoplastic 

cells migrated proximally towards the spinal cord. This protocol allowed also for the 

collection of invaded nerves for subsequent microscopic and molecular studies (Deborde 

et al, 2018). Since this model uses the sciatic nerve that is not a site of PDAC metastatic 

spread, it does not allow studying the interactions between nerves and cancer and the site 

of the primary tumor. Moreover, the sciatic nerve has a different fiber composition from 

pancreatic nerves, thus influencing the overall analysis. 

Therefore, the previously described animal models of PDAC, like the KPC mouse, as 

well as orthotopically transplanted mice, represent more reliable ways to study PNI, 

though further characterization is needed to find a reproducible, easy way to access 

invaded nerves. 
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4.1 Mechanisms of Perineural Invasion 

 

Cancer cells exploit nerves like healthy tissues rely on innervation for survival. It has 

been well characterized that cancer can use different molecules secreted by nerve for 

growth and dissemination.  

The first paracrine mechanism of interaction identified was supposedly mediated by 

tissue growth factor α (TGFα) released by nerves that promoted cancer growth via 

epithelial growth factor receptor (EGFR) (Bockman et al, 1994); since then, plenty of 

molecules have been investigated in PNI. Among the family of neurotrophins, nerve 

growth factor (NGF) and brain-derived neurotrophic factor (BDNF) (and their cognitive 

receptors TrkA/p75NTR, TrkB) have been correlated in different cancer types to 

increased neoplastic growth and associated to metastasis (Liebig et al, 2009). NGF is 

produced by PDAC cells and its receptors TrkA and p75NTR are expressed both on 

cancer and on nerves. Moreover, NGF released by cancer cells, enhances neural growth 

and its blockage reduces the migration of cancer cells towards DRG neurons in an in vitro 

model of PNI (Bapat et al, 2016). As a further confirmation, immunohistochemical 

analysis on human PDAC samples revealed that PNI was significantly correlated with 

high NGF levels (Ma et al, 2008). High NGF-TrkA expression also correlated to 

diminished OS, worse pain severity and more frequent PNI in human patients (Dang et 

al, 2006). Accordingly, that treatment with anti-NGF antibodies in KPC mice at 8 weeks, 

when PanINs start to appear, reduces metastatic abilities of neoplastic cells. However, no 

effect was observed on the primary tumor (Saloman et al, 2018). Besides, members of 

the glial cell line-derived neurotrophic factor (GDNF) family play a role in cancer-nerve 

interactions. GDNF via RET (REarranged during Transfection) signaling works as a 

chemoattractant for PDAC cells towards nerves, and both molecules are increased in 

PDAC patients (Ito et al, 2005). It has been proposed that GDNF secretion by nerves is 

one of the mediators of PNI; nerves from GDNF-deficient mice attracted less PDAC cells 

as compared to wild type nerves. Moreover, blocking GDNF or RET expression with 

specific antibodies reduced PNI in vitro and in vivo in an heterotopic model of PNI, where 

cancer cells where injected in the sciatic nerve and their migration was reduced (Gil et al, 

2010). Neurturin, released by PDAC cells, promotes neuroplasticity in DRGs co-cultures, 

and neurite density was severely diminished when anti-NRTN antibody was added to 
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conditioned media of PDAC cells (Wang et al, 2014). Artemin, another member of the 

neurotrophin family of proteins, is more expressed in tumors that showed a higher 

incidence of lymph nodes metastasis and PNI. A recent study has suggested that Artemin 

promotes the migration of PDAC cells, supporting PNI and metastatization, via NF-kB-

CXCR4 signaling (Wang et al, 2018; Gao et al, 2015). 

Chemokines are signaling proteins involved in many physiological processes, like 

immune responses and wound healing; they also participate in PNI, mainly in PDAC, 

prostate and breast cancer. CXCR4 is highly expressed in cancer cells and mediates 

invasion of organs and nerves expressing CXCL12. In addition, CX3CL1/CX3CR1, 

which is fundamental for central nervous system homeostasis, mediates the neural 

tropism of PDAC already at the stage of early neoplastic lesions (Zhang et al, 2018b; 

Celesti et al, 2013).  

To create a network of nerve fibers, cancer uses the same axon guidance molecules 

that organize growing axons and neurons during normal development: Slits, 

Semaphorins, Ephrins (Chédotal et al, 2005). PDAC cells secrete Semaphorin 3D, which 

interacts with Plexin D1 on nerves. The result of this interplay is the increase in cancer 

migration and invasiveness (Jurcak et al, 2019). Semaphorin 3A, instead, has been 

associated with increased metastasis and malignancy in human specimens of PDAC 

(Müller et al, 2007). High Semaphorin 4F expression in prostate cancer correlates with 

neuro-epithelial interactions and aggressive cancer (Ding et al, 2013). In addition, 

reduced Slit2 expression in PDAC cells might promote metastatization and reciprocal 

attraction between nerves and cancer; consistently, restoring the expression of this 

repellent molecule decreases PNI (Gohrig et al, 2014). 

In the tumor microenvironment nerves grow both in size (axonogenesis) and number 

(neurogenesis), as compared to normal tissues. Axonogenesis and neurogenesis are 

present at the early stage of cancer development, already at the stage of pre-neoplastic 

lesions like PanINs, and probably contribute to cancer initiation and progression (Wang 

et al, 2020). Both axonogenesis and neurogenesis were described in prostate cancer 

(Ayala et al, 2008), in pancreatic cancer (Ceyhan et al, 2009c), in breast cancer (Zhao et 

al, 2014b) and in head and neck cancer (Amit et al, 2020a). Moreover, increased neural 
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density correlates with worse survival and pain, especially in PDAC patients (Bapat et al, 

2011). 

Neurogenesis relies on the proliferation and subsequent differentiation of neural stem 

cells. Physiologically, it takes place during embryonic and early post-natal phases in 

different brain areas (García-González et al, 2017). A study on prostate cancer found that 

patients had a higher number of neurons in their prostatic ganglia as compared to healthy 

controls, thus supporting the possibility of neurogenesis in cancer (Ayala et al, 2008). A 

recent study hypothesized that these neurons originate from neural precursors cells that 

migrate from the central nervous system subventricular zone to the site of the tumor, 

thanks to a disruption in the blood-brain-barrier during cancer development. Once neural 

precursors reach the tumor site, they differentiate into adrenergic neurons and sustain 

tumor growth (Mauffrey et al, 2019). However, the upstream mechanisms that contribute 

to neurogenesis in prostate cancer and in other types of cancer have yet to be defined. 

Nerve fibers can be attracted by the tumor and grow towards the neoplastic 

microenvironment. Indeed, cancer cells secrete neurotrophins and axon guidance 

molecules that promote nerve outgrowth and hypertrophy. In PDAC, increased 

innervation was observed already at the stage of PanIN lesions, supporting the idea that 

axonogenesis and the resulting microenvironment rich in neurotrophic factors support 

cancer progression (Stopczynski et al, 2014).  

Cancer cells interact with both sympathetic and parasympathetic nerve fibers. The 

various organs have different types of innervations, for example the stomach is mainly 

innervated by the parasympathetic nervous system while the pancreas has both 

sympathetic and parasympathetic innervation. Cancer arising in different organs will thus 

have a specific relationship with sympathetic and parasympathetic fibers, that can behave 

differently on the basis of the type of innervation of the organ (Zahalka & Frenette, 2020). 

In PDAC, sensory and adrenergic signals have a pro-tumorigenic effect as confirmed by 

the reduction of cancer progression after chemical denervation of sensory nerves 

(Saloman et al, 2016) and the increased response to gemcitabine after ganglionectomy of 

both coeliac and superior mesenteric plexus (Renz et al, 2018a). Moreover, surgical 

vagotomy increases PDAC progression by damaging both parasympathetic and sensory 

fibers. This effect was not recorded with selective denervation of the sensory fibers of the 
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vagal nerve (Renz et al, 2018b). Moreover, surgical vagotomy increased pancreatic 

inflammation and the recruitment of tumor-associated macrophages – both pro-

tumorigenic events (Partecke et al, 2017). Interactions between cancer and nerve cells 

have been described also in other types of cancer, with different outcomes according to 

the organ of origin. In a gastric cancer model, denervation via vagotomy reduces cancer 

growth ((Zhao et al, 2014a). In breast cancer, sympathetic fibers via adrenergic signaling 

are an established pro-tumoral stimuli, promoting tumor growth, angiogenesis and 

metastasis (Conceição et al, 2021). In prostate cancer, increased adrenergic signaling has 

been associated to more aggressive tumors (Braadland et al, 2015; Magnon et al, 2013). 

In line with the pro-tumorigenic potential of adrenergic signaling, two recent papers have 

suggested that cancer is even able to create and remodel its own nervous system: during 

prostate cancer initiation, neural progenitors can migrate from the central nervous system 

to infiltrate the tumor where they are able to differentiate into adrenergic neurons, 

sustaining cancer growth (Mauffrey et al, 2019), while loss of p53 in head and neck cancer 

leads to neurons reprogramming towards an adrenergic phenotype (therefore more 

cancer-promoting) via secretion of exosomes (Amit et al, 2020b). 

 

Nerves are also exploited as metabolic source. PDAC has a particularly desmoplastic 

and nutrient-poor environment which is highly innervated. In this setting, it has been 

suggested that axons can sustain tumor growth by the release of serine. Serine deprivation, 

indeed, decreases neoplastic protein synthesis and tumor size (Banh et al, 2020). In 

prostate cancer, adrenergic neurons release noradrenaline that boosts endothelial cell 

metabolism and promotes an angiogenic switch, thus supporting tumor growth (Zahalka 

et al, 2017). The role of nerves in cancer metabolism is an emerging field, whose many 

aspects still need to be investigated. 

 

4.2 Perineural Invasion in Pancreatic Cancer 

 

PNI was first described in pancreatic cancer in 1944 and it immediately correlated to 

pain (Drapiewski, 1944). With time, it was noted that, among other gastrointestinal 

tumors, PNI has the highest prevalence in PDAC. Indeed, PNI in PDAC could reach 
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100% if enough histological sections are examined according to some studies (Liebl et 

al, 2014). It is also remarkable that PNI is present in up to 70% of early PDAC, both in 

R0/N0 lesions and in tumors smaller than 2 cm, where it is the only predictor of disease 

free survival (Crippa et al, 2020).  Such an early and pervasive phenomenon supports 

PDAC growth with various mechanisms that are still not completely understood. From a 

histological perspective, nerves in PDAC are hypertrophic with increased neural density, 

both inside and around the tumor mass – a phenomenon defined as “neural remodeling” 

of PDAC (Demir et al, 2015a) (Figure 6). 

 

Figure 6. Nerve hypertrophy in PDAC compared to normal tissue 

Representative histological section of nerves (immunohistochemically- brown 

labeled for the pan-neuronal marker protein gene product 9.5/PGP9.5) in normal 

pancreatic tissue, where nerves are limited to intra- and interlobular spaces, compared 

to pancreatic cancer, where nerves grow in a dysregulated fashion. Modified from 

(Ceyhan et al, 2009b). 
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In human PDAC, SCs are found around these enlarged nerves. Of note, most of them 

express glial fibrillary acidic protein (GFAP), a marker of trans-differentiated SCs. 

Interestingly, GFAP positive SCs are also found around PanINs, but not in normal 

pancreatic tissue. However, it should be noted that also pancreatic stellate cells express 

GFAP in physiological condition, and great attention must be given in correctly 

identifying the type of GFAP expressing cells (Zhou et al, 2019).  

 It has been proposed that SCs play a major role in disease progression when directly 

interacting with PDAC cells. In vitro experiments demonstrated that SCs are specifically 

attracted from pancreatic cancer cells. Importantly, SCs can enhance the recruitment of 

neoplastic cells towards DRG neurons, as depletion of SCs by irradiation decreases 

neoplastic invasion of DRGs. Moreover, SCs directly contact single neoplastic cells and 

modify their shape towards a more invasive phenotype. Specifically, pancreatic cancer 

cells co-cultured with isolated SCs in a three-dimensional Matrigel assay, reorganize their 

normally round morphology into a more elongated shape and start to migrate towards 

SCs. On the other hand, SCs contact cluster of cancer cells that, in turn, extend protrusion 

toward SCs and assume a more elongated shape. SCs can also intercalate their protrusion 

interrupting cell-cell contact in the cluster and facilitate single neoplastic cell dispersion. 

(Deborde et al, 2016).  

The central role of SCs in sustaining neoplastic cells has been confirmed in in vitro 

models as they promote cancer cells motility and invasiveness via the secretion of TGFβ 

that activate TGFβ-SMAD signaling pathway in neoplastic cells, supporting PDAC 

aggressiveness (Roger et al, 2019).  

 

It has been proposed that PNI promotes cancer metastatization via lymph node 

invasion. This could occur especially through the invasion of bigger axons, since large 

caliber fibers, differently from smaller ones, often contact lymph nodes (Cheng et al, 

2012). The idea of PNI supporting lymph nodes metastasis is intriguing, considering the 

importance of the N status on patients’ prognosis, but further studies are needed to 

characterize this interaction especially at the molecular level. 
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PNI has been correlated also with the often-intractable pain in patients. Pain associated 

to PNI and PDAC can develop in multiple ways. Invading neoplastic cells can damage 

nerve structure and leave it exposed, or neoplastic cells could use nerves as highways to 

spread and form metastasis, which are often responsible of severe pain in PDAC patients 

(Bapat et al, 2011).  

Few studies have focused on the identification of molecules and pathways implicated 

in pain insurgence in PDAC patients. Among them, NGF has emerged as a central 

effector. Indeed, NGF released by the tumor microenvironment (especially from 

macrophages and fibroblasts) can act on nearby nerves, in particular CRGP positive 

sensory neurons, and transduce downstream signaling events upon interaction with 

TRKA and p75NTR receptors (Lindsay et al, 2005). NGF can also activate the transient 

receptor potential vanilloid 1 (TRPV1) on sensory neurons, enhancing pain sensitivity in 

PDAC patients (Zhu et al, 2011). Other factors overexpressed in PDAC, like GDNF and 

Artemin, can also activate TRPV1 and pain signaling (Malin et al, 2006). Treatment of 

pain in PDAC is particularly challenging for physicians. Since the main mechanism 

causing pain in PDAC is nerve invasion, initial treatments rely on the activity of specific 

pain killer drugs to ameliorate patients’ quality of life. However, in unresponsive patients, 

physicians have tried to design pharmacological therapies aimed at blocking the coeliac 

plexus, by injecting neurolytic agents like alcohol or phenol to destroy nervous fibers via 

percutaneous or radiologically guided techniques (De Leon-Casasola, 2000). Due to the 

multiple side effects and to the short-term action, this treatment does not represent the 

best possible treatment. Approaches that specifically target PNI in PDAC are therefore 

needed to improve patients’ quality of life. 

The effectiveness of neoadjuvant chemo-radiation treatment on PNI is controversial. 

Some studies report that neoadjuvant chemo-radiation therapy decreases PNI frequency, 

from 95.4% vs. 72.5% (Ferrone et al, 2015a) and from 88% to 70% (Roland et al, 2015), 

while other authors reported a trend toward PNI reduction that did not reach significance 

(Crippa et al, 2020; Kurata et al, 2021). The different types of neoadjuvant treatment used 

among these studies could explain the reported difference. There is therefore a need to 

correlate different chemo-radiation regimens with their effectiveness on reducing PNI. 
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Defining the parameters required to implement a detailed classification system will 

facilitate the understanding of the role of PNI in PDAC. As of now, pathological reports 

define PNI only as present or absent, while a better stratification could give a deeper 

insight on PNI behavior in relationship with other pathological features. This systematic 

approach could also reduce the variability encountered in different studies, since it would 

offer a common classification method. 

A similar approach was proposed for gastrointestinal malignancies: indeed, PNI has 

been coded into three categories, based on the depth of invasion into the nerves. In this 

study PDAC emerged as the type of cancer associated with the highest PNI frequency, 

with a direct correlation with a worse prognosis (Liebl et al, 2014). However, a score 

defining the severity of PNI specifically dedicated to PDAC is still missing.  

 

4.3 Nerve Damage Response  

 

SCs are incredibly plastic as they can transform into repair SCs after peripheral nerve 

injury. Repair SCs secret growth factors necessary to promote nerve regeneration and 

form tracks that serve for axon guidance. PDAC cancer cells can probably exploit these 

features for their own growth (Boilly et al., 2017). 

Given the similarities between the processing occurring during nerve regeneration and 

PNI in PDAC, we will briefly describe them. 

Various events can damage peripheral nerves, like traumatic or metabolic injuries or 

even genetic neuropathies. Unlike the CNS, in the PNS nerves can regenerate: axons 

regrow and remyelinate following a process called Wallerian Degeneration (Figure 7). 

 

 

Figure 7. Progression of degeneration and axon regeneration after peripheral nerve 

injury. 
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Schematic representation of the different phases of degeneration and regeneration after 

peripheral nerve injury. Each step shows a single neuron (blue) interacting with SCs 

(light yellow). After nerve injury (a), SCs trans-differentiate into repair SCs and start 

clearing myelin debris (b) before the arrival of macrophages (not shown). Then, SCs 

proliferate and form regeneration tracks promoting axonal regrowth (c). Eventually, SCs 

remyelinated the regenerated axon (d). Modified from (Nocera & Jacob, 2020) 

 

After nerve damage, SCs (both myelinating and non-myelinating) exploit their 

plasticity and trans-differentiate into repair cells. Repair SCs clear myelin fragments and 

attract macrophages from the periphery to completely remove myelin debris, otherwise 

detrimental to the regeneration process. In addition, they promote survival of damaged 

axons and guide their regrowth (Arthur-Farraj et al, 2012). Immediately after damage, 

SCs lose contact with axons. This event triggers phenotypic changes in SCs, which 

downregulate the expression of transcription factors and myelin-associated genes like 

Krox20, MBP, MAG and upregulate genes characteristics of the repair phenotype, like 

NCAM, L1, p75NTR and GFAP. Simultaneously, they activate a complex repair program, 

expressing genes involved in myelin degradation, trophic factors, cytokines and 

chemokines important to create a supportive environment for axonal repair. To facilitate 

correct axonal re-growth, denervated SCs proliferate and elongate up to three-fold the 

original cell length, forming parallel column inside the basal lamina in which they were 

previously enclosed and creating the so called “bands of Bungner”. The axonal growth 

cone elongates inside these bands and reaches the target organ (Gomez-Sanchez et al, 

2017).   

Myelin fragments clearance is essential to promote regeneration, as these fragments 

contain proteins that have an inhibitory effect on regeneration (McKerracher & Rosen, 

2015). Myelin clearance is an early event and SCs activate autophagy programs that allow 

for up to 50% of myelin fragments clearance in the first week after injury, while the 

second phase relies mostly on recruited macrophages. Denervated SCs form ovoids of 

their own myelin, starting from paranodal regions adjacent to Schmidt-Lantermann 

incisures, where myelin is more accessible (Bolívar et al, 2020). Given the high 

percentage of lipids in myelin, it has been proposed that lipases could start myelin 

degradation. Already after 5 hours after sciatic nerve injury, SCs upregulate the 

expression of phospholipase A2, responsible for phosphatidylcholine hydrolysis in 
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arachidonic acid and lysophosphatidylcholine (De et al, 2003). This autophagy program, 

or, given its specificity, “myelinophagy” program, is up-regulated in SCs after crush 

injury and it has been suggested to rely on the JNK1/c-Jun pathway (Gomez-Sanchez et 

al, 2015). Moreover, dedifferentiated SCs secrete ECM components as well as trophic 

factors that are instrumental for regeneration (Chen & Strickland, 2003). 

SCs also attract immune cells to complete myelin clearance. They express cytokines 

like tumor necrosis factor α (TNFα), leukemia inhibitory factor (LIF), interleukin-1α (Il-

1α) and 1β. Recruited immune cells secrete, among other molecules, IL6 that together 

with LIF promotes neurons survival (Rotshenker, 2011). The majority of the 

inflammatory cells recruited to the nerve after damage, is represented by macrophages, 

which are responsible for myelin clearance in the latest phases of nerve injury (Stratton 

& Shah, 2016). Inflammation then returns to normal levels allowing axons to regenerate 

and remyelinate.  

Among the regulators of the repair program, the transcription factor c-Jun, a negative 

regulator of myelination (Jessen & Mirsky, 2008), is central. c-Jun is upregulated in SCs 

a few hours after injury, it is necessary to suppress the myelination phenotype, for 

example by downregulating genes like MBP and MPZ, but also to activate the repair 

program (Parkinson et al, 2008a; Arthur-Farraj et al, 2012). If c-Jun is conditionally 

ablated in SCs, activation of the repair program fails, myelin genes are not downregulated 

and the genes involved in trophic support of axons are not up-regulated. In addition, 

mutant mice lacking c-Jun expression in SCs have abnormal bands of Bugner and delayed 

myelin clearance. These phenomena result in impaired axonal regeneration, increased 

neuronal death and compromised functional recovery (Arthur-Farraj et al, 2012). 

Other signaling events important for the activation of the repair program are ERK and 

Notch pathways. Indeed, Raf/MEK/ERK induction induces SCs dedifferentiation in vitro, 

and transected nerves show a strong phosphorylation and activation of ERK1-2 

(Harrisingh et al, 2004). Moreover, activation of an inducible Raf-kinase gene and the 

corresponding ERK pathway is sufficient to induce severe demyelination and SCs 

proliferation in the absence of axon damage. Raf-kinase activation, indeed, originates an 

inflammatory response and the breakdown of the blood-nerve-barrier, with subsequent 

immune cells influx. The period of demyelination and dedifferentiation is controlled by 
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the duration of ERK pathway activation, and by switching off ERK signaling this 

phenotype is reverted (Napoli et al, 2012). 

The other important factor involved in nerve repair is Notch, a receptor protein that, 

after ligand binding, is cleaved to generate the Notch intracellular domain (NCID). NCID 

then moves to the nucleus where it works as a transcriptional regulator (Bray, 2006). 

Notch signaling is implicated in SCs dedifferentiation: indeed, NCID is upregulated in 

nerves after injury in vivo. When Notch signaling is conditionally ablated in SCs, their 

differentiation rate is reduced; moreover, activation of Notch signaling in normal nerves 

can induce demyelination (Woodhoo et al, 2009). 

 

Once myelin fragments are cleared, SCs and macrophages secrete trophic factors to 

sustain axonal regrowth. Macrophages also secrete the Vascular Endothelial Growth 

Factor (VEGF), thus promoting neo-vascularization at the injury site. The newly formed 

blood vessels run parallel to the nerve bridge and can be exploited by SCs as migration 

substrates (Cattin et al, 2015). A prerequisite for axonal regeneration is the activation of 

the Regeneration-Associated program (RAG) in neurons and an increased mitochondrial 

density to provide energy (Girouard et al, 2018). Axonal regrowth starts with the creation 

of a growth cone that extends along the bands of Bugner and will lead to the reinnervation 

of the target organ. Recent evidences confirm that, without SCs, axons cannot cross the 

nerve gap (Rosenberg et al, 2014). In addition, deletion of the axon guidance molecules 

Sox2, Slit3, and Robo1 leads to SCs aberrant migration after sciatic nerve injury and to 

disorganization of axonal regrowth (Dun et al, 2019). 

Among the molecules involved in the process of remyelination, NRG1 surely has a 

central role. In vivo overexpression of NRG1 type III in neurons improves remyelination 

after nerve crush injury. Moreover, overexpression of NRG1 type I, expressed in SCs, 

improves remyelination as well, suggesting a positive role for NRG1 type I in the repair 

process (Stassart et al, 2013). Furthermore, conditional deletion of NRG1 in a specific 

subset of sensory and motor neurons caused hypomyelination and delayed regeneration 

after nerve injury (Fricker et al, 2013). In line with a role for NRG1 in regeneration, it 

has been proved that, after nerve damage, NRG1 receptor ErbB2 is transiently activated, 

and a sustained activation of the ERK pathway has been registered (Guertin et al, 2005). 
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The process of remyelination involves the seven-fold shortening of SCs, resulting in 

the generation of typically short myelin internodes (Sherman & Brophy, 2005). Indeed, 

even when the process of regeneration has been completed, myelin is thinner as compared 

to undamaged nerves and nerve conduction velocity is reduced. 

Regeneration terminates with target organ innervation. Unfortunately, in human 

patients the regeneration process often fails. The main limitation is the fact that axons do 

not reach their target, but further studies are needed to fully understand the failure of 

regeneration and to identify novel mechanisms for the treatment of chronic denervation. 

 

The paradigm of nerve damage – regeneration is instrumental to correctly study PNI: 

indeed, the neural remodeling induced by PDAC involves an increased axonal growth 

that is anticipated by the aggressive disruption of the outermost nerve layers, like the 

myelin sheath, that are otherwise inhibitory to axonal growth (Filbin, 2003). 
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Aim of the work 
 

The aim of this work is to investigate the molecular mechanisms leading to perineural 

invasion in pancreatic ductal adenocarcinoma. 

Previous studies demonstrated that neoplastic invasion of intrapancreatic nerves, 

neurogenic inflammation, and tumor metastases along extra-pancreatic nerves, are key 

features of pancreatic malignancies. Moreover, it is now accepted that perineural invasion 

is present even at very early stages in PDAC, suggesting that nerves might have an active 

role in promoting PDAC development and progression.  

Nerves and cancer form a unique microenvironment, where Schwann cells (SCs) and 

axons directly interact with neoplastic cells. To fully understand the role of neural 

plasticity in PDAC, it is therefore important to clarify the role of both glial and neural 

cells. Since the role of glial cells in PDAC progression has been poorly investigated, we 

decided to explore whether myelinated SCs might have a role in cancer progression. 

To reach this aim, we analyzed how myelinated nerves interact with pancreatic cancer 

cells and subsequently characterized the molecules mediating interaction with myelin. To 

validate the interaction between nerves and cancer in a more physiological model, we 

developed organoids both for in vitro and in vivo experiments. 

We also established a novel in vitro system in which we could fully define the role of 

myelin. Finally, we assessed the influence of myelin on migrative and invasive abilities 

of pancreatic cancer cells and performed RNA seq analysis to characterize the molecular 

signatures at the basis of the alterations induced by myelin in pancreatic cancer cells.  
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Results 
 

1. Direct and indirect contact between cancer and nerves 

 

Nerves and PDAC can interact via two different mechanisms: directly, due to the 

physical proximity between cancer cells and nerves, and indirectly, via paracrine factors 

secreted by both cell types (Dominiak et al, 2020). 

We therefore aimed at investigating the reciprocal effects of both direct and indirect 

interactions between nerves and pancreatic cancer cells. We first selected the correct 

model to recreate both the nervous and the neoplastic compartments. To reproduce the 

nervous compartment, we took advantage of a well-established co-culture system 

consisting of dorsal root ganglia (DRG) neurons explants from E 13.5 wild type mice. 

DRG explants contain sensory neurons and endogenous SCs that can migrate and 

proliferate along axons. In this in vitro physiological system it is possible to induce myelin 

formation upon addition of ascorbic acid (Taveggia & Bolino, 2018; Eldridge et al, 1987). 

To mimic PDAC, we used a cell line derived from the KPC mouse, that harbors mutations 

in KRAS and p53, the two mutations most commonly found in PDAC patients (Hingorani 

et al, 2005). 

 

1.1 Paracrine interactions between cancer and nerves. 

 

We initially studied whether and how factors released by cancer cells might influence 

nerves. Hence, we collected conditioned medium (CM) from KPC cells, and we treated 

myelinated SC-DRGs cocultures for up to 21 days. To obtain myelinated cocultures, SC-

DRGs explants were grown in basal medium for the first week, then switched to a 

myelinating medium for 10 days. Once myelin was clearly visible in the cocultures, we 

started CM treatment. As control, we used the same media not conditioned by contact 

with KPC cells (CTRL). CM was obtained by adding a serum-free media to KPC cells, 

that was collected and filtered after 48 hours of conditioning.  We performed 

immunofluorescence analysis for Myelin Basic Protein (MBP) and neurofilament (NF) 
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to assess the effects of CM treatment onto myelinated coculture. To monitor the effect of 

CM treatment, we performed immunofluorescence analyses at different time points upon 

KPC CM addition: day 0, day 3, day 7, day 10, day 15 and 21 days.  

 

To our surprise, after 7 days of treatment, myelin started to degenerate, as observed by 

the reduced number of MBP positive internodes and their decreased internodal length 

(Figure 8). 

To test if the effect was specific to CM from KPC cells, we repeated the experiment 

using CM from a colon cancer cell line (MC38), as colon cancer is normally characterized 

by a limited PNI (Cienfuegos et al, 2017). Notably, treatment with CM prepared from 

murine MC38 cells did not induce myelin degeneration nor altered the internodes length 

(Figure 8). This result suggests that the effect of myelin degeneration is distinctive of 

KPC cells. 

 

 

 

Figure 8. Myelinated cocultures treated with control CM (CTRL), KPC CM (KPC 

CM) and MC38 CM (MC38 CM).  

Representative immunofluorescence images of myelinated cocultures treated for 7 

days with control CM (CTRL), KPC cells CM (KPC CM), and MC38 CM (MC38 CM). 

Myelinated cocultures have been stained for MBP (fluorescein) and NF (rhodamine), 

nuclei have been marked with Hoechst. Scale bar = 50 um 
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To better characterize the alterations occurring to myelinating cells after treatment 

with KPC CM, we performed Western Blotting (WB) analyses on myelinated SC-DRGs 

cocultures treated with KPC CM or control CM at different time points. In these analyses 

we determined the expression level of c-Jun, a key transcription factor that labels trans-

differentiating SCs (Jessen & Mirsky, 2016), using the quantitative Odyssey Imaging 

System (LI-COR). All results were normalized to the expression level of the protein 

Vinculin that we used as loading control (Figure 9a). We observed a significant increase 

in c-Jun protein expression in cocultures treated with KPC CM as compared to controls 

after 7 and 10 days of treatment (Figure 9b). This suggests that KPC CM triggers a 

damage-related response with activation of c-Jun, which is physiologically upregulated 

immediately after injury and is required for SCs trans-differentiation in repair SCs. Our 

result suggests that KPC CM might trigger a nerve-damage response in treated cocultures. 

 

a)  
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b) 

 

 

Figure 9. Time course analysis of c-Jun expression in control (CTRL) and KPC CM 

(KPC) treated myelinated cocultures.  

a) Western Blot analysis of lysates from myelinated cocultures treated with control 

CM and KPC CM at day 0, 3, 7, 10, 15 and 21 of treatment. Lysates were tested 

for c-Jun and Vinculin as loading control.  

b) Quantification of c-Jun levels normalized to Vinculin levels. Day 3: CTRL 1.551 

± 0.0308; KPC 1.282 ± 0.1184. Day 7: CTRL 0.5455 ± 0.1351; KPC ± 1.108 ± 

0.1638. Day 10: CTRL 0.6549 ± 0.0637; KPC 1.638 ± 0.366. Day 15: CTRL 1.155 

± 0.1645; KPC 1.004 ± 0.0660. Day 21: CTRL 0.6516 ± 0.0934; KPC 0.6580 ± 

0.01284. Error bars represent mean ± s.e.m. (Student-t test, unpaired, * P=0.0380 

at day 7, * P=0.0384 at day 10. n.s.= not significant. N= 4 biological replicates 

per group). 

 

1.2 Direct contact between cancer cells and nerves induces myelin degeneration 

 

To determine whether KPC cells might mediate also a juxtracrine effect, we seeded 

cancer cells on top of myelinated SCs-DRG cocultures. Also in this set of experiments 
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we performed immunofluorescence analysis for MBP and NF at different time points. 

Just after 3 days upon contact, we observed myelin degeneration, whose integrity was 

severely compromised after 7 days of treatment (Figure 10). Also in this case, direct 

contact of myelinated cocultures with MC38 cells did not result in damaged myelin 

internodes. 

Thus, KPC cells have a specific effect on myelinated cocultures that culminates in a 

faster degeneration compared to CM treatment. 

 

 

 

Figure 10. Direct contact of KPC cells (KPC) and MC38 cells (MC38) on top of 

myelinated cocultures.  

Representative immunofluorescence images of myelinated cocultures after 7 days in 

contact with KPC cells (KPC), MC38 (MC38) or empty control condition (CTRL). 

Myelinated cocultures have been stained for MBP (fluorescein) and NF (rhodamine), 

nuclei have been marked with Hoechst. Scale bar = 50 um 

 

1.3 Secretome analysis and choice of candidate  

 

To characterize at molecular level the identity of the factor(s) released by KPC cells 

that might influence myelin integrity, we performed secretome analyses on KPC CM, 

using as control CM prepared from MC38 cells and from a murine primary cell line 

established from wild type pancreatic ducts. We collected CM after 48 hours in a serum 
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free media and analyzed by mass spectrometry at the San Raffaele Protein 

Microsequencing Facility. 

Globally, we found 1180 differentially expressed proteins. Among all proteins, we 

focused on 23 proteins specifically upregulated only in KPC CM compared to the other 

two groups (ANOVA, p value <0.001, adjusted Bonferroni correction). After performing 

a literature review to examine the relevance of these proteins in our context of interest, 

i.e., pancreatic cancer and nerve-myelin damage - as suggested by the previous 

experiments that showed a morphological and molecular phenotype resembling those 

observed in the nerve damage response-, 5 molecules emerged as interesting candidates. 

Among the 5 selected molecules, we decided to focus on Fibroblast Growth Factor 

Binding Protein 1 (FGF-BP1). FGF-BP1 is the best characterized among the three known 

FGFBPs (Tassi et al, 2011). It is a 17 kDa protein derived from proteolytic processing in 

the carboxy-terminal half of a larger protein, FGF-BP (Wu et al, 1991). FGF-BP1 is an 

extracellular chaperon that binds in a reversable manner FGF 1, 2, 7, 10, 22, enhancing 

their biological and biochemical activities (Beer et al, 2005). FGFs are normally released 

and immobilized in the extracellular matrix and bound to heparan sulfate proteoglycans 

protecting FGFs against degradation (Häcker et al, 2005). Though FGFBPs mechanisms 

of action are not completely understood, three models have been proposed to explain 

when and how FGF-BPs interacts with FGFs in vivo. In the first model, FGF-BPs release 

FGFs from heparan sulfate proteoglycans in the extracellular matrix and conveys FGFs 

to their receptors. In a second hypothesis, FGF-BPs bind to FGFs after their release from 

heparan sulfate proteoglycans by heparanase and proteinases; in this case, FGF-BPs 

probably protect FGFs from degradation before they reach their receptor. Alternatively, 

it has been proposed that FGF-BPs bind to FGFs right after being secreted from cells. 

(Tassi et al, 2001; Sarrazin et al, 2011; Taetzsch et al, 2018).  

We first determined the expression of FGF-BP1 and its signaling complex in our 

system. Hence, we extracted mRNA from KPC cells and MC38 cells to analyze mRNA 

expression levels by quantitative Real Time Polymerase Chain Reaction (qRT-PCR). We 

normalized all results to the expression levels of the housekeeping gene hypoxanthine 

guanine phosphoribosyl transferase (HPRT). Data are shown as fold changes calculated 

with the ΔΔCT method. This experiment proved that FGF-BP1 expression is significantly 
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upregulated in KPC cells compared to MC38 cells (KPC cells: 1.003 ± 0.05672; MC38 

cells: 0.0227 ± 0.000318, P<0.001), confirming secretome analysis results. 

 

 

 

Figure 11. FGF-BP1 expression in KPC cells (KPC) and MC38 cells (MC38) 

qRT-PCR analyses of mRNA extracted from KPC cells (KPC) and MC38 cells (MC38). 

Error bars represent mean ± s.e.m. (Student-t test, unpaired, ***P<0.001. N=3 

biological replicates per group). 

Next, we tested FGFBP1 expression on our in vitro myelinating cocultures system. 

Consequently, we induced myelination in SC-DRG explants for 10 days and, once myelin 

was clearly visible, we started the treatment with control CM and KPC CM for maximum 

21 days. We then extracted RNA at different time points: day 0, day 3, day 7, day 10, day 

15 and day 21. Interestingly, already 3 days after the addition of KPC CM, expression 

levels of FGF-BP1 were significantly lower compared to control and remained at lower 

levels for all the 21 days of treatment (Figure 12). This marked downregulation of FGF-

BP1 suggests its involvement in the observed myelin degeneration, possibly because 

cocultures sense the excessive FGF-BP1 released by KPC cells in the CM and reduce the 

endogenous expression of the molecule as a protective mechanism (Taetzsch et al, 2017b; 

Williams et al, 2009). 
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Figure 12. FGF-BP1 expression in myelinated cocultures treated with control CM 

(CTRL) or KPC CM (KPC). 

qRT-PCR analyses of mRNA extracted from myelinated cocultures treated with control 

CM (CTRL) or KPC CM (KPC). Day 3: CTRL 1.061 ± 0.0601; KPC 0.5658 ± 0.01861. 

Day 7: CTRL 3.936 ± 0.05093; KPC 0.9016 ± 0.01839. Day 10: CTRL 2.502 ± 0.1185; 

KPC 0.6540 ± 0.01528. Day 15: CTRL 3.501 ± 0.0925; KPC 0.5050 ± 0.01273. Day 21: 

CTRL 2.591 ± 0.03757; KPC 0.4887 ± 0.006881. Error bars represent mean ± s.e.m. 

(Student-t test, unpaired, **P=0.0014; ***P<0.001. N=3 biological replicates per 

group). 

 

1.4 Role of FGF-BP1 in inducing myelin degeneration  

 

Next, we characterized the role of FGF-BP1 in our system. To mimic the activation of 

FGF-BP1 signaling, we treated myelinated SCs-DRGs cocultures with recombinant FGF-

BP1. Instead, to block FGF-BP1 signaling, we tested the effect of an inhibitor for FGF 

receptors on SC-DRGs cocultures either treated with KPC CM or in direct contact with 

KPC cells.  

Since FGF-BP1 levels are upregulated in CM from KPC cells, we treated myelinated 

cocultures with recombinant FGF-BP1 protein to assess whether the addition of this 
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protein is sufficient to induce myelin degeneration. We treated myelinated co-culture with 

different concentrations of recombinant rat FGF-BP1 (resuspended in PBS as vehicle) to 

define the treatment window that does not result in SCs-DRG coculture toxicity: we used 

200 ng/ml, 500 ng/ml, 1 ug/ml, 5 ug/ml of recombinant FGF-BP1. Again, we induced 

myelinization in SCs-DRGs explants and after 10 days in myelinating conditions we 

obtained myelinated cocultures. We then added the selected concentration of FGF-BP1 

and performed immunofluorescence analysis for MBP and NF to assess the effects of the 

recombinant protein onto myelinated coculture. We performed immunofluorescence 

analyses at different time points upon KPC CM addition: day 10, day 20, day 30, day 35. 

Preliminary results showed a small effect of degeneration obtained after 30 days of 

treatment with 5 ug/ml FGF-BP1, however further experiments are needed to confirm this 

result (Figure 13). To better assess the role of FGFBP1 we also plan to increase the period 

of treatment with this molecule. 

 

 

 

 

Figure 13. FGF-BP1 treatment reduces myelination in SCs-DRG cocultures 

Representative immunofluorescence images of myelinated cocultures treated for 30 days 

with control medium (CTRL), control medium supplemented with PBS (PBS), control 

medium supplemented with 5 ug/ml of recombinant FGF-BP1. Myelinated cocultures 

have been stained for MBP (green), nuclei have been marked with Hoechst. Scale bar = 

50 um. 
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Since there are no specific molecules targeting FGF-BP1, the most appropriate method 

we found to interfere with its signaling was to inhibit its receptors (the FGFRs). 

Specifically, we chose FIIN 1 hydrochloride, which is an irreversible inhibitor of 

FGFR 1, 2, 3 and 4. Firstly, we performed titration experiments on myelinated cocultures 

to find the minimum inhibitor dose to avoid toxicity: we tested decreasing concentrations 

of 1000 nM, 500 nM, 250 nM, 100 nM, 50 nM and 10 nM. After dose adjustment 

experiments, we found that 100 nM of FIIN 1 hydrochloride was the ideal concentration. 

To interfere with the signaling induced by the high expression of FGF-BP1 present in 

the KPC CM, we treated myelinated cocultures with KPC CM supplemented with the 

FGF-BP1 inhibitor. Specifically, we induced myelination in our cocultures as above 

described and, after 10 days, myelin internodes were clearly visible. Thus, we started 

treatment with KPC CM supplemented with 100 nM FIIN hydrochloride. As control, we 

used KPC CM and KPC CM supplemented with DMSO, which is the vehicle for FIIN 

hydrochloride. To monitor the effect of FIIN hydrochloride treatment on myelinated 

cocultures, we repeated the same experiment using control CM instead of KPC CM. 

Interestingly, we observed that addition of 100 nM FIIN hydrochloride reduced myelin 

degeneration after 7 days of treatment. To consolidate this result, we performed 

immunofluorescence analysis for MBP and NF. As shown in Figure 14a, we observed 

reduced myelin degeneration, longer and more abundant internodes compared to 

cocultures treated with only KPC CM. Of note, addition of 100 nM FIIN 1 hydrochloride 

to co-culture treated with control CM did not hamper myelination. 

To quantify the observed effect, we counted the number of internodes present after 7 

days of treatment in the different conditions and performed ANOVA test to compare the 

different groups (Figure 14b).  Strikingly, FIIN hydrochloride treatment improved the 

mean number of internodes. We observed a statistically significant increase in the number 

of internodes in the KPC CM + FIIN hydrochloride condition compared to the other 

conditions, KPC CM only or KPC CM + DMSO (KPC CM: 242.5 ± 33.39; KPC CM + 

DMSO: 261.7 ± 32.60; KPC CM + FIIN 100 nM: 638.9 ± 47.64; P <0.001 for KPC CM 
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+ FIIN 100 nM against the other two groups; P = 0.934 for KPC CM vs KPC CM + 

DMSO). Interestingly, the mean number of internodes was comparable among control 

conditions and treatment with KPC + FIIN 100 nM (P value not significant). These results 

suggest that inhibition of FGFRs markedly decreases the detrimental role of KPC CM 

onto myelin status. 

 

a) 
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b) 

Figure 14. FIIN 1 hydrochloride inhibitor reduces myelin degeneration induced by 

KPC CM 

a) Representative immunofluorescence images of myelinated cocultures treated for 8 

days with control CM (CTRL), control CM and DMSO (CTRL + DMSO), CTRL + 

FIIN (CTRL +FIIN) compared to myelinated cocultures treated with KPC CM alone 

(KPC), KPC CM and DMSO (KPC+DMSO), KPC CM and FIIN 1 inhibitor 

(KCP+FIIN). Myelinated cocultures have been stained for MBP (fluorescein) and 

Neurofilament (rhodamine), nuclei have been marked with Hoechst. Scale bar = 50 

um. 

b) Quantification of the number of myelin internodes in the different conditions 8 days 

after treatment. Error bars represent mean ± s.e.m. (Student-t test, *** P<0.001. 

N=3 replicates per group). 

 

To further investigate the role of FGF-BP1 signaling in cancer-nerve interaction, we 

tested if FIIN 1 could reduce myelin degeneration induced by KPC cells directly 

contacting SCs-DRG myelinated cocultures. Thus, we added 100 nM FIIN to cocultures 

myelinated for 10 days and seeded with 10.000 KPC cells. After 8 days of treatment, we 
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performed immunofluorescence analysis for MBP, NF and CK19 a marker of pancreatic 

cancer cells (Bouwens, 1998). Remarkably, treatment with FIIN 100 nM reduced the 

degeneration observed in control cocultures (Figure 15). This observation confirms the 

implication of FGFs signaling in the myelin degeneration phenotype induced by KPC 

cells with both paracrine and juxtracrine signaling. 

 

 

Figure 15. FIIN 1 hydrochloride inhibitor reduces myelin degeneration induced by 

KPC cells direct contact 

Representative immunofluorescence images of myelinated cocultures after 8 days in 

direct contact with KPC cells (KPC) or with KPC cells and FIIN treatment (KPC + FIIN). 

Myelinated cocultures have been stained for MBP (fluorescein) and CK-19 (rhodamine), 

nuclei have been marked with Hoechst. Scale bar = 25 um 

 

To test whether FIIN might have a primary role on KPC cells survival and/or 

proliferation, we treated isolate KPC cells with 100 nM of FIIN and performed 

immunofluorescence analysis with Phospho-histone 3 and Tunel assay kit, respectively. 

No difference was observed for proliferation nor survival (data not shown), suggesting 

that the observed myelin rescue is not due to less vital KPC cells. 
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2. The role of myelin in supporting cancer growth  
 

The above-described results show that KPC cells induce myelin degeneration both by 

paracrine mechanisms and direct contact, possibly via FGFs signaling. To define the 

possible advantage(s) of KPC cells in inducing myelin degeneration, we next investigated 

the effects myelin has on KPC cells.  

 

2.1 Myelin supports cancer proliferation and morphologically alters cancer cells 

 

To analyze how myelin influences KPC cells, we assessed if direct contact with non-

myelinated or myelinated SCs-DRG cocultures might alter KPC cells morphology and/or 

proliferation. To better monitor potential KPC cells changes, we tracked them with a 

fluorescent live cell tracker that is stable for up to 72 hours and is retained in living cells 

in multiple generations. We seeded 30.000 KPC cells per single DRGs, either myelinated 

or not, and fixed the cells after 16, 20, 24 and 28 hours of co-culture. In collaboration 

with the Advanced Light and Electron Microscopy BioImaging Center (ALEMBIC) at 

San Raffaele Institute, we analyzed the area, the sphericity, and the length of the major 

axis of KPC cells seeded on top of myelinated or non-myelinated DRGs. We measured 

both single and clustered KPC cells. 

KPC seeded on top of myelinated DRGs showed a statistically significant increase in 

area surface and cell length, while the sphericity was significantly reduced (Figure 16a-

b). These results suggest that KPC cells in contact with myelinated cocultures undergo 

morphological alterations, are more elongated and less compact, and form bigger clusters 

of cells. In addition, we performed immunofluorescence analyses for phospho-Histone 3 

as marker of proliferation and we digitally counted the number of signal-positive cells in 

both conditions. Proliferation was statistically significantly higher in KPC cells seeded 

on top of myelinated cocultures compared to KPC cells on top of non-myelinated 

cocultures (Figure 16c). 
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a) 
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b) 

 

c) 
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Figure 16. KPC cells undergo morphological alterations when in contact with non-

myelinated (NM) or myelinated (MM) cocultures.  

a) Representative immunofluorescence images of KPC cell marked with CK-19 

(rhodamine) seeded on top of non-myelinated (NM) or myelinated (MM) cocultures. 

Myelin is stained for MBP (fluorescein), nuclei have been marked with Hoechst. 

Scale bar = 25 um 

b) Graphs summarizing the quantifications of area, length, and sphericity of KPC cells 

seeded on top of non-myelinated (NM) or myelinated (MM) cocultures. Single cells 

mean area NM 1829 ± 40.33; MM 2615± 124.9; cluster mean area NM 3857 ± 186.7; 

MM 9767 ± 899.1. Single cells sphericity NM 0.8434 ± 0.0018, MM 0.7231 ± 0.0037; 

cluster sphericity NM 0.7261 ± 0.01796, MM 0.5511 ± 0.00792. Single cells mean 

major axis length NM 51.98 ± 0.6262, MM 70.39 ±1.544; cluster mean major axis 

length NM 85.91 ± 3.016, MM 153.0 ± 6.105.  Error bars represent mean ± s.e.m. 

(Student-t test, *** P < 0.001. N= 4 biological replicates per group). 

c) Quantification of the number of phospho-histone 3 positive KPC cells seeded on top 

of non-myelinated (NM) or myelinated cocultures. Mean phospho-Histone 3 positive 

nuclei NM 6.642 ± 0.9904, MM 18.85 ± 4.215. Error bars represent mean ± s.e.m. 

(Student-t test, ** P = 0.0304. N= 4 biological replicates per group). 

 

2.2 Myelin supports cancer migration and invasion 

 

Our results indicate that myelinated cocultures are able to influence KPC cells 

morphology and proliferation. To define whether they could also influence cancer cells 

migration and invasive abilities we set up experiments using a Transwell system. 

We used a 24 well plate with polycarbonate inserts of 6.5 mm in diameter with 8 um 

pores. To assess the influence produced by cocultures on KPC cells, we seeded in the 

bottom chamber of the Transwell one single SC-DRGs explant either non myelinated, 

myelinated or myelinated degenerated. 3 insert for each condition were used. The 

cocultures were moved in the bottom chamber of the 24 well, washed with PBS once and 

left overnight in a basal medium before performing the experiment.  
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For the migration assay, we seeded 30.000 KPC cells on the top membrane of the insert 

in the same medium used in the bottom chamber. After 24 hours, we aspirated the medium 

and removed the cells that did not migrate by wiping with a cotton swab. Migrated cells 

on the bottom membrane were then fixed with paraformaldehyde and stained with Crystal 

Violet to visualize and count them. We observed that migrating KPC cells followed a 

trend, with the least cell migrated in the empty control and increasing migration from 

non-myelinated, myelinated to degenerated cocultures treated with CM. As shown in 

Figure 17, a statistical ANOVA test confirmed our observations. 

 

Figure 17. KPC cells migrate towards degenerated cocultures.  

Quantification of the migrated KPC cells in the different conditions: control condition is 

represented by an empty bottom chamber (CTRL). Non myelinated cocultures were 

obtained by growing SC-DRGs explants in basal medium for 1 week (NM). Myelinated 

cocultures were obtained by inducing myelination in SC-DRGs explants for 10 days after 

1 week of growth in basal medium (MM). Degenerated myelin was obtained by treating 

for 14 days with KPC CM already myelinated cocultures (MMDEG). 

 Mean CTRL 99,14 ± 8,108; NM 192,1 ± 5,024; MM 370,8 ± 7,624; MMDEG 500,7 ± 

13,28.  Error bars represent mean ± s.e.m. (ANOVA test, ** P < 0.001. N=9 insert per 

group). 

To assess if myelin also influences the invasiveness of KPC cells, we performed a 

similar experiment with the addition of a Matrigel film on the top membrane of the insert, 
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to mimic the presence of an extracellular matrix that cancer cells need to degrade to reach 

their target. Similarly to the above described experiment, we grew in the bottom chamber 

non myelinated cocultures, myelinated cocultures and myelinated cocultures treated with 

KPC CM for 14 days. To assess KPC invasion, we seeded 70.000 KPC cells on top of the 

Matrigel film. 

After 24 hours, we stained with Crystal Violet the bottom side of the insert membrane 

to visualize and count migrated KPC cells. In general, we observed that KPC cells are 

significantly attracted by the cocultures in the bottom chamber compared to the empty 

control. Interestingly, also in this case KPC cells invade more towards degenerated 

myelin cocultures, while we did not observe any difference in the number of invading 

cells towards the other two conditions (Figure 18), as confirmed also by statistical 

analyses (ANOVA). This result might indicate that KPC cells are more prone to undergo 

the modifications required for obtaining an invading phenotype when myelin is damaged 

and therefore less compact and more readily available. 

 

Figure 18. KPC cells invasion increases towards degenerated cocultures.  

Quantification of the invaded KPC cells in the different conditions: control condition is 

represented by an empty bottom chamber (CTRL). Non myelinated cocultures were 

obtained by growing SC-DRGs explants in basal medium for 1 week (NM). Myelinated 

cocultures were obtained by inducing myelination in SC-DRGs explants for 10 days after 
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1 week of growth in basal medium (MM). Degenerated myelin was obtained by treating 

for 14 days with KPC CM already myelinated cocultures (MMDEG). 

Mean CTRL 26.75 ± 3.567; NM 94.47 ± 8.260; MM 98.14 ± 9.889; degenerated 

cocultures 207.6 ± 8.016.  Error bars represent mean ± s.e.m. (ANOVA test, ** P < 0.001. 

N=9 inserts per group). 

 

To further characterize KPC cells migration and invasion abilities, we performed 

RNA-seq analysis on migration and invasion experiments. We are interested in 

comparing the differentially expressed genes of KPC cells that have migrated or invaded 

to those KPC cells who have remained on the top part of the membrane. Briefly, we 

repeated the migration and invasion experiments as above described. After 24 hours, we 

removed the medium and selected 18 inserts for each of the four conditions (CTRL, NM, 

MM and MMDEG) for both the migration and invasion experiments. Of these, 9 inserts 

were used to collect RNA from the top side of the membrane, the other 9 to collect RNA 

from the bottom part of the membrane. To avoid interference, cells were removed with 

cotton swab on the side of the membrane that was not used to collect RNA. Lysates were 

shipped to an external facility (GeneWiz) for RNA seq analysis. The results of these 

analyses will serve as future development of my studies to identify the molecules 

mediating the above-described mechanisms.  

 

2.3 Cancer cells uptake myelin and exploit it to proliferate 

 

Recent studies focusing on the role of lipids in PDAC have suggested that lipid 

droplets are used as sources of energy during cell migration via oxidative metabolism 

(Rozeveld et al, 2020). Since myelin is mainly composed of lipids, we decided to 

investigate if KPC cells could uptake myelin droplets. 

Thus, we isolated and purified myelin in form of a lipidic suspension from murine 

brain. We collected four brains from wild type mice and mechanically minced them into 

small pieces. We then homogenized the tissue with a pre-chilled Dounce homogenizer in 

2.5 mL of a 0.85 M sucrose solution. Then, we transferred the homogenate to 
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ultracentrifuge tubes and added 0.25 M sucrose solution to create a gradient. Tubes were 

spun overnight at 67.000 g. We then collected the myelin fraction, visible as a defined 

interface between the two layers of sucrose 0.25 and 0.85 M. We osmotically shocked 

myelin and centrifuged for 30 minutes at 9000 rpm. Thus, we obtained a clear myelin 

pellet that was tested with Western Blot for the MBP protein. We determined myelin 

concentration with BCA assay and stored 1 mg/ml aliquots at -80 °C until use. 

Next, we determined whether KPC cells could uptake myelin. Therefore, we seeded 

20.000 KPC cells on glass coverslips and, after 8 hours, we starved the cells for 16 hours. 

Next, we switched the cultures to a serum free media condition with or without myelin. 

24 hours after myelin addition, we performed immunofluorescence analysis for 

Phalloidin to stain cancer cells and MBP for myelin. Remarkably, we were able to 

visualize KPC cells reaching for myelin lipid droplets (Figure 19a). 

We next wondered if and how KPC cells use the ingested myelin. To assess if myelin 

could be used as a proliferative stimulus, we repeated the myelin feeding experiment and 

performed immunofluorescence analysis for CK-19 and phospho-Histone 3 24 hours after 

treatment. Interestingly, the number of phospho-Histone 3 positive cells was significantly 

increased among KPC cells treated with myelin (P=0.0445, Figure 19b). 

 

a) 
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b)  

 

Figure 19. KPC cells uptake myelin lipid droplets and use it to proliferate 

a) Representative immunofluorescence images of KPC cells incorporating myelin 

droplets. KPC cells are stained with Phalloidin (fluorescein) and myelin droplets 

with MBP (rhodamine). Nuclei are marked with Hoechst.  

b) Quantification of phospho-Histone 3 positive KPC cells in control condition (CTRL) 

or upon myelin addition to medium (+Myelin). Mean empty condition 0.072 ± 0.004; 

mean KPC + myelin 0.097 ± 0.008. Error bars represent mean ± s.e.m. (Student-t 

test, * P=0.0445. N=4 biological replicates per group). 

 

 

3.  PDAC organoids to study PNI 

 

To validate the above-described results in a more physiological setting, we established 

organoid cultures from primary KPC cell line, murine healthy pancreas, surgically 

resected PDAC patients and healthy human controls. Organoids recapitulate the epithelial 

architecture of their organ of origin, and the three-dimensional structure reproduces the 

environmental signals present in both normal tissue or cancer while retaining the original 

genetic mutations (Lau et al, 2020), offering a fair more valid model to mimic different 

normal and pathological conditions. 
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3.1 Organoids establishment 

 

We prepared human organoids only from patients whose diagnosis of ductal 

adenocarcinoma of the head of the pancreas was confirmed both clinically and 

radiologically. In parallel, as a control, we established organoid cultures from healthy 

pancreatic tissue from the leftovers of pancreas digestion from the islet transplant 

program, kindly provided by Prof. Piemonti (OSR, Diabetes Research Institute). 

All patients, after signing an informative agreement, underwent surgical 

pancreaticoduodenectomy and the resected specimens were collected in sterile towels, 

placed on ice and immediately transferred to the Pathology Unit for a preliminary 

histological characterization. After isolating the tumor, the pathologist provided us a 

small part of it that we collected in a 50 mL sterile Falcon tube containing basal medium. 

The tissue was stored at 4°C for 16 hours to eliminate fat and blood cells from the 

specimen. Next, we separated the cells from the surrounding fibrous tissue by mechanical 

dissection followed by enzymatic digestion with 0.125 mg/ml collagenase, 0.125 mg/ml 

dispase and 0.125 mg/ml DNAase for 1 hour. Finally, to remove the undigested material 

we passed it through a 40 μM cell strainer. The collected material was then centrifuged 

at 300 g for 5 minutes at 8 °C to obtain the cells. Collected cells were then resuspended 

in cold Matrigel and plated in pre-warmed 4 well culture plates. All organoids formed 

and developed in cell culture incubator at 37°C, 5% CO2 in regular organoid growth 

medium in 6-7 days. 

To maximize human organoid preparation, we tried to establish organoids from 

patients who underwent neoadjuvant therapy before surgery, since more and more 

patients are candidates for preoperative chemotherapy treatment. However, and in 

agreement with previous studies, we were not able to establish them (Boj et al, 2015). 

To establish spheroids from murine pancreatic cancer, we used primary pancreatic 

cancer cells derived from the tumor bulk of KPC mice established in Dr. Tuveson’s lab. 

These cells were a kind gift of Dr. Piemonti (San Raffaele Scientific Institute). In 

particular, we resuspended 10000 KPC cells (K8484) in cold Matrigel and after a week 

in mouse organoid medium, we obtained a confluent spheroid culture. In parallel, we also 
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developed organoids directly from frozen tumor-derived material, but we mainly worked 

with spheroids since we did not have KPC mice available. 

To establish healthy murine organoids, we collected pancreases from wild type mice 

in a 50 mL sterile Falcon tube containing cold basal medium. We then transferred the 

pancreas in a sterile 10 mm Petri dish and mechanically digested the organ. The minced 

material was transferred to a 15 ml tube containing 10 ml of warmed Digestion solution. 

We incubated at 37°C for 5 minutes on a shaker. After enzymatic digestion, we performed 

mechanical digestion by pipetting with P200 and we filtered with a 40 μM cell strainer, 

then we pelleted the material at 200 x g for 5 minutes at 8 °C, discarded the supernatant 

and washed twice with 10 mL of Basal Medium by repeating the pelleting method above 

described. We resuspended the pellet in an appropriate volume of cold Matrigel (Corning) 

and plated the organoids following the same procedure used to establish human 

organoids. Regardless of the species and of the health status, we were able to successfully 

grow pancreatic organoid cultures and expand and maintain organoids in culture up to 8 

months. To characterize the established organoids, we performed both 

immunofluorescence and electron microscopy analyses. 

Since CK-19 and SOX-9 genes have been specifically associated to pancreatic ductal 

lineage (Cleveland et al, 2012), we used these markers to further characterize our 

developed organoids in immunofluorescence analyses (Figure 20). CK-19 is mainly 

expressed in ductal epithelial (bile and pancreatic duct, renal collecting ducts) and 

gastrointestinal epithelia. In the pancreas, CK-19 is normally expressed in the exocrine 

ducts but not in the exocrine acinar and endocrine islet cells (Bouwens, 1998). The 

transcription factor SOX-9, instead, belongs to a family of transcription factors that plays 

a critical role in the development and differentiation of multiple tissues during 

embryogenesis, among which the pancreas (Wegner & Stolt, 2005). Indeed, SOX-9 is 

expressed from the early stages of pancreatic development and is required to maintain the 

pancreatic progenitor pools and to establish the pancreatic endocrine and exocrine cell 

fates (Lynn et al, 2007; Seymour et al, 2007). In addition, SOX-9 is expressed in 

centroacinar and ductal epithelial cells of the pancreas and it is considered a marker for 

pancreatic ductal lineage of pancreatic neoplasms (Shroff et al, 2014). 
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Figure 20. Healthy and KPC spheroids immunofluorescence 

Representative immunofluorescence images of healthy and KPC spheroids grown for 7 

days and immunostained for Cytokeratin-19 (rhodamine) and Sox-9 (fluorescein). 

Cultures were also stained with Hoechst to identify nuclei. 

 

Recent studies have shown that in addition to immunofluorescence analyses, scanning 

electron microscopy studies as well as pH measurement analyses and ion sensitive 

fluorescent indicators could provide a precise assessment of pancreatic organoids 

physiological characteristics, including secretion (Molnár et al, 2019).  

Hence, to further characterize our spheroids, we performed morphological analyses 

using scanning electron microscopy on KPC and healthy murine organoids. In 

collaboration with Dr. Carla Panzeri at the OSR imaging facility (ALEMBIC), we 

obtained detailed images of sectioned spheroids. We observed that both healthy and KPC 

spheroids form a cellular monolayer that is polarized towards the inner part of the sphere 

(Figure 21). On the apical membrane, we also observed a brush border as well as secreted 
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vesicles being extruded by the spheroids (Figure 21, bottom panels). Collectively, these 

studies confirmed that we obtained bona fide spheroids, validating our system. 

 

 

 

Figure 21. Morphological analysis of healthy and KPC spheroids. 

Representative electron micrographs of healthy and neoplastic spheroids after 7 days  
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3.2 Spheroids – DRGs cocultures 

 

Next, we applied the organoids system to study PNI. Thus, we grew established 

coculture SCs-DRGs neurons together with murine spheroids, both healthy and 

neoplastic. 

We first tested different combinations of growth factors to ensure that both cell types 

could survive and grow, thus establishing compatible culture conditions for these groups 

of cells. To obtain the cocultures, we resuspended a confluent dome of spheroids in 150 

ul of cold Matrigel in a 15 mL falcon. In parallel, we dissected E13.5 DRGs from wild 

type mice. Importantly, we dissected DRGs from the same level of the spinal cord that 

were grown either with KPC organoids or with healthy controls. We could successfully 

grow spheroids and SCs-DRGs cocultures in a Matrigel drop for up to 1 week. All 

cultures were set up in chambered coverslip with 15 micro-wells placed on a glass bottom 

that provided the optimal support for visualization and whole-mount 

immunofluorescence analysis. To perform whole-mount immunofluorescence we 

adapted a protocol originally developed in Tuveson Lab (Tuveson Lab). Particular care 

was put in maintaining the integrity of the Matrigel dome to preserve the three-

dimensional structure. All immunofluorescence images were performed and analyzed in 

collaboration with Dr. Valeria Berno (OSR ALEMBIC). 

Previous studies have reported that PDAC alters nerve fibers diameter and increases 

their growth in pancreatic cancer (Demir et al, 2015b). To assess if KPC spheroids 

affected also SCs-DRGs cocultures, we determined whether SCs-DRGs cocultures grew 

differently when in contact with healthy or neoplastic spheroids.  

Remarkably, KPC spheroids induced a statistically significant increase as mean length 

of the neurites (P = 0.0103, Figure 22). This result is consistent with observation made 

on human neoplastic specimen and confirms that spheroids – SCs-DRGs cocultures is a 

reliable model to reproduce PNI in vitro.  
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a)  

 

 

b) 

 

Figure 22. Morphological analysis of healthy organoids (HP) and KPC (KPC) 

spheroids. 

a) Representative reconstructed immunofluorescence images of healthy and neoplastic 

spheroids after 7 days of co-culture with SCs-DRG neurons. Cocultures were stained 

for Phalloidin. 

b) Quantification of mean neurite extension: healthy pancreas (HP) organoids 1264 ± 

36.18; KPC organoids 1469 ± 65.49. Error bars represent mean ± s.e.m. (Student t 

test, * P=0.0103. N=3 replicates per group). Neurite extension was measured using 

pixels (783,8 pixel/mm).  



 

83 
 

 

 

3.3 Orthotopic spheroids transplants  

 

Orthotopic organoids transplant is a valid model to study PDAC. When transplanted, 

they can recreate a cancer microenvironment better reproducing the original PDAC 

specimen, as compared to in vitro culture conditions. In addition, organoids can 

recapitulate all the stages of PDAC development, slowly progressing from pre-invasive 

lesion to a metastatic disease (Boj et al, 2015). It is controversial whether PNI can be 

observed in the commonly used mouse models of PDAC, as it has only been described at 

very late tumor stage where the cancerous mass compressed nerves ab extrinsic 

(Stopczynski et al, 2014) . Orthotopically transplanted organoids, instead, show a slow 

neoplastic growth, and we hypothesized that this gradual growth may allow for PNI to 

develop. 

Thus, in collaboration with Dr. Caronni from Dr. Ostuni’s lab (OSR), we 

orthotopically transplanted KPC spheroids as previously described (Boj et al, 2015; 

D’Agosto et al, 2020b). Briefly, we injected 1 million cells from a spheroids suspension 

in the pancreas of anesthetized wild type mice. We monitored tumor growth by ultrasound 

performed at the OSR Preclinical Imaging Facility every two weeks. After 75 days, at 

mice sacrifice, we collected the organs of interest in formalin to be analyzed by the 

Pathology Department of our Institute. Specifically, we collected the pancreas to verify 

the histological aspect of the primary tumor. To assess the presence of metastasis, spleen, 

duodenum, stomach, liver, kidneys, lungs, peritoneum and diaphragm were retrieved. 

Pathologists’ evaluation confirmed the presence of a primary pancreatic tumor mass, 

which at histology closed resembled human PDAC as characterized by presence of 

glandular atypia and high stromal infiltrate (Haeberle & Esposito, 2019). Moreover, they 

also observed metastatic dissemination in the abdominal cavity and on the liver capsule. 

Interestingly, metastatic disease was found also in the lungs of these mice, strongly 

resembling metastatic disease of human patients from a histological perspective (Figure 

23a-b). Thus, orthotopic spheroids transplants successfully gave rise to a primary 
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pancreatic cancer that resembles human PDAC, and we were also able to obtain 

metastases to the same organs commonly involved in human patients. 

Once assessed that orthotopically transplanted KPC spheroids are very faithful to 

human PDAC, we tested whether we could observe the presence of PNI in this system. 

To this aim, we monitored the development of the tumor mass with ultrasound and 

sacrificed mice after tumor development, but we used a different technique to collect 

abdominal organ. The largest and more readily available nerve trunks and ganglia are the 

nerves running along the vertebral column and the respective coeliac and mesenteric 

ganglia, and these are also the locations where PNI is found in human patients. To harvest 

these nerves, we collected en bloc the region of interest of the mouse abdomen: starting 

from the pancreas with duodenum and spleen, we dissected posteriorly collecting the 

kidney and the posterior muscular layer and the fascia above the vertebral column. In this 

way, we could maintain at least in part the anatomical orientation of the specimen to try 

and localize PNI. We then included the abdomen in OCT and are currently retrieving 

tissue sections to perform immunofluorescence for PDAC and nerve markers. 

Preliminary results show a strong innervation of the neoplastic pancreas, with the 

presence of numerous nerve fibers positive for NF. In addition, we observed the presence 

of neoplastic cells budding from the primary tumor that are attracted by nearby nerves, as 

shown in Figure 23c. 

We are currently working on validating these results in a wider cohort of cases and we 

also plan to compare our findings with healthy pancreas specimens. 

 

a) 
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b) 

 

 

c) 
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Figure 23. Orthotopic transplants of neoplastic spheroids 

a) Representative images of the primary pancreatic tumor (*) developed after 75 days 

of transplants. Arrow indicates metastases to the liver. 

b) Hematoxylin and eosin staining of pancreas showing the primary tumor (***) and 

the extensive necrosis (∇). Hematoxylin and eosin staining of metastases to the 

lung (***). 

c) Representative immunofluorescence image of tumor originated from transplanted 

spheroids marked with CK19 (rhodamine) that surrounds nerve, stained for NF 

(fluorescein). Nuclei are marked with Hoechst. Scale bar = 50 um. 

 

 

4. VANISSh Protocol: Vascular And Neural Invasion Severity Score 

 

In collaboration with the Pathology Unit and the Pancreatic Surgery Unit, we have 

developed a new score to better stratify the severity of perineural and perivascular 

invasion. The primary aim of the Vascular And Neural Invasion Severity Score 
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(VANISSh) is to evaluate both retrospectively and prospectively the newly proposed 

scoring systems and correlate them with disease free survival (DFS). Secondary aims are 

to correlate these scores with other clinical variables such as early recurrence, site of 

recurrence, disease specific survival (DSS) and neoadjuvant treatment. The VANISSh 

protocol is an observational study that was approved by the OSR internal Ethical 

Committee (protocol n.165/INT/2018) and it is a registered Clinical Trial 

(NCT04024358). 

Dr. Schiavo Lena and Prof. Doglioni, from the OSR Pathology Unit based on their 

experience with pancreatic pathologies, proposed the following PNI stratification:  

0: Not identified/Absent 

1: Invasion of scarce nervous trunk of small diameter (<1 mm) 

2: Diffuse invasion in small nervous trunk or medium nervous trunk (>1 mm but <3 

mm) or intraneural invasion 

3: Massive invasion or big nervous trunk (>3 mm) or necrosis of the invaded nerve 

 

For retrospective analyses we enrolled 507 patients, with a histologically confirmed 

PDAC, who underwent surgical resection at our institute from January 2015 to December 

2019. Since there were no significant differences in terms of pathological features 

between tumors of the head or the body and tail, we did stratify for regional differences. 

We separately analyzed patients who underwent upfront surgery (n=278) from those who 

received neoadjuvant treatment (n=229). Neoadjuvant treatment significantly reduced 

PNI: indeed, while PNI was present in 79.9% of the upfront surgery patients, it was 

reduced to 70.7% in patients who received neoadjuvant treatment (p=0.022). The 

chemotherapeutic regimen did not influence PNI incidence, as PNI was absent in 24.6% 

of patients receiving a non-platinum based therapy compared to a 33.9% of patients who 

received a platinum based therapy (p=0.146). 

 

4.1 The impact of PNI on disease free survival and disease specific survival 
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To establish whether PNI might affect DFS, we first performed univariate Kaplan-

Meier analyses with the most known clinical and pathological features. Among these, we 

selected statistically significant factors to perform Cox survival analysis. 

On univariate analysis on patients who underwent upfront surgery, only pathological 

factors emerged as indicators of recurrence, like tumor grade and dimension, lymph node 

involvement, margin status, grading, perineural and perivascular invasion. Remarkably, 

more severe PNI correlated with a higher probability of recurrence: patients who did not 

have PNI had a median of 36 months of DFS, patients with PNI 1 had 24 months, patients 

with PNI 2 had 22 months and patients with PNI 3 had only 15 months of DFS (p=0.000; 

Figure 24a). 

Univariate analyses for neoadjuvant treated patients confirmed the same pathological 

features observed in the above described group of patients except for grading. This can 

be explained by the fact that neoadjuvant treatment destroys cancer cells resulting in a 

less aggressive grading score. Also in this group, PNI severity significantly correlated to 

the median time of DFS: PNI 0 patients had 28 months of DFS, PNI 1 22 months, PNI 2 

18 months, PNI 3 had only 13 months of DFS (p=0.004; figure 24b).  

At multivariate analyses, PNI did not emerge as an independent prognostic factor 

neither for the upfront group (p=0.811, CI 95% 0.598-1.929) nor the neoadjuvant one 

(p=0.761, CI 95% 0.485-1.698). In the upfront group, T stage and N status were the only 

significant predictors of survival (p=0.004, CI 95% 1.299-3,718 and p=0.003, CI 95% 

0.798-19.50 respectively). In the neoadjuvant group, only T stage emerged as 

independent predictor of recurrence (p=0.046, CI 95% 1.007-2.233). 

 

a) 
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b) 

 

 

Figure 24. PNI impact on DFS in the upfront (a) and the neoadjuvant (b) group 

a) DFS stratified by PNI score calculated with Kaplan-Meier method. DFS was 36 

months for patients without PNI, 24 months for patients with PNI score 1, 22 

months for patients with PNI score 2, 15 months for patients with PNI score 3 

(p<0.001) 

b) DFS stratified by PNI score calculated with Kaplan-Meier method. DFS was 28 

months for patients without PNI, 22 months for patients with PNI score 1, 18 
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months for patients with PNI score 2, 13 months for patients with PNI score 3 

(p=0.004) 

 

To analyze the impact of PNI on Disease Specific Survival (DSS), we performed uni- 

and multivariate analysis. PNI emerged as a significant factor at univariate analyses only 

in the neoadjuvant group (P = 0.009, figure 25), while it did not reach significance in the 

upfront group. 
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Figure 25. PNI impact on DSS in the neoadjuvant group 

DSS stratified by PNI score calculated with Kaplan-Meier method. DSS at 1 year was 

95% for patients without PNI, 92% for patients with PNI score 1, 82% months for patients 

with PNI score 2, 77% months for patients with PNI score 3 (p=0.009). 

 

4.2 PNI correlates with other pathological features  

 

Next, we analyzed if more aggressive pathological features correlate with a more 

severe PNI score. We focused on T status, N status, grading, and margin status (R), as 

these are the most important pathological factors for PDAC patients. Interestingly, 

worsening of all the selected factors significantly correlated with a more severe PNI, 

suggesting the validity of the proposed score (Figure 26-27). 
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Figure 26. PNI correlates with other pathological features in the upfront surgery 

group. 

Increasing PNI severity correlates with increasing T size, higher number of positive 

lymph nodes, poorer differentiation grade and higher risk of positive margin status. 

Graphs represent the percentage of patients in each group of PNI for the corresponding 

pathological feature. Contingency tables were used to calculate p-values. Kendall’s Tau-

B was used to obtain the correlation coefficient of strength and direction of the 

association. **significant at level p<0.001 (two-tailed). 
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Figure 27. PNI correlates with other pathological features in the neoadjuvant group 

Increasing PNI severity correlates with increasing T size, higher number of positive 

lymph nodes, poorer differentiation grade and higher risk of positive margin status. 

Graphs represent the percentage of patients in each group of PNI for the corresponding 

pathological feature. Contingency tables were used to calculate p-values. Kendall’s Tau-
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B was used to obtain the correlation coefficient of strength and direction of the 

association. **significant at level p<0.001 (two-tailed). 

 

These results suggest that the newly developed score is accurate in dividing PNI in the 

different proposed categories. Indeed, increasing PNI severity correlates with the 

worsening of important pathological features like T, N, grading and margin status. In 

addition, the score stratified well with worsening DFS in both groups, but a longer time 

of follow up is mandatory to draw conclusion on the correlation of PNI score and DSS.  

Data collection and analyses from the prospective cohort will increase the population 

dimension as well as the length of follow up, offering a more thorough analysis of this 

phenomenon. 
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Discussion 
 

In this work, we focused on the interactions between cancer cells with myelinated or 

non-myelinated axons. We showed that paracrine factors released by neoplastic cells are 

sufficient to induce profound alterations in myelinated cocultures, which is specific to 

pancreatic cancer. We also observed that direct contact between cancer cells and nerves 

reproduces more aggressively myelin degeneration, a phenotype that activates the 

classical pathways of nerve damage, as confirmed by the upregulation of c-Jun, the key 

master factor regulating Schwann cells dedifferentiation to prompt nerve regeneration 

(Parkinson et al, 2008b; Arthur-Farraj et al, 2012). 

Among the factors identified in our secretome analyses, we focused on those 

specifically upregulated in KPC CM as compared to controls based on the following 

criteria: involvement in cancer growth and progression, involvement in myelin and nerve 

damage. Thus, we selected five candidates. After literature review, we narrowed our 

studies on investigating the role of FGF-BP1, since it is relevant for both PDAC and nerve 

regeneration. The reliability of our analyses was confirmed by our results, showing that 

in vitro, FGFBP1 is necessary and likely sufficient to cause myelin degeneration of 

already myelinated SC neuronal cocultures. Indeed, FGF-BP1 is upregulated in PDAC, 

increasing availability and signaling of FGFs, therefore promoting tumor growth. 

Moreover, FGF-BP1 binding and releasing of FGF2, mediates a pro-angiogenic switch 

leading to an increased growth of endothelial cells (Czubayko et al, 1997). FGF-BP1 also 

correlates to invasion and metastases in PDAC, as it might modulate FGF22 activation in 

cancer associated fibroblasts, that in turn promote cancer cells migration and invasion 

(Zhang et al, 2019). Several FGFs are involved in promoting PDAC (Ndlovu et al, 2018; 

Kang et al, 2019), thus it is likely that FGF-BP1 interacts also with other ligands to 

promote cancer.  

In the PNS, FGFs have a protective role after nerve injury (Maddaluno et al, 2017); 

for example, activation of FGFs signaling prevents degeneration of unmyelinated sensory 

axons (Furusho et al, 2009). Specifically, FGF-BP1 has a role in the development and 

maintenance of the neuromuscular junction (Taetzsch et al, 2018).  
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Next, given the striking phenotype observed with myelin degeneration, we wondered 

what advantage KPC cells could gain from inducing myelin degeneration. We 

hypothesized that myelin degeneration and its subsequent removal are necessary for 

cancer cells to alter nerve structure and induce axonal growth, thus initiating PNI, since 

myelin is otherwise inhibitory to axonal regrowth (Brosius Lutz & Barres, 2014). This 

represents a completely new area of investigation, as no data are available on the 

interaction between cancer and myelinated nerves.  

KPC cells are affected by the presence of nerves as well. Indeed, our results showed 

enhanced growth and proliferation rate when KPC cells are in contact with myelinated 

nerves, and myelin increases also the migrative and invasive abilities of KPC cells. 

Moreover, KPC cells can uptake purified myelin droplets and use them to proliferate. 

These data offer a new insight on the ability of cancer cells to exploit nerves for their 

sustainment, in particular we could speculate that myelin is an energetic source for KPC 

cells. Accordingly, it has been suggested that pancreatic cancer cells have an altered lipid 

metabolism that supports both increased uptake and storage of lipids as well as de novo 

synthesis of cholesterol and other lipoproteins, therefore providing a key resource to fuel 

proliferation and metastatization (Rozeveld et al, 2020; Guillaumond et al, 2015). 

Remarkably, a meta-analysis on 4513 PDAC patients revealed that a high-cholesterol diet 

might increase the risk of developing PDAC, suggesting a possible contribution of 

exogenous cholesterol presence to PDAC development (Chen et al, 2015). 

To use a more physiological system than bidimensional KPC cells, we developed 

pancreatic organoids and spheroids. We were able to coculture spheroids and SC-DRG 

explants, and we demonstrated that KPC spheroids induce a significant growth in SC-

DRGs compared to healthy organoids. This result validates our coculture system as it 

recapitulates the nerve hypertrophy observed in PDAC patients (Tan et al, 2021) and 

offers a reliable model to study PNI. Moreover, to study PNI in an in vivo model, we set 

up orthotopic spheroids transplants and plan to characterize the presence of nerve 

invasion, thus establishing a system that will allow to test how to interfere with the 

development of PNI. 

Finally, we decided to investigate in detail the pathological definition of PNI by 

developing a novel score that stratifies PNI on the basis of the different severity of nerve 
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invasion. This score will help understand the clinical significance of the different types 

of PNI in PDAC, as so far it has only been considered a present or absent phenomenon 

(Crippa et al, 2020). 

 

KPC cells influence on myelinated cocultures 

 

It is widely accepted that PDAC and nerves have strong interactions from the very 

early phases of cancer development, with a growing literature supporting this observation 

(Crippa et al, 2020). However, there are no studies focusing on the interactions between 

myelinated nerves and PDAC, most likely because of the difficulty in obtaining 

reproducible in vitro myelinated cocultures. Our expertise in the research of myelination 

and the extensive use of in vitro neuronal cultures allowed us to address the foundation 

of these interactions. 

Remarkably, we found that factors released by KPC cancer cells could induce myelin 

degeneration already after 7 days (Figure 8). Not surprisingly, direct contact with KPC 

cells exerts a stronger effect, inducing myelin degeneration in only 3 days (Figure 10). 

Interestingly, myelin degeneration was specifically induced by PDAC, as CM from colon 

cancer cells did not have any effect. This result is in line with previous studies that have 

reported that PDAC is the gastrointestinal cancer with the highest prevalence of PNI 

(Liebl et al, 2014). 

More importantly, the observed myelin degeneration correlates with a significant 

upregulation of the master regulator of nerve-damage, c-Jun. c-Jun, which is upregulated 

in SCs early after damage (Gomez-Sanchez et al, 2017), promotes reprogramming of SCs 

into repair cells, a necessary prerequisite to induce the entire nerve degeneration and 

regeneration program. During this process, repair SCs express trophic factors that support 

nerve regrowth, like GDNF, BDNF, artemin, p75NTR and N-cadherin (Arthur-Farraj et 

al, 2012). Accordingly, it has been proposed that nerve-cancer interaction recapitulate the 

same molecular processes occurring during regeneration (Boilly et al, 2017). 

Remarkably, all these molecules are also implicated in supporting PNI in PDAC, 

promoting cancer growth or nerve-cancer interactions. Therefore, we posit that PDAC 

could hijack the trophic factors used by nerve to regenerate for its own advantage.  
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Among the secreted molecules that participate in the early events of PNI and thus 

induce myelin damage, we investigated FGF-BP1. FGF-BP1 is normally expressed in 

skin, eye, stomach, ileum, and colon (Aigner et al, 2002), and it is upregulated in some 

types of cancer. In hepatocarcinoma upregulated FGF-BP1 expression correlates to a 

more aggressive tumor stage and diminished overall survival. Indeed, it associates with 

increased migration and metastatic potential in an in vitro model of hepatocarcinoma 

(Huang et al, 2015). FGF-BP1 expression is also markedly increased at early neoplastic 

stages in PDAC and in colon cancer, and high levels of FGF-BP1 were also reported in 

metastatic colorectal cancer and advanced PDAC (Tassi et al, 2006). Moreover, FGF-

BP1 is overexpressed in human PDAC compared to normal adjacent pancreatic tissue as 

emerged by immunohistochemical analysis and confirmed by tissue micro array analysis 

on 176 patients (Expression of FGFBP1 in pancreatic cancer - The Human Protein Atlas, 

2016). Interestingly, in a study on 109 PDAC patients, FGF-BP1 emerged as an 

independent predictor of survival at Cox regression analysis, surpassing other established 

prognostic factors like lymph node status (Zhang et al, 2019).  

In the PNS, FGF-BP1 has been described in the developing neuromuscular junction 

(NMJ) to promote the formation and maintenance of the structural integrity of the NMJ 

(Taetzsch et al, 2017a), and it interacts with the FGFs that have a neuroprotective effect 

in the PNS (Maddaluno et al, 2017). 

We now report that FGF-BP1 expressed in myelinated cocultures is reduced after 

treatment with KPC CM (Figure 12). This might represents an attempt of myelinated 

nerves to reduce the influence of a cancer-secreted molecule that might induce nerve 

damage if overexpressed, thus supporting the notion that PDAC actively participates to 

nerve remodeling. More importantly, we showed that FGF-BP1 could mediate myelin 

degeneration, suggesting a specific role for FGF-BP1 released by cancer cells in inducing 

PNI. In future studies it will therefore be important to define how FGF-BP1 could sustain 

PDAC growth and nerve-cancer interactions, and to explore whether FGF-BP1 and its 

downstream signaling are involved in the process of myelin damage. We have already 

started to address these issues by developing KPC cells knocked out for FGF-BP1 by 

Crispr-Cas9 technology. Thus, we will use these cells to confirm the results reported in 
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these studies on the effects of FGF-BP1. More importantly, we plan to perform orthotopic 

transplant of knocked down KPC cells and organoids and monitor tumor growth and 

neural invasion in vivo. These studies will confirm the role of FGF-BP1 in mediating PNI 

and reveal if interference with its signaling might become a novel therapeutic strategy for 

PDAC patients. 

If successful, we might consider inhibiting FGF signaling in animal models of PDAC, 

characterized by enhanced PNI, and monitor tumor growth, metastatic spread and PNI. 

 

Myelin influence on KPC cells: a lipidic fuel for cancer? 

 

In our studies we also addressed this fundamental question: What advantage would 

obtain KPC cells in inducing myelin damage? Myelin is mainly composed of lipids and, 

based on very recent evidences suggesting a central role for lipids in promoting PDAC 

metastases (Rozeveld et al, 2020), we hypothesized that myelin could indeed represent 

an attractive energetic source for KPC cells. 

Accordingly, our results confirmed that in KPC cells contacting myelinated cocultures, 

the size of single cancer cells as well as the size of clustered cells is increased, with cells 

being enlarged and more outstretched. This results into increased proliferation, indicating 

that KPC cells are prone to grow and expand when myelin is available. This is in line 

with previous studies where neoplastic cells take advantage of different factors secreted 

by nerves, which are upregulated in PDAC tissue samples, like NGF (Saloman et al, 

2018), artemin (Ceyhan et al, 2007), GDNF (He et al, 2014) and many others. Thus, 

myelin lipids might represent a novel, pro-tumoral factors that underlies once more the 

importance of nerves for cancer growth. 

Our data also indicate that myelin represents a strong, attractive factor for KPC cells, 

supporting both migration and invasion (Figures 16 and 17). Based on the results of our 

studies, we could speculate that myelin is used as an energetic source to promote growth. 

Additional studies are required to corroborate this hypothesis. Thus, we are planning to 

perform metabolomics and lipidomic analyses on KPC cells fed with myelin to define 

which metabolic pathways are activated upon myelin uptake. Hopefully, this will also 

lead to the identification of metabolic alterations that could represent novel therapeutic 
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targets for PDAC patients, as it is already known that high-fat diet and obesity are both 

risk factors for PDAC (Xu et al, 2018; Chen et al, 2015). 

We also intend to understand which receptor(s) is responsible for myelin uptake in 

KPC cells. It is known that Low Density Lipoprotein Receptor (LDLR) is upregulated in 

PDAC and mediates the uptake of cholesterol lipoproteins (Guillaumond et al, 2015), 

thus, in future studies, we will perform quantitative RT-PCR analyses to investigate the 

expression level for LDLR mRNA on RNA collected from KPC cells after myelin uptake 

to begin with. 

Our results are in agreement with recent studies showing that pancreatic cancer cells 

pre-exposed to lipids enhance their migration and invasion (Rozeveld et al, 2020). With 

reference to this, we plan to investigate how myelin promotes migration and invasion 

starting from the lipidomic and metabolomics data.  

 

Organoids as a valuable tool to study PNI 

 

One of the main results of this study was to develop a 3D culture model using 

organoids and spheroids, which represent a valuable tool to study PDAC and to 

investigate PNI. We successfully embedded DRG explants into spheroids and established 

reliable methods to validate neurons growth. To our knowledge, no other attempts to co-

culture pancreatic organoids and nerves have been thus far obtained. Though this system 

might need additional adjustments, it represents a new, more physiological system to 

mimic in vitro PNI in PDAC compared to the currently used models with bidimensional 

cancer cells. 

Using this novel culture technique, we observed that DRG neurons grow more 

substantially when embedded in neoplastic spheroids. This is in agreement with what 

observed in human patients, in whom nerves show hypertrophy and increased density in 

PDAC compared to normal pancreas (Demir et al, 2015a), further corroborating the 

faithfulness of our newly created model to the human disease. To assess if direct contact 

with KPC organoids will induce myelin degeneration, further work is needed to find the 

suitable growth conditions.  
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Organoids represent a valuable tool also for in vivo studies. Orthotopically 

transplanted spheroids faithfully model PDAC progression as they can reconstruct the 

proper microenvironment (Baker et al, 2016). Interestingly, using our derived spheroids, 

we visualized metastatic spread of PDAC cells to lung and liver, in line with recent studies 

(Filippini et al, 2019). Lung metastases were particularly intriguing, since they involve 

KPC migration along blood or lymphatic vessels, or even nerves. The possibility that our 

transplanted spheroids exploit nerves to spread tumor cells is supported by the fact that 

we observed neoplastic cells in the nervous trunks that run parallel to the aorta and the 

coeliac and mesenteric ganglia. In conclusion, we propose that spheroids transplant could 

represent a valid model not only to investigate tumor formation and metastasis, but also 

PNI. 

Thus, in future studies, we could take advantage of this model to develop therapeutic 

strategies to target PNI, cancer metastatization and pain. 

 

PNI is a phenomenon with different degrees of severity 

 

To correlate our in vitro and in vivo preclinical studies to human PDAC and to 

facilitate possible translational results of our research, we have developed a new scoring 

system for PNI that takes into account the different size of involved nerve fibers, the depth 

of invasion of cancer cells and the possible presence of necrosis. All these three aspects 

correlate with a more aggressive cancer. We observed a significant correlation between 

worsening of PNI and more severe pathological features like tumor stage, lymph node 

involvement, grading and positive resection margins (figures 26 and 27). These results 

prove that greatest attention should be given to the severity of PNI, as it becomes more 

and more serious in association with the worsening of the other analyzed pathological 

features. Thus, combining PNI to all these factors might become a very useful tool to 

stratify disease aggressiveness in patients. The interaction of neoadjuvant 

chemo/radiotherapy with PNI is still controversial. Our results suggest that neoadjuvant 

treatment reduces PNI, in agreement with recent studies showing that the extent of PNI 

is significantly lower upon neoadjuvant treatment compared to patients who underwent 

upfront surgical resection (Roland et al, 2015; Barnes et al, 2019). Nevertheless, other 

studies referring to older chemotherapeutic schemes did not report a positive impact of 
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neoadjuvant treatment in reducing PNI (Crippa et al, 2020). To correctly understand the 

impact of neoadjuvant treatment on PNI, a meta-analyses that compares the different 

therapeutic schemes is needed. 

Interestingly, our PNI score showed a good stratification of DFS, with a progressive 

reduction of the median months of survival with increasing PNI. At multivariate analyses, 

PNI failed to reach statistical significance, and probably a longer follow up time is 

needed. Indeed, a recent study suggested that PNI could become the only independent 

predictor of survival for long term survivor patients (Belfiori et al, 2021). 

In conclusion, we have rigorously analyzed the interactions between PDAC and nerve, 

specifically focusing on the role of myelinated nerves in promoting cancer by applying 

the most innovative techniques, like SCc-DRGs cocultures and pancreatic organoids, as 

well as detailing the role of PNI in the clinical setting.  

Hopefully, our results will provide a strong premise for the further development of 

therapeutic strategies targeting pancreatic cancer, helping to improve the outcomes of 

such an aggressive disease. 
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Methods 

 
 

1. In vitro cell culture systems 

 

1.1 Mouse dorsal root ganglion (DRG) explants 

 

Explants were obtained from wild type C57/BL6 females pregnant from wild type 

C57/BL6 males. Embryos were separated from the mother at E13.5 and spinal cords were 

isolated. Dorsal root ganglia (DRG) were then taken from each spinal cord and plated 

onto rat collagen-I (Cultrex) coated glass coverslips. Schwann cells-DRG neuron 

cocultures were maintained in growing conditions for one week in NB medium (B27 

supplement, D-glucose 4g/l, L-glutamine 2mM, Nerve Growth Factor (NGF) 50 ng/ml in 

Neurobasal medium (Invitrogen)); myelination was then induced for ten days by 

switching growing media into differentiating media (Fetal bovine serum 10%, L-

glutamine 2 mM, D-glucose 4 g/l, Nerve Growth Factor (NGF) 50 ng/ml in MEM 

medium (Invitrogen), 50ug/ml ascorbic acid). 

 

1.2 Neoplastic cells 

 

KPC cells were kindly gifted by Dr. Lorenzo Piemonti. They were primarily derived 

from the KPC mice from the Tuveson Laboratories. KPC cells were grown in 100 mm 

Petri dish in a medium composed of IMDM (Sigma-Aldrich), Fetal bovine serum 10% 

and Penicillin/Streptomycin 5% (Gibco). We thawed cells at 37° C and we transferred 

them immediately to a 15 ml tube containing warmed KPC medium. We centrifuged the 

cells at 1200 rpm for 5 minutes and plated them in 100 mm Petri cell culture dish 

containing 10 ml of medium. We splitted cells 1:10 when they reached confluency. We 

grew KPC cells in 37°C incubator with 5% CO2. 
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MC38 cells were kindly gifted by Dr. Giovanni Sitia. They are a commercial cell line 

of colon carcinoma. MC38 cells were grown in 100 mm Petri dish in a medium composed 

of DMEM (Sigma-Aldrich), Fetal bovine serum 10% and Penicillin/Streptomycin 5% 

(Gibco). Culturing conditions were the same as for KPC cells. 

 

1.3 Primary murine pancreatic ductal cells 

 

Healthy pancreatic ductal cells were derived as described in (Reichert et al, 2013). 

Briefly, the pancreas was collected from an adult wild type mouse and mechanically 

minced under sterile conditions, followed by chemical digestion with Collagenase type V 

(Sigma-Aldrich) at 37 °C for 20 min on a shaker. The digestion reaction was stopped by 

the addition of 10 ml of G solution (HBSS, glucose 0.9 g/L, 47.6 μM CaCl2). We pelleted 

the homogenate at 300 x g for 5 minutes at 4 °C. Then we collected the supernatant and 

added 1 ml of trypsin-EDTA, followed by an incubation at RT for 5 min. We then added 

2 ml of trypsin inhibitor to the mixture and resuspended thoroughly. We added fresh G 

solution, then we filtered with a 40-μm cell strainer (Falcon) and centrifuged the digestion 

mix at 300g for 5 min at 4 °C. Then we removed the supernatant and plated the cell pellet 

on a collagen-coated 60 mm Petri dish in PDC medium (DMEM/F12 (Gibco), 5% Nu-

Serum IV (BioSciences), 1% Penicillin-streptomycin (Gibco), 25 μg/ml Bovine pituitary 

extract Biosciences), 20 ng/ml Epidermal growth factor (Biosciences), 100 ng/ml Cholera 

toxin (Sigma-Aldrich), 5 nM 3,3,5-Triiodo-L-thyronine, 50 μM (Biosciences), 1 

μM Dexamethasone (Sigma-Aldrich), 5 mg/ml Glucose (Sigma-Aldrich), 1.22 mg/ml 

Nicotinamide (Sigma-Aldrich)). When confluent, cells were passaged and then 

maintained in culture. 

 

1.4 Conditioned media preparation 

 

Conditioned media (CM) was obtained following the same procedure for KPC, MC38 

and primary murine pancreatic ductal cells. Cell were cultured for 48/72 hours until they 

reached 90% confluence, then were rinsed twice with PBS and a serum-free conditioning 

medium was added (MEM (Gibco), glucose 4g/L, Glutamine 2mM). After 48 hours, CM 
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was collected, centrifuged at 1200 rpm for 5 minutes at room temperature and filtered 

with 0.45 um filter (Millex-HV, Millipore) to remove any possible residual cells. CM for 

secretome analysis was collected in triplicate and analyzed by Mass-spectrometry by the 

ProMiFa facility in HSR.  

After collection, CM for treatment of neuronal explants was additioned with 5% FBS, 

50ug/ml ascorbic acid and 2mM Glutamine. Aliquots were stored at -80°C until usage no 

longer than two months. 

 

1.5 Immunofluorescence on in vitro cultures 

 

Cells were fixed with 4% paraformaldehyde (PFA) for 20’, rinsed twice in PBS and 

permeabilized with cold methanol for 5’; after washing, explants were incubated in 

blocking (5% Bovine Serum Albumine (BSA) (Sigma-Aldrich), 1% Donkey Serum 

(Jackson Immunoresearch), 0.2% Triton X100 (Sigma-Aldrich) in phosphate buffered 

saline (PBS)) for at least one hour and then incubated overnight at 4°C with appropriate 

primary antibodies in blocking solution. The following day we washed cells twice with 

PBS 1x for 2 minutes before incubation with the appropriate secondary antibodies 

(diluted in blocking solution) for 1 hour at room temperature. We performed nuclei 

staining with Hoechst (0.7 ng/ml) for 10 minutes before coverslip mounting with 

Vectashield (Vector Laboratories). 

We acquired Epifluorescent images with a Leica DFC 7000 T and Leica SP5 confocal 

microscopes. 

 

 

1.6 Western Blotting 

 

DRG explants and KPC or MC38 cells were lysed with lysis buffer (2% SDS, 95 mM 

NaCl, 10 mM EDTA, phosphatase inhibitors (PhoSTOP, Roche) and protease inhibitors 

(complete Mini EDTA free, Roche)), boiled for 5 min and spinned at 14,000 rpm for 10 

min at 16°C to eliminate insoluble material. Total protein concentration was determined 
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by BCA protein assay (Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The same amount of homogenates were loaded with standard reducing 

sample buffer, samples were denaturated, resolved on SDS-polyacrilamide gel and 

electroblotted onto a nitrocellulose membrane (Protan Biosciences). To verify the equal 

loading of samples, membranes were stained with Ponceau red (Sigma-Aldrich), and then 

blocked with 4% dry milk in TBS 1x 0.05% Tween 20 (Sigma-Aldrich). The appropriate 

regions of the nitrocellulose membrane were cut and incubated with specific primary 

antibodies diluted in a solution made of 5% BSA (Sigma-Aldrich), 0.05% NaN3 (Sigma-

Aldrich) in 1x PBS (Dulbecco’s phosphate buffered saline, Gibco) at 4° overnight. The 

following antibodies were used: rabbit anti Vinculin (1:1000, Sigma-Aldrich), rabbit anti 

cJun (1:1000). IRDye infrared secondary antibodies were used (IRDye 800 CW and 

680LT, Li-Cor Biosciences). To quantify the results, Odyssey Infrared Imaging system 

(Li-Cor Biosciences) was used according to the manufacturer’s instructions. Integrated 

intensity of the fluorescent signal was used to quantify protein expression of each sample. 

All samples were normalized for the housekeeping protein Vinculin.  Results were then 

analyzed with the Prism Software package (GraphPad) for statistical evaluation. 

 

 

1.7 RNA extraction and reverse transcription 

 

DRG explants as well as cell homogenates were prepared with Trizol (Roche 

Diagnostic GmbH, Germany). RNA was then prepare by mean of chloroform extraction 

and isopropanol precipitation. 300 ng of RNA was reverse transcribed to cDNA using 

SuperScriptIV Reverse Transcriptase (Invitrogen, U.S.A.) as per manufacturer's 

instructions. Each pool was composed of at least 8 coverslip of the same experiment. The 

cDNA was then stored at -80°C in aliquots until use. 

 

1.8 qRT-PCR 

 

To analyze the expression of FGF-BP1, we used the following primers pairs: Fw 5’ – 

GTG ACC CAA CTG ACT GCC TT – 3’ and Rev 3’ – GGA CCT TGT TGT GCT CCC 
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TT – 5’. Samples were normalized for the housekeeping gene Hprt using the following 

primers pairs: Hprt (Fw 5’ – CAG ACT GAA GAG CTA CTG TAA TG – 3’ and Rev5’ 

– GGG CTG TAC TGC TTA ACC AGG – 3’). Standard curves were performed to check 

the right amount of cDNA template and the optimal cycling conditions to use for each 

gene. qRT-PCR for FGF-BP1 and Hprt were performed using Sso Fast TM EvaGreen 

Supermix (Biorad). Cycling conditions for all the genes were: 95 °C for 5 minutes, 95 °C 

for 30 seconds, 60 °C for 30 seconds and 72 °C for 1 minute (40 cycles). Quantitative 

PCR was performed on the C1000 Termal Cycler with CFX96 Real-Time system 

(Biorad). Real-time PCR results were analyzed with Bio-Rad CFX Manager 3.1. All data 

were analyzed using the comparative Ct method (ΔΔCT): data where first corrected for 

the endogenous housekeeping gene (ΔCT) and results were then expressed relative to the 

reference sample (ΔΔCT). Statistical analyses were performed using the Prism Software 

package (GraphPad). 

 

 

1.9 Transwell invasion and migration assays 

 

KPC cells were seeded onto transwell inserts with a polycarbonate membrane pore 

size of 8 μm (Corning, cat# 3422) in 24 well plates. For migration assays, 30.000 KPC 

cells were seeded in each insert, while for invasion 70.000 KPC cells were used. For 

invasion assays, a Matrigel film was prepared before KPC cells seeding: 100 ul of 

Matrigel diluted 1:10 in PBS was added to each insert and placed at 37°C to solidify. 

After two hours, the excessive unsolidified Matrigel was removed and KPC cells were 

seeded. The selected explants on the respective coverslips were moved in the 24 well and 

left overnight in fresh C medium before performing the experiment. C medium was also 

used to seed KPC cells on the top insert. After 24 hours, medium within the transwell 

inserts was removed. Cells that did not migrate across the transwell membrane were 

removed by gently wiping with a cotton swab. Migrated and invaded cells were fixed 

with 4% paraformaldehyde and stained with crystal violet (Sigma-Aldrich). Migrated and 

invaded cells were visualized with a phase-contrast microscope, imaged with Axiocam 

105 Color (Zeiss) camera and processed using ImageJ software. At least 8 fields for each 
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insert were counted. Statistical analyses were performed using the Prism Software 

package (GraphPad). 

 

1.10 Myelin preparation 

 

We isolated and purified myelin in form of a lipidic suspension from murine brain. We 

collected four brains from wild type mice and mechanically minced them into small 

pieces. We then homogenized the tissue with a pre-chilled Dounce homogenizer in 2.5 

mL of a 0.85 M sucrose solution. Then, we transferred the homogenate to ultracentrifuge 

tubes and added 0.25 M sucrose solution to create a gradient. Tubes were spun overnight 

at 67.000 g. We then collected the myelin fraction, visible as a defined white interface 

between the two layers of sucrose 0.25 and 0.85 M. We resuspended the myelin fraction 

in the osmotic shock buffer, and we myelin and centrifuged for 30 minutes at 9000 rpm. 

We thus obtained a clear myelin pellet that was tested by Western Blot for the presence 

of MBP protein. We determined myelin concentration with BCA assay and stored 1 

mg/ml aliquots at -80 °C until use. 

 

2. Human and murine pancreatic organoids cultures 

 

For the generation of human organoids, surgical specimens were transferred from the 

operating room to the Pathology Unit in ice as rapidly as possible (always in less than 30 

minutes of devascularization). The pathologists provided us with neoplastic tissue that 

was not needed for clinical diagnosis. 

The tissue was immediately placed in Basal Medium (Advanced DMEM/F-12 (Gibco) 

with 1% P/S, 1% GlutaMAX (Gibco) and 10 mM HEPES (Sigma-Aldrich)), and left 

overnight at 4° C to remove red blood cells and fat. 

We minced the specimens into 1 mm3 pieces in a sterile culture dish containing Basal 

medium. Next, minced specimens were transferred to a 15 ml tube containing 10 ml of 

warmed Digestion solution (Basal medium, 0.125 mg/ml Collagenase type I 

(Gibco),0.125 mg/ml Dispase II (Sigma-Aldrich), 0.1 mg/ml DNase I). We incubated at 

37°C for 1-2 h on a shaker. After enzymatic digestion, we performed mechanical 
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digestion by vigorously pipetting with a Gilson P200 pipette to isolate ductal cells. When 

the tissue was sufficiently disgregated, we filtered with a 40 μM cell strainer (Falcon) and 

transferred the digestion solution to a fresh 50 mL conical tube containing 10 mL cold 

Wash Medium (DMEM high glucose (Gibco), GlutaMAX 100x and pyruvate 1x (Gibco), 

1% FBS and P/S). We pelleted the cell suspension at 200 g for 5 minutes at 8 °C, then we 

discarded the supernatant and washed the pellet twice with 10 mL of Wash Medium, 

repeating the pelleting method above described. 

We resuspended the pellet in an appropriate volume of cold Matrigel (Corning).  We 

seeded 50 μL of matrix-resuspended cells per each well of a pre-warmed 4-well culture 

plate. Then we incubated Matrigel domes containing PDAC cells at 37°C for 5-10 

minutes until the basement matrix solidified and we overlaid the matrix droplets with 500 

μL of human organoid growth medium: 

 

Human organoid growth medium 

B 27 w/o Vitamin A 1x 

Nicotinamide 10 mM 

N-AcetylCysteine 1.25 mM 

rH R-Spondin 1 10 ng/ml 

FGF 10 100 ng/ml 

rh Noggin 100 ng/ml 

A83 -01 500 nM 

rh EGF 50 ng/ml 

h Gastrin  10 nM 

PGE2 (only for healthy 

human organoids) 1 uM 

Y-27632 10.5 mM 

Wnt 3A conditioned 

Medium 50% 

 

 

We grew organoids in 37°C incubator with 5% CO2. 

Healthy pancreatic organoids were obtained from a suspension of exocrine cell 

aggregates obtained after human islet purification from collagenase-digested pancreas, 

gently provided by Prof. Piemonti, Diabetes Research Institute, San Raffaele Hospital. 
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To establish spheroids from murine pancreatic cancer, we used a primary KPC cell 

line isolated from the tumor bulk of KPC mice from Dr. Tuveson’s Lab, kindly gifted by 

Dr. Piemonti. We resuspended 10.000 KPC (K848) cells in cold Matrigel and grew cells 

in murine organoids growth medium to obtain KPC spheroids.  

 

Murine organoids growth medium 

B 27 w/o Vitamin A 1x 

Nicotinamide 10 mM 

N-AcetylCysteine 1.25 mM 

rH R-Spondin 1 10 ng/ml 

FGF 10 100 ng/ml 

rh Noggin 100 ng/ml 

A83 -01 500 nM 

rh EGF 50 ng/ml 

h Gastrin  1 10 nM 

Y-27632 ** 10.5 uM 

 

To establish healthy murine organoids, we collected pancreases from wild type mice 

in a 50 mL sterile Falcon tube containing cold basal medium. We then transferred the 

pancreas in a sterile 10 mm Petri dish and mechanically digested the organ. The minced 

material was transferred to a 15 ml tube containing 10 ml of murine warmed Digestion 

solution (Basal medium, 0.125 mg/ml Collagenase type XI (Gibco), 0.125 mg/ml Dispase 

II (Sigma-Aldrich)). We incubated at 37°C for 5 minutes on a shaker. After enzymatic 

digestion, we performed mechanical digestion by vigorously pipetting with a P200 Gilson 

pipette. When the tissue was sufficiently disgregated, we filtered the cell suspension with 

a 40 μM cell strainer (Falcon) and transferred the digestion solution to a fresh 50 mL 

conical tube containing 10 mL cold Basal medium supplemented with 1% FBS. We 

pelleted the cells at 200 x g for 5 minutes at 8 °C, then we discarded the supernatant and 

washed twice with 10 mL of Basal Medium, repeating the pelleting method above 

described. 

We resuspended the pellet in an appropriate volume of cold Matrigel (Corning) and 

plated the organoids following the same procedure used to establish human organoids. 
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2.1 Organoid splitting and freezing 

 

We splitted human and murine organoids when they reached confluence, usually after 

7 days of culture in growing medium. We removed medium and dissolved the matrix 

containing organoids with 500 μl of cold Basal medium per well. We collected organoids 

in a 15 ml tube and added Basal medium until a final volume of 10 ml; we then pelleted 

organoids at 300 x g for 5 minutes at 8°C.  We removed the supernatant up to a remaining 

final volume of 2 ml and dissociated organoids by pipetting with a 21 Gauge needle 

syringe.  After dissociation, we washed with cold Basal medium to remove matrix debris 

by pelleting procedure.. Finally, we removed the supernatant and resuspended organoids 

pellet in fresh cold Matrigel. Organoids were then plated as described above. 

For cryopreservation, we resuspended one organoids dome in 50 ul freezing medium 

composed of 90% FBS and 10% Dimethylsulfoxide (DMSO) and we transferred 

suspension to cryovials (500 μL each) and stored them at −80 °C. 

 

2.2 Organoid – DRGs coculture 

 

Each confluent dome of spheroids was dissolved and resuspended in 500 ul of cold 

Basal medium and centrifuged for 5 min at 1200 rpm at 8°C. The pellet was then 

resuspended in 150 ul of cold Matrigel. In parallel, we dissected E13.5 DRGs from wild 

type mice as described above. We dissected DRGs from the same level of the spinal cord 

that were grown either with KPC spheroids or with healthy controls, so that DRGs growth 

could be reliably compared. To plate cells, we used a 15 micro-wells chambered glass 

coverslip (Ibidi). In details, we added 8 ul of organoids suspension in each micro-well 

and let the Matrigel drop solidify at 37° for 5 minutes; then, using a dissection microscope 

(Leica M80) we added a single DRG explant in the center of the well, and we layered the 

cell suspension with additional 7 ul of organoids. After 10 min in the incubator at 37°C, 

5% CO2, we added 50 ul of organoids medium to each well. Medium was replaced every 

other day.  
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2.3 Whole mount immunofluorescence 

 

We treated with the same immunofluorescence protocol both organoids alone or 

organoids-DRGs cocultures. 

Basically, we fixed the Mtrigel domes in 2% paraformaldehyde-0.2% glutaraldehyde 

in PBS 1 x at room temperature for 30 minutes. We performed a quenching step with 

room temperature NH2Cl 100 mM in PBS for 20 minutes, followed by 3 washing steps 

of 10 minutes each with 500 μL 100 mM glycine in Tris pH 7.4 (IF wash medium). 

We permeabilized the cultures with 0.5% Triton X-100 in PBS at room temperature 

for 5 minutes, performed three washing steps with IF wash medium and blocked them 

with blocking solution (IF wash medium + 10% donkey serum) for 3 h at room 

temperature. We then incubated the cultures overnight with the chosen primary antibody 

diluted in blocking solution. We washed 3 times for 20 minutes in IF wash solution and 

then incubated with Alexa Fluor secondary antibody diluted in IF wash solution for 1 h 

at room temperature. For nuclei staining we incubated with Hoechst for 5 minutes. 

 

3. In vivo organoids transplantation 
 

To perform orthotopic transplantation, we collected confluent Matrigel domes of KPC 

organoids by dissolving the Matrigel in cold Basal medium.  The cells suspension was 

then centrifuged at 1200 rpm at 8°C for 5 minutes, obtaining a pellet of organoids. We 

injected 1x106 cells in each mice, corresponding to 4 organoids domes. In parallel, we 

prepared a single cell suspension from 4 confluent Matrigel domes by resuspending in 

500 ul of trypsin 0.2% for 5 minutes each dome; single cells suspension was used to count 

the number of cells present in a single 4-well plate and to determine the appropriate 

resuspension volume . We then resuspended the organoids pellet in an appropriate volume 

of a solution of 25% Matrigel – 75% PBS, in order to obtain a final concentration of 

1x106 cells/50ul Matrigel.  

Mice were anesthetized with 5mg/Kg Ketoprofen. We performed a 1 cm-incision in 

the left abdominal flank, medial to the splenic silhouette to externalize the pancreas and 

the spleen. We injected 1x106 cells into the tail region of the pancreas using an insulin 
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syringe, with a tangential angle of insertion. Successful injections was verified by the 

appearance of a fluid bubble without signs of intraperitoneal leakage. After internalization 

of pancreas and spleen, abdominal muscle layer and skin was sutured. To thoroughly 

follow tumor growth, we performed ultrasound analyses at 10, 20, 30 40 and 50 and 75 

days post tumor implantation. Mice were then sacrificed, and the following organs were 

collected in formalin: pancreas, to analyze the histological characteristics of the primary 

tumor; spleen, duodenum, stomach, liver, kidneys, lungs, peritoneum and diaphragm to 

assess the presence of metastases. The histological analyses were carried out by the  

Mouse Pathology facility and reviewed by expert Pathologists (Prof. Doglioni and Dr. 

Sanvito). In addition, we included the whole abdominal cavity in OCT (Killik, Bio-

Optica) to assess the presence of PNI in the posterior nerve trunks and ganglia. Transverse 

sections (12 μm thick) were cut at the cryostate (Leica), collected on Superfrost plus glass 

slides (Thermo Fisher Scientific) and subsequently processed for immunofluorescence.  

 

3.1 Immunohistochemistry 

 

12 um thick cryosections were permeabilized in cold acetone or methanol for 5 

minutes and then blocked in 2% bovine serum albumin and 0.1% Triton in phosphate 

buffered saline (PBS) for 1 hour at room temperature. Primary antibody incubation was 

performed overnight, with appropriate antibodies diluted in blocking solution. Incubation 

with the appropriate secondary antibodies diluted in blocking solution for 1 hour at room 

temperature We performed nuclei staining with Hoechst (0.7 ng/ml) for 10 minutes before 

coverslip mounting with Vectashield (Vector Laboratories). 

 

 

 

4. Microscopy and image analysis 

 

Representative images were acquired with an epifluorescence microscope (Leica DFC 

7000 T) and a Leica SP5 confocal microscope.  
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For myelin internodes quantification, 10 images/coverslip were acquired and myelin 

quantification was performed by counting the number of MBP positive segments through 

the use of ImageJ Software. This analysis was performed at least on three coverslips per 

embryo and on three embryos per experiment. 

For Transwell assays, the number of migrated/invaded cells per area was counted using 

ImageJ software. Statistical analyses were performed using the Prism Software package 

(GraphPad). 

To analyze the alterations induced by KPC cells seeded on top of non-myelinated versus 

myelinated cocultures, images were acquired with a Delta Vision Ultra microscope (GE 

LifeScience) and processed with Cell Profiler software by Dr. Valeria Berno (Alembic, 

OSR). For each object, the area, the major axis length and sphericity (form factor) were 

analyzed. Images of pHis3 positive cells were taken with a 20× (NA 0.5) objective on a 

DeltaVision Ultra microscope (GE LifeScience,) with a complete Z-series deconvolved 

and projected (Max Projection).  

Whole mount immunofluorescences were acquired on an Upright Confocal microscope 

RS-G4 (MAVIG GmbH Research, Munich Germany) with a 10x (NA 0.3) objective. 

Images were reconstructed with Volocity software. Organoids objects were removed 

based on shape and intensity to avoid interference with the weaker signal of the 

neurofilament, then neurite length was analyzed as the distance between the two 

outermost axonal protrusions (calibration 783,8 pixel/mm). 

 

 

 

 

5 Data collection, follow up and statistical analysis  
 

Our monocentric retrospective study included only patients with histologically proven 

PDAC of the pancreas who underwent surgical resection between January 2015 and 

December 2019. Data were collected from a prospectively maintained database at San 
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Raffaele Scientific Institute, Milan, Italy. Only patients > 18 years with a definitive 

pathological diagnosis of PDAC were included. Patients with synchronous distant 

metastases at the time of resection and macroscopically positive surgical margins (R2 

resection) were excluded. Patients who experienced post-operative mortality, defined as 

any in-hospital death or death occurred within 90 days of surgery, were excluded as 

well. At least 12 months of follow up were required unless patients developed 

recurrence and died before this period. Data regarding demographics, clinico-

pathological variables, intraoperative and postoperative course including complications, 

neoadjuvant and adjuvant treatment, survival were analyzed.  

Patient follow-up included the evaluation CA 19.9 levels and of computed tomography 

of the chest and abdomen every 4 months for the first 2 years, and then every 6 months 

for other three years, and yearly thereafter. Recurrence was considered as the first site of 

recurrence, and it was exemplified into local or systemic recurrence. Local recurrence 

was defined as recurrence in the pancreatic remnant or in the soft tissue along the 

hepatic, celiac, superior mesenteric artery, portal or superior mesenteric vein, or in the 

retroperitoneum. Systemic recurrence was defined as recurrence in the liver, lungs, 

peritoneum or in other distant locations. 

Descriptive statistics were calculated to describe patients’ demographic and prognostic 

factors. Comparison between categorical variables was performed using the Chi-

square t test or Fisher’s exact test, if appropriate. DFS was defined as the time (in 

months) from surgery to the first evidence of disease recurrence. DSS was defined as 

the time (months) from surgery to disease-related death. DFS and DSS by PNI score 

were estimated using the Kaplan-Meier method for cumulative probability. 

Multivariable Cox proportional hazard models were used to study the impact of various 

factors on DFS. A p value < 0.05 was considered statistically significant. All statistical 

analyses were performed using IBM SPSS Statistical Software, version 25 (IBM 

Corporation, Armonk, NY, USA). 

6 List of antibodies 

 

Antibody Dilution Company RRID:AB 
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chicken anti-

Neurofilament M 

1:1000 (IF) Covance 2564860 

mouse Purified anti-

Myelin Basic 

Protein 

1:1000 (IF) Biolegend clone SMI 94 : 

2616694 

clone SMI 99: 

2564742 

Rabbit anti- c-Jun  1:1000 - 1:10000 

(WB) 

Cell Signaling 2130165 

rat anti-MBP 

hybridoma 

supernatant 

1:2 (IF) gift from Virginia 

Lee 

- 

Rabbit anti-

Cytokeratin 19  

1:100 (IF) Invitrogen 2809271 

Rabbit Anti-Keratin 

17/19 

1:100 (IF) Cell Signaling 2797912 

Mouse anti-Sox 9 1:100 (IF) Abcam 2715497 

Mouse anti-

Vinculin clone 

V284  

1:1000 - 1:10000 

(WB) 

Millipore 11212640 
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