The Role of Schwann Cells and Nerves in

Pancreatic Cancer

Aysha Ferdoushi
B. Sc (Honours), M. Sc (Bangladesh)

Thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy in Medical Biochemistry

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

School of Biomedical Sciences and Pharmacy
The University of Newcastle, Australia
September 2020

This research was supported by an Australian Government Research

Training Program (RTP) Scholarship



Declarations

STATEMENT OF ORIGINALITY

I hereby certify that the work embodied in the thesis is my own work, conducted under normal
supervision. The thesis contains no material which has been accepted, or is being examined, for the
award of any other degree or diploma in any university or other tertiary institution and, to the best of
my knowledge and belief, contains no material previously published or written by another person,
except where due reference has been made. I give consent to the final version of my thesis being made
available worldwide when deposited in the University ’s Digital Repository, subject to the provisions of

the Copyright Act 1968 and any approved embargo.

Aysha FERDOUSHI

THESIS BY PUBLICATION

1 hereby certify that this thesis is in the form of a series of papers. I have included as part of the thesis
a written declarationfrom each co-author, endorsedin writing by the Faculty Assistant Dean (Research

Training), attesting to my contribution to any jointly authored papers.

SIGNAtUre: .......cocoeve it et Date: ...15.../...09.../...2020...
Aysha FERDOUSHI dd /mm/yyyy

A. Ferdoushi i PhD Thesis



Acknowledgements

In the name of Allah, the most gracious and the most merciful.

Alhamdulillah, all praises to Almighty ALLAH for the strengths and His blessing in
completing this thesis. My humblest gratitude to the beloved Prophet Muhammad (peace be

upon him) whose way of life has been a continuous guidance for me.
I'have been blessed with the help and support of many individuals throughout my PhD research.

Firstly, I would like to express my deepest gratitude to my supervisor Professor Hubert
Hondermarck for giving me the opportunity to complete my PhD under your expert
supervision. Thank you for providing me with a positive environment and encouraging me to
do my very best. Thanks very much for your mentoring and nurturing me to become the
scientist I am today. I am really grateful for your constructive criticism, compliment,
encouragement and thoughtful guidance over the last few years. I have learnt so much from
you, thanks for always having faith in me. Thank you for respecting my religious beliefs. I can
only express my debt of gratitude to you through becoming a better scientist, mentor, and a

good human being.

I would like to thank my co-supervisors, Professor Dirk F. van Helden and Associate Professor
Phillip Jobling, for their exceptional guidance, tremendous support and friendship during this
time. Thank you for your constructive criticism, and enthusiasm for my project. I would like
to convey my special thanks to Professor Dirk for introducing me with Professor Hubert and
creating the opportunity to work under his expert supervision. You have played multiple roles

during this journey, as a scientific mentor, a career mentor, and a friend.

I would also like to express my gratitude tomy HDR Advisory Committee members, Associate
Professor Mark Baker and Associate Professor Paul A Tooney. Thank you for your
constructive critique, encouragement, and enthusiasm throughout my PhD journey. I am
thankful to Professor Liz Milward for being very friendly, offering guidance and

encouragement throughout the years.

A. Ferdoushi i PhD Thesis



Next, a big “THANK YOU” to all the amazing members of Hubert’s Lab, past and present, Dr
Sam Faulkner, Dr Chen Chen Jiang, Dr Hui Liu, Fangfang Gao, Nathan Griffin and Xiang Li
for your optimism, solidarity, inspiration, support and help throughout this expedition. I truly
appreciate your care and encouragement during one of the toughest times. I am also
appreciative to Kristen McEwan and Mark Marsland for their support network over the years.
Thanks to all foralways making it such a welcoming, cheerful, and pleasant environment, thank

you for all the memories!!

A special thank you goes to Sonia Tamanna who has been enormously supportive and has
become my family away from home. I would also like to extend my sincere thanks to the
following people: Dr. Muhammad Jamaluddin, Dr.Trisha Al Mazi, Aminah Ali Abid Al-
Juboori, Farjana Afrin, Dr. Abdul Mannan and Dr. Arnab Ghosh for their kind assistance

whenever it was needed.

Most importantly, my heartfelt deepest gratitude to my parents Md. Shah Alam Howlader and
Farida Khanom, for their unconditional support, love, motivation and hope throughout this
mission. Thanks to my big sister Dr. Fatema Tuz Zohora and my little brother H.M. Abdullah
Omar Faruque for their understanding, constant encouragement and faith in me. Thanks to all
for being very supportive at the beginning of my PhD journey when I decided to move from
Japan to Australia, the very toughest period of this long voyage. Thanks for being such

wonderful, understanding and supportive of my dream— I couldn’t have done this without you!!

Finally, I thank all those who have helped me directly or indirectly in the successful completion

of my thesis. Anyone missed in this acknowledgement are also thanked.

I dedicate this thesis to my beloved parents, my sister and my brother for their unconditional

support, love and always keeping me in their prayers!!!

A. Ferdoushi 1ii PhD Thesis



List of Publications Included as Part of this Thesis

Ferdoushi A, Li X, Jamaluddin MFB and Hondermarck H. Proteomic Profile of Human
Schwann Cells. Proteomics. 2020 January; 20(1):1900294.

Ferdoushi A, Li X, Griffin N, Faulkner S, Jamaluddin MFB, Gao F, Jiang CC, Jobling P,
Tanwar PS, Helden DFV, Hondermarck H. Schwann Cell Stimulation of Pancreatic Cancer

Cells: A Proteomic Analysis. Frontiers in Oncology. 2020 August; 10:1601.

Ferdoushi A, Griffin N, Marsland M, Xu X, Faulkner S, Gao F, Liu H, King SJ, Denham JW,
Helden DFv, Jobling P, Jiang CC, Hondermarck H. Tumour innervation is associated with

poor clinical outcome in pancreatic cancer (Submitted to Scientific Reports).

A. Ferdoushi v PhD Thesis



List of Abbreviations

A

ADRp2 adrenergic receptor beta 2

ATCC American Type Culture Collection
ACh acetylcholine

ALF acute liver failure

B

BDNF brain-derived neurotrophic factor

C

CA19-9 carbohydrate antigen 19-9

CAFs cancer-associated fibroblasts

CEA carcinoembryonic antigen

CHRMI1 type 1 muscarinic acetylcholine receptor
CNS central nervous system

CCL2 C—C motif chemokine ligand 2

CM conditioned media

CI confidence interval

CDKN2A cyclin-dependent kinase inhibitor 2A
CTLA-4 cytotoxic T-lymphocyte-associated antigen 4
CPECs epithelial cells of choroid plexus

D

DMEM Dulbecco's Modified Eagle's Medium
DRG dorsal root ganglion

DDA data-dependent acquisition

DAVID Database for Annotation, Visualization and Integrated Discovery
DTT Dithiothreitol

E

EGF epidermal growth factor

EGFR epidermal growth factor receptor
ERK extracellular signal response kinase
EMT epithelial-mesenchymal transition
ECM extracellular matrix

A. Ferdoushi \Y PhD Thesis



FBS
FAP
5-FU
G
GDNF
GFAP
GO
GAD
Gal-1
Gal-3BP
GCSF
H

HA
HPDE
HR
HER-2
I

IHC
IL-6
IL-1Ra
IPA
IAA
IGFBP
K
KEGG
KRAS
L
LC-MS/MS
LIF

M
MAPK
MMPs

A. Ferdoushi

fetal bovine serum
fibroblast activation protein

fluorouracil

glial-derived neurotrophic factor
glial fibrillary acidic protein
Gene Ontology

Genetic Association Database
galectin-1

galectin-3 binding protein

granulocyte colony-stimulating factor

hyaluronic acid
human pancreatic ductal epithelial
hazard ratio

human epidermal growth factor receptor-2

immunohistochemistry
interleukin-6

interleukin-1 receptor antagonist
Ingenuity Pathway Analysis
Iodoacetamide

insulin-like growth factor-binding proteins

Kyoto Encyclopedia of Genes and Genomes

Kirsten RAt Sarcoma virus

liquid chromatography-tandem mass spectrometry

leukemia inhibitory factor

mitogen-activated protein kinase

matrix metalloproteinases

vi PhD Thesis



MS
MW
mSCs
MAG
MNA
MUCI1
MSCs

NGF
NGFR
NK
NT-3
NT-4/5
NTRs
NTRK
NA
NKIR
NCCs
nmSCs
NRG1
NCAMI1
NAT

OS

p75NTR
PDAC
PI3K
PNI
PC
PNS
Pax3
PanINs

A. Ferdoushi

mass spectrometry

molecular weight

myelinating SCs
myelin-associated glycoprotein
mean nerve area

mucin 1

mesenchymal stem cells

nerve growth factor

nerve growth factor receptor
natural killer

neurotrophin-3
neurotrophin-4/5

neurotrophic receptors
neurotrophic tyrosine receptor kinase
noradrenaline

neurokinin-1 receptor

neural crest cells
non-myelinating Schwann cells
neuregulin-1

neural cell adhesion molecule 1

normal adjacent tissue

overall survival

p75 neurotrophin receptor
pancreatic ductal adenocarcinoma
phosphatidylinositol 3-kinase
perineural invasion

pancreatic cancer

peripheral nervous system

paired box gene 3

pancreatic intraepithelial neoplasms

vii

PhD Thesis



PD
PD-1
PSC
PAI-1

RTKs
RFU

SC
SCP
SCM
SF

SP

Shh
SACC
SD
SEM
STAT3

TCGA
T™MA
TME
TNFa
Trk
TP53
TRPA1

UCMSCs

VEGF
VEGFR

WB

A. Ferdoushi

Proteome Discoverer
programmed death-1
pancreatic stellate cells

plasminogen activator inhibitor-1

receptor tyrosine kinases

relative fluorescence unit

Schwann cell

Schwann cell precursor

Schwann cell medium

serum free

substance P

Sonic Hedgehog

salivary adenoid cystic carcinoma cell line
standard deviation

standard error of mean

signal transducer and activator of transcription 3

The Cancer Genome Atlas
tumour microarray

tumour microenvironment
tumour necrosis factor alpha
tyrosine kinase receptor
tumour protein p53

transient receptor potential ankyrin 1

umbilical cord mesenchymal stem cells

vascular endothelial growth factor

vascular endothelial growth factor

Western blot

viil PhD Thesis



Table of Contents

Declarations 1
Acknowledgements il

List of Publications Included as Part of this Thesis v
List of Abbreviations \

Table of Contents X

List of Figures X1
Abstract 1
Chapter 1 | Thesis Introduction and Overview 4
1.1 Introduction 4
1.2 Aims of the study 4
1.3 Organization of the thesis 4
Chapter 2 | Literature Review 6
2.1 Pancreatic cancer (PC) 5
2.1.1 The anatomy and functional components of the pancreas 6
2.1.2 Epidemiology, survival and risk factors of PC 8
2.1.3 Treatment of PC 9
2.1.3.1 Surgery 9

2.1.3.2 Radiation Therapy 10

2.1.33 Chemotherapy 10

2.134 Targeted Therapy 11

2.1.3.5 Immunotherapy 12

2.1.4 Targeting the tumour microenvironment (TME) in PC treatment? 12

2.1.5. Targeting nerves in the TME of PC? 14

2.2 Nerve involvement in cancer progression 15

22.1 Peripheral nerve structure 15

222 Innervation stimulates cancer progression 16

223 Denervation can inhibit cancer progression 18

224 Tumour axonogenesis in PC 19

2.2.5 Nerve dependence in PC 19

2.3 Schwann cells (SCs) in cancer progression 21

2.3.1 SCs: origin, development, function 21

2.3.1.1 Neural crest cells 21

A. Ferdoushi X PhD Thesis



2.3.1.2 Developmental stages of SCs
2.3.1.3 SC types
2.3.1.4 SC function
2.3.1.5 SC role following nerve injury
2.3.2 SCs in cancer
233 SCs in PC
2.3.3.1 SCs mediate perineural invasion (PNT)
2.3.3.2 SCs mask cancer pain and delay diagnosis

2.4 Secretome: Disease involvement, biomarkers and therapeutic targets

24.1 Secreted proteins in different diseases
2.4.2 Secreted proteins in cancers
243 SC-secreted proteins in PC development

243.1 Adhesion proteins

2432 Neurotrophic factors
2433 Cytokines and chemokines
2434 Glycoproteins

Chapter 3 | Proteomic Profile of Human Schwann Cells

3.1 Preface
3.2 Publications
33 Supplementary Files

Chapter 4 | Schwann Cell Stimulation of Pancreatic Cancer Cells: A

Proteomic Analysis

4.1 Preface
4.2 Publications
4.3 Supplementary Files

Chapter S | Tumour infiltration is associated with poor clinical outcomes in

pancreatic cancer

5.1 Preface

5.2 Publications

5.3 Supplementary Files
Chapter 6 | General Discussion
Appendices
Bibliography

A. Ferdoushi X

22
24
24
25
27
28
28
30
31

32
33
34
34
34
35
35
36

36
37
42
47

47
48
62
75

75
76
99
103
107
123

PhD Thesis



List of Figures

Figure 1: Anatomy and histology of the pancreas

Figure 2: Targeting PC-associated stroma for treatment

Figure 3: The structure of a peripheral nerve

Figure 4: Nerve-cancer cross-talk in TME

Figure 5: Yin—yang type of regulation by nerves in PC

Figure 6: Adult cell types with neural crest ancestry

Figure 7: The main transitions in the SC lineage

Figure 8: Nerve regeneration after injury in the PNS

Figure 9: SCs de-differentiation to a progenitor-like state to aid axon regeneration
upon injury

Figure 10: Schematic representation depicting the interaction of nerve, SCs and cancer
cells

Figure 11: SCs mediate PNI

Figure 12: The impact of activated SCs on the course of PC

A. Ferdoushi

x1

PhD Thesis

13
16
17
20
22
23
25
26

28

29
30



Abstract

With a 5-year survival rate of less than 9%, pancreatic cancer (PC) is the 7™ leading cause of
cancer-related deaths worldwide. The poor prognosis of this cancer is attributed to its highly
invasive nature, early onset of metastasis and lack of effective treatments. While current
chemotherapy and radiation therapy are largely ineffective in the treatment of this disease,
surgical treatment offers the only hope for long term survival. Unfortunately, only ~15% of

patients have resectable disease at the time of diagnosis.

The tumour microenvironment (TME) of PC is believed to hold a key for overcoming the
challenges oftreating PC. It has long been known that, in addition to being found in the vascular
and lymphatic systems, cancer cells occur in neuronal spaces, which serve as an alternative
route for dissemination. Emerging evidence indicates that nerve infiltration in the TME plays
a stimulatory role in tumour progression. Some cancers have the ability to invade along nerves,
an ominous event termed perineural invasion (PNI) that causes nerve dysfunction and makes
the cancer more difficult to eradicate. PNI is one of the most common features of PC that causes
severe abdominal and back pain. PNI has repeatedly been shown to be an adverse pathologic
finding, heralding more aggressive local disease, higher recurrence rates, and worsened

survival.

Schwann cells (SCs), the most prevalent glial cell type supporting peripheral nerves, wrap
around nerves and facilitate their conduction. SCs are an essential component of peripheral
nerves and are implicated in promoting nerve repair but can also be causative in various
diseases involving neurodegeneration. Notably, recent studies have shown that these glial cells
play an active role in promoting PC progression. SCs have also been reported to be involved
in PNI, epithelial to mesenchymal transition, decreased cancer pain sensation and subsequent

delayed diagnosis.

This dissertation focuses on developing a greater understanding on the role of nerves and
supporting SCs in PC progression. We aimed to explore the role of SC-secreted mediators on
PC progression and, at the same time, investigate the role of nerve infiltration on PC

aggressiveness.
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We described the proteome of human primary SCs analysed by mass spectrometry-based
proteomics liquid chromatography-tandem mass spectrometry (LC-MS/MS). The normal
human SC protein dataset that we have reported constitutes a reference for future molecular
explorations of physiological and pathological processes where SC are involved. In addition,
several novel nociceptors and synaptic proteins were identified. This proteomic dataset may
also be of a more direct value in the areas of pain and oncology where the role of SCs has
recently been uncovered. Overall, this dataset will serve as a resource for further functional

and clinical investigations into the role of SCs in health and disease.

To investigate the paracrine function of SCs in the pancreatic TME, we have also profiled the
secretome of human primary SCsusing LC-MS/MS and explored the role of several identified
proteins in PC progression. A total of 13,796 unique peptides corresponding to 1,470 individual
secreted proteins were identified. Several proteins that can stimulate PC cell proliferation and
invasion were validated by Western blot. The involvement of these secreted proteins was
further validated by using blocking antibodies. PC cell proliferation and invasion induced by
SC-conditioned media was decreased using blocking antibodies against the matrix
metalloproteinase-2, cathepsin D, plasminogen activator inhibitor-1 and galectin-1. Blocking
antibodies against the proteoglycan biglycan, galectin-3 binding protein, tissue inhibitor of
metalloproteinases-2 decreased proliferation but not the invasion of PC cells. Together, this
study delineates the secretome of human SCs and identifies proteins that can stimulate PC cell

growth and invasion and could therefore constitute new therapeutic targets.

Following on with the study, we investigated the clinicopathological significance of nerves in
PC. We have analysed the density and size of nerves in a cohort of 99 PC cases versus 71
normal pancreatic tissues. The presence of nerves was significantly correlated with worse
overall survival. In addition, the size of nerves, measured by cross-sectional area, was found to
be significantly higher in PC than in the normal adjacent tissue and larger nerves were directly
associated with worse patient survival. From these findings, we suggested that the presence

and size of nerves in the TME of PC are associated with tumour aggressiveness.

Collectively, this dissertation has presented the proteomic and secretomic profiles of human
SCs that will also serve as an important resource for further functional and clinical
investigations into the role of SCs in oncology. Italso investigated the role of several identified

SC-secreted proteins in the stimulation of PC growth and invasion, which may represent novel
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potential targets for the development of future targeted treatments in PC. This work has also
provided novel insight in understanding the molecular mechanism of PNI, suggesting that
increased nerve infiltration might be a primary event leading to higher PNI levels observed in

PC. Results from this work may ultimately develop into novel therapies for PC.
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Chapter 1 | Thesis Introduction and Overview

1.1 Introduction

Recent studies have demonstrated a critical role for nerves in enabling tumour progression
(Faulkner et al., 2019) and the field of cancer neuroscience is emerging (Monje et al., 2020).
Peripheral nerves form complex TME, which are made of several cell types including
supportive glial cells named SCs and recent studies have revealed that SCs enable cancer
progression (Demir et al., 2014;Deborde et al., 2016). However, a detailed understanding of
the molecular and cellular mechanisms involved in the regulation of cancer progression by

nerves and supporting SCs is essential to design strategies to inhibit tumour progression.

1.2 Aims of the study

The overall purpose of my thesis was to establish a better understanding and insight of the role
of peripheral nerves and their supporting glial cells in PC progression. More specifically, we
aimed to investigate the paracrine effect of SCs (i.e. SC-secreted molecules) in enhancing PC.
In addition to this, we aimed to determine the clinicopathological significance of nerve
infiltration within the TME and investigate the potential value of the infiltrated nerves as a

prognostic factorin PC.

1.3 Organization of the thesis

Chapter 1 is the thesis introduction and overview of the body of work.

Chapter 2 is a literature review about the role of peripheral nerves and SCs in cancer
progression with a particular focuson PC. The role of different molecules, known to be secreted
or expressed both by SCs or nerves in PC progression is discussed. Our literature review
illustrates that the nervous system directly and indirectly influences tumorigenesis. Nerves and
associated SCs are emerging as a largely unexplored element of the TME, providing a

significant new player in the creation of tumour-favourable conditions through bi-directional
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interaction with cancer cells. The hypothesis of a communication betweennerves and the TME

represents a fundamental yet unexploited concept that forms the core structure of this thesis.

The subsequent chapters, from Chapter 3 to Chapter S, display the published or submitted

articles of this thesis.

Chapter 3 is a published article entitled “Proteomic Profile of Human Schwann Cells”
(published in Proteomics, 2020 January; 20(1):1900294) and constitute a profiling of SC
proteome. We report the proteome of human SCs analysed by LC-MS/MS. This proteome
dataset should serve as a resource for further functional and clinical investigations into the role

of SCs in health and disease.

Chapter 4 is a published article entitled “Schwann Cell Stimulation of Pancreatic Cancer
Cells: A Proteomic Analysis” (published in Frontiers in Oncology, 2020 August; 10:1601).
Here we profiled the secretome of human SCs using LC-MS/MS and investigated the role of
several identified proteins secreted by SCs that can stimulate PC cell proliferation and invasion.

These proteins represent novel potential targets for the development of future treatments of PC.

Chapter 5 presents a manuscript entitled “Tumour innervation is associated with poor
clinical outcomes in pancreatic cancer” that at the time of this thesis has been submitted to
Scientific Reports. Here we investigated whether there is association between nerve infiltration
in the pancreatic TME with cancer aggressiveness, analysing the density and size of nerves in
a cohort of PC patients. The data show that the presence and size of nerves in the TME are
associated with tumour aggressiveness in PC. In addition, these findings suggest that increased
infiltration of larger sized nerves might be a primary event leading to higher PNI levels

commonly observed in PC.
Chapter 6 presents a General Discussion in which the findings of the publications contained

in this thesis are summarized. This chapter contains perspectives and potential future

directions.
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Chapter 2 | Literature Review

2.1 Pancreatic cancer (PC)

PC is an intractable malignancy and is the 7" leading cause of global cancer deaths in
industrialized countries (Bray et al., 2018). Before focusing on this cancer in more details, the

anatomy of normal pancreas is discussed briefly below.
2.1.1 The anatomy and functional components of the pancreas

The pancreas is a glandular organ with elongated, soft, flat, lobules located in the
retroperitoneal space. It is roughly J-shaped and has a head near the midline of the body and a

tail that extends to the left, where it touches the spleen (Talathi et al., 2020).

Common bile duct Pancreatic duct

Tail of
pancreas

Acinar cells secrete
digestive enzymes.

Pancreatic islet
cells secrete
hormones.

Pancreatic duct

Exocrine cells secrete pancreatic juice.

Figure 1. Anatomy and histology of the pancreas. The pancreas has a head, a body and a tail.
It delivers pancreatic juice to the duodenum through the pancreatic duct. From (Kelly A. Youn,

Anatomy and Physiology, 2013).
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The pancreas is a complex organ composed of both endocrine and exocrine tissues (Figure 1).
The bulk of the pancreas (>90% of the organ) is composed of “exocrine” acinar cells that help
producing digestive enzymes to digest food in the gut (Logsdon and Ji, 2013). The second
functional component of the pancreas is the "endocrine" pancreas, which is composed of small
islands of cells, called the islets of Langerhans. These endocrine cells release hormones, such
as insulin and glucagon, into the blood stream, which help control blood glucose levels (Roder

et al., 2016).

PC starts when cells in the pancreas become abnormal and grow out of control (Rawla et al.,
2019). PC can occur in any part of the pancreas, but about 70% of cases develop in the head of
the pancreas. PC may affect the functioning of the endocrine and/or exocrine function of the
organ. Endocrine tumours which is also referred to as neuroendocrine tumours develop in islets
of Langerhans (Asa, 2011). About 95% PCs are exocrine tumours that originate from epithelial
cells in the exocrine pancreas (Feldmann et al., 2007). Of the different tumour types that arise
in the pancreas, pancreatic ductal adenocarcinoma (PDAC) is the most common type of PC
(Fesinmeyer et al., 2005) and also the most lethal one (Fesinmeyer et al., 2005;Wisnoski et al.,
2008). This is the focus of my thesis. Herein, the terms PC and PDAC are used synonymously.

The pancreas is a highly innervated organ and both sympathetic, parasympathetic and sensory
nerves innervate the pancreas to participate in its normal activities (Pour et al., 2003;Gasparini
et al., 2019). Sympathetic innervation comes from the thoracic splanchnic nerves via the celiac
and superior mesenteric plexuses. Parasympathetic nerve fibres to the pancreas are contained
in the vagus nerve via its celiac branch. Parasympathetic nerves stimulate pancreatic secretion,
whereas sympathetic nerves are largely inhibitory (Kiba, 2004). Afferent sensory nerve fibres
in the pancreatic parenchyma can transmit pain of pancreatic origin (Gasparini et al., 2019).
The head of the pancreas is innervated by the celiac plexus whereas the splenic plexus
innervates the body and tail of the pancreas (Pour et al., 2003). Furthermore, the pancreas
receives direct innervation from the enteric nervous system of the gut, mainly from the stomach

and the duodenum (Kirchgessner and Gershon, 1990).

In the following section, more details on PC will be presented, specially focusing on

epidemiology, survival, prognosis, and the TME.
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2.1.2 Epidemiology, survival and risk factors of PC

PC is a fast-growing cancer accounting for 3% of newly diagnosed cancer patients in both
sexes in the United States and United Kingdom (Siegel et al., 2016). In2012, over 1,000 people
in New South Wales, Australia were diagnosed with PC, and over 850 people died (Creighton
et al., 2016). Mortality rates have closely followed incidence emphasizing the deadly nature of
this disease (Lankadasari et al., 2019) .

PC is called a 'silent' killer as in its early stage the disease is usually asymptomatic and most
patients have either locally advanced or metastatic disease at presentation (Jemal et al.,
2010;Zhou et al., 2010) and consequently overall 5-year survival rates are less than 9% (Rawla
et al., 2019). The median postoperative survival for early staged patients that undergo surgery
is less than 2 years, and only one out of eight are actually cured (Schnelldorfer et al.,
2008;Siegel et al., 2016). PC patients present with predominantly nonspecific symptoms
including abd ominal/back pain, indigestion, jaundice and weight loss (Jung et al., 2007;Sharma
et al., 2011). The majority of patients present with advanced or metastatic disease upon
diagnosis, while, only about 20% of patients are eligible for the surgical resection, the only
curative therapy for PC (Wolfgang et al., 2013;Kleeff et al., 2016). The aggressiveness of the
cancer, late stage diagnosis, lack of effective treatment options and the mortality rate make it a
challenging disease. Consequently, PC is anticipated to become the 2"dleading cause of cancer-

related death by 2030 (Rahib et al., 2014).

The risk factors might be related to heredity (5—10%), smoking (30%) and dietary habit (20%)
(Klein, 2013), although the majority of cases are sporadic, with 40% of patients having no
significant risk factors. Other related factorsinclude age (increased frequency usually observed
after 50 years), ethnicity and sex (highest occurrence has been reported in black men),
occupational hazards such as exposure to pesticides, dyes, and chemicals used in metal
refining, diet (diet rich in red meat may be associated with increased risk) (Nothlings et al.,
2005;0lson et al.,, 2013;Siegel et al., 2016). The most prominent risk factors include
pancreatitis (>2 years), smoking, body mass index (>35 kg/m2), and heavy alcohol
consumption (Arslan et al., 2010;Bosetti et al., 2012;Duell et al., 2012;Lucenteforte et al.,
2012). Although controversial, coffee consumption has also been reported to be associated with

PC. Diabetes has been reported to be a risk factor for this malignancy (Batabyal et al., 2014).
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The advancement of PC is a stepwise process that involves oncogene activation, tumour
suppressor gene inactivation and cell cycle deregulation (Zhang et al., 2016). PC typically
harbors multiple genetic alterations (Bailey et al., 2016). Those with a strong family history or
an identifiable germline predisposition are at increased risk for PC. Common genetic mutations
associated with PC are found in KRAS, TP53, CDKN2A, and SMAD4 genes, but drug-
targeting these mutations has yet to show significant promise (Kleeff et al., 2016; Pelosi et al.,

2017).

2.1.3 Treatment of PC

Surgery, radiation therapy and chemotherapy are treatment approaches that may prolong

survival and/or relieve symptoms in many patients with PC, but they seldom produce a cure
(Chandana and Mahadevan, 2009).

2.1.3.1 Surgery

Surgical removal of the pancreatic neoplasm remains the only potentially curative treatment
mode (Bilimoria et al., 2007). For patients receiving a complete resection, 70% will survive
more than one year (Cooper et al., 2013). Five-year survival among patients who have surgery
1s approximately 20-25% compared to less than 5% for patients with no resection of their
primary tumour (Speer et al., 2012). Various surgical procedures are performed depending on
the location of the tumour in the pancreas. For the tumour located in the head of the pancreas,
a pancreatico-duodenectomy (commonly known as a “Whipple” procedure) is performed.
Tumours in the tail of the pancreas require a distal pancreatectomy which is accompanied by
thr removal of the spleen (Nathan et al., 2009). Distal pancreatectomy is now often performed
laparoscopically resulting in a decrease in length of hospital stay as well as a decrease in
surgical complications (Venkat et al., 2012). Locally advanced PC, in which the tumour has
grown into nearby blood vessels and other tissues, but has not spread to the liver or distant
organs or tissues, cannot be removed completely by surgery. The most advanced form of PC is
the metastatic form, whereby their spread renders them impossible to be removed by surgery
or treated by radiation therapy alone. Treatment forpatients with advanced disease still remains

largely palliative.
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2.1.3.2 Radiation Therapy

Radiation therapy also has a recognised role in the treatment of patients with locally advanced
PC but who are unsuitable for surgery either as neo-adjuvant treatment with the aim of
shrinking the tumour to increase the potential for surgery, or as a definitive treatment for
patients unsuitable for surgery (Gandy et al., 2016). Neoadjuvant chemoradiation therapy has
been reported to be associated with improved survival with lower cost than a surgery first
approach for patients with PC (Abbott et al., 2013). For patients with advanced disease or
metastases, it has been shown that 60% of patients have pain control in response to palliative
radiotherapy for pain management (Chow et al., 2012). The use of radiation is controversial in
locally advanced PC, as no advantage has been shown for radiotherapy (Laquente et al., 2017).
Some data suggest that adding radiation may have a negative overall effect when used in the
adjuvant or neoadjuvant setting (Franke et al., 2015). Other researchers believe that the role of
radiation therapy in PC is still evolving and by using the correct patient selection, in
combination with the newer radiation technology, the role for radiation still exists (Landau and

Kalnicki, 2018).

2.1.3.3 Chemotherapy

Chemotherapy is indicated in the treatment of PC in all cases, although the duration and type
of chemotherapy depends on the therapeutic goals. Several different chemotherapeutic drugs,
as a single compound or in combination, to treat PC include: Gemcitabine, 5-fluorouracil,
Irinotecan, Oxaliplatin, Nab-paclitaxel, Capecitabine, Paclitaxel, Docetaxel (Walker and Ko,
2014). None of the current drugs however have been shown to be particularly successful.
Gemcitabine monotherapy has long been used as the standard chemotherapy for PC, but most
patients do not respond well and end up with Gemcitabine resistance and disease progression.
Hence, few other options are available for patients that fail Gemcitabine based therapy (Arora
et al., 2013;Karamitopoulou, 2013). Gemcitabine in combinations with several cytotoxic
agents and targeted therapies have also been disappointing, except for the combination with
Nab-Paclitaxel, paclitaxel bound to the protein albumin. Nab-paclitaxel has been shown to
increase the survival of patients with metastatic PC when used in conjunction with
Gemcitabine, compared to treatment with Gemcitabine alone (Von Hoff et al., 2013). There
are attempts to find new drug combinations to further improve survival and quality of life for

patients with advanced PC. FOLFIRINOX, the combination of chemotherapeutic agents
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(fluorouracil [5-FU], leucovorin, irinotecan and oxaliplatin) is an effective (but not always
well-tolerated) schedule for selected patients with metastatic or locally advanced PC
(Moorcraft et al., 2014). The most important recent breakthrough of chemotherapy is in the
adjuvant setting, where FOLFIRINOX has been shown to reduce the recurrence rate and
improve the survival of patients operated for PC as compared with the Gemcitabine (Conroy

et al., 2018).

2.1.3.4 Targeted Therapy

Asresearchers have learned more about the changes in PC cells that help them grow, they have
developed newer drugs to specifically target these changes. These targeted drugs work
differently from standard chemotherapeutic drugs. Sometimes they work when standard

chemotherapeutic drugs don’t, and they often have different side effects.

The tyrosine kinase inhibitor Erlotinib is the first and only molecularly targeted therapy
approved by the FDA for first-line treatment of advanced PC (Ducreux et al., 2015). This drug
can be given along with the chemo drug Gemcitabine. The combination of Erlotinib and
Gemcitabine compared with placebo was associated with a median OS of 6.2 months versus

5.9 months (p =0.038) (Moore et al., 2007). However, the data suggest that only a small

fraction of patients benefited from the therapy.

A small number of PCs have changes in one of the neurotrophic tyrosine receptor kinase
(NTRK) genes which can sometimes lead to abnormal cell growth and cancer. Larotrectinib
(Drilon et al., 2018) and Entrectinib (Drilon et al., 2017) target the proteins made by the NTRK
genes. These drugs can be used in people with advanced PC that have an NTRK gene change,
typically when the cancer is still growing despite other treatments. Several monoclonal
antibodies and oral tyrosine kinase (RTK) inhibitors have been studied in phase 3 trials, all of
these have failed to demonstrate clinically meaningful activity, except for Sunitinib, which may
have arole in maintenance therapy (Reni et al., 2013). Sunitinib as maintenance after 6 months
of progression-free disease management, was able to prolong 2-year survival (23% vs 7%).
Encouraging results were obtained in trials exploring RTK inhibitors (Lai et al., 2019). More

about targeted therapy for PC has been described in section 2.1.4.
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2.1.3.5 Immunotherapy

Immunotherapy has shown positive results in many cancer types including, lymphoma,
melanoma, renal cell carcinoma and lung adenocarcinoma (Kruger et al., 2019). However,
immune therapy for PC is still a challenging issue. Although inflammatory cells have been
shown to infiltrate the TME in PC, these cells promote rather than inhibit PC growth (Gajewski
et al., 2013;Khalafalla and Khan, 2017). Immune cells in the TME such as T cells, B cells,
myeloid-derived suppressor cells and tumour-associated macrophages have emerged in
patients with melanoma and lung cancer as excellent therapeutic targets, and have already
shown some promising outcomes (Hogan et al., 2018;Kanwal et al., 2018). Immune therapy
trials in PC include passive immunotherapeutic approach using monoclonal antibodies or
effector cells generated in vitro and active immunotherapeutic approach using vaccination to
stimulate antitumour response (Banerjee et al., 2018). Monoclonal antibodies employed in
passive immunotherapeutic approaches block ligand-receptor signaling for growth leading to
tumour cell death. They can target tumour associated antigens, such as mucin 1, Wilms tumour
gene 1, human telomerase reverse transcriptase, mutated KRAS, Carcinoembryonic antigen
(CEA), survivin, p53, human epidermal growth factor receptor 2 (HER-2/neu), vascular
endothelial growth factor receptor (VEGFR) or epidermal growth factor receptor (EGFR)
(Chang et al., 2016). Cellular therapies with genetically engineered T cells (CAR-T-cells or
antigen-specific T cell receptors) or tumour infiltrating lymphocytes have also proven to be
efficacious in certain hematopoietic malignancies and solid tumours (Winograd et al., 2015).
Nevertheless, none of the PC immunotherapy trials have shown meaningful clinical benefit
(Kunk etal., 2016). In genetically engineered mouse models, pancreatic ductal adenocarcinoma
were fully refractory to an approach with only monoclonal antibodies that block programmed
death 1 (PD-1) or cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), which is in line

with what was seen in patients (Winograd et al., 2015).

2.1.4 Targeting the tumour microenvironment (TME) in PC treatment?

The process of tumour formation and progression is influenced by two factors, namely
genetic/epigenetic changes in the tumour cells and the rearrangement of the components of the
TME (Jahanban-Esfahlan et al., 2017). The TME is a dynamic environment and the privileged
site where tumours are in close contact with the host. Within the last two decades, scientists

have shifted their research interest also to the TME in addition to cancer cells themselves. By
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addressing the biological significance of tumour stroma and its interactions with cancer cells,

it has been possible to demonstrate the relevance of such interactions both biologically as well

as clinically.

A histopathological hallmark of PC is the extremely dense desmoplastic environment, or
abundance of ECM, that surrounds PC cells constituting up to 60-90% of the total tumour
volume (Whatcott et al., 2015). The stroma is very heterogeneous and is comprised of cellular
components, predominantly cancer-associated fibroblasts (CAFs), myofibroblasts, pancreatic
stellate cells (PSC), immune cells, blood vessels, a rich ECM, cytokines and growth factors
(Feig et al., 2012;Goel and Sun, 2015) (Figure 2). The role of the stroma to either promote or

resist tumour formation and progression is influenced by the various signals.

Antigen-

ECM presentin
production ~ //q/

Inflammatory
CAF

Chemokine i Stroma
CXCL12-CXCR4 inhibition ® Anti-FAP Ab (sibrotuzumab)
(AMD3100, BL-8040) » FAP inhibitor (talabostat)

* CART cells against FAP* cells
* SHH inhibitors (saridegib, vismodegib)
<€~~~ Paracrine interactions ® Multi-MMP inhibitors (marimastat,

: : tanomastat)
<€—» Cell-cell interactions * Hyaluronidase (PEGPH20)

Figure 2: Targeting PC-associated stroma for treatment. Approaches to deconstruct the
stroma have included the use of matrix metalloproteinase (MMP) inhibitors, hyaluronidase,
Sonic hedgehog (SHH) inhibitors, fibroblast activation protein (FAP) targeting agents and
CXCR4 inhibitors. Ab, antibody; CAR, chimeric antigen receptor;, ECM, extracellular matrix.
From (Ho et al., 2020).
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Both cell-cell and paracrine interactions between CAFs and cancer cells are involved in
programming the stroma. Not only does the desmoplastic stroma create a protective shield from
therapeutics (Dauer et al., 2017), it also aids in the process of epithelial to mesenchymal
transition and causes tumour cell dissemination into surrounding tissue. This process involves
constant remodelling of the stroma, and activation of different signalling pathways in the TME
(Lindsey and Langhans, 2014;Bynigeri et al., 2017). Therefore, the treatment of PC has become
a huge challenge and the components of the TME offer potential therapeutic targets.

Compounds tested so far in clinical trials for PC as MMP inhibitors include Marimastat
(multifamily MMP inhibitor) (Bramhall et al., 2002) and Tanomastat (which inhibits MMP-9
along with MMP-2, MMP-3 and MMP-13) (Moore et al., 2003) (Figure 2). Although these
compounds possess different inhibitory potencies toward the various MMPs, none of them was
found to be selective for a particular enzyme. Unfortunately, most of these clinical trials of
MMPIs have yielded disappointing results so far. Hyaluronic acid (HA) provides support and
structure to the stroma. It can also bind to surface receptors on tumour cells and promote
proliferation, migration and invasion (Toole and Slomiany, 2008). Given the multifaceted role
played by HA in pancreatic stroma, HA targeting has been of great interest and has shown to
cause tumour depletion in several preclinical tumour models (Provenzano et al., 2012;Jacobetz
et al.,, 2013). Pancreatic tumours treated with Halofuginone, an anti-fibrotic agent, targeted
PSCs and led to reduced HA in the tumours and showed overall reduced ECM production
(Elahi-Gedwillo et al., 2019). PEGylated recombinant hyaluronidase (PEGPH20) in
combination with Gemcitabine provides therapeutic benefit (improvement in overall survival)
to PC patients with high hyaluronic acid expression and is emerging as an attractive adjuvant

therapy (Hingorani et al., 2016) (Figure 2).

2.1.5. Targeting nerves in the TME of PC?

One of the reasons for the dismal outcome of PC is cancer cells from tumours that escape and
enter the bloodstream at the earliest stages of tumour progression, such that by the time the
cancer is discovered it has usually already spread (Nguyen et al., 2019). In addition to being
found in vascular and lymphatic systems, cancer cells invade neuronal spaces, which serve as
an alternative route for dissemination. The normal pancreas is also rich in ganglia and
myelinated and unmyelinated nerve cells, and invasive cancer cells are able to spread into the

nerve sheath as an alternate route for dissemination (Bapat et al., 2011). Therefore, PC has one
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of the highest incidences of PNI among all cancer types (Ceyhan et al., 2008). Undifferentiated
tumours tend to have more PNI (Hirai et al., 2002). The exact mechanism by which PNI occurs
is unclear, but it appears to be mediated by an interaction between molecules on the cancer cell
and peripheral nerves. These include many signalling pathways involved in pain as well as
TGF-a, EGFR, the NGF family and their receptors, the GDNF family and their receptors,
chemokines and their receptors (CX3CR1, Sema3A, PlxnA1, NRP1 and MMPs) as well as
other surface molecules and their receptors (Ceyhan et al., 2008). In particular, it was
demonstrated that the neurotrophic factor artemin can influence PNI of PC cells (Ceyhan et al.,
2006). Additionally, norepinephrine has been shown to promote PNI of PC by increasing levels
of phosphorylated STAT3. Inhibition of STAT3 inhibited norepinephrine-induced expression
of NGF, MMP2 and MMP9 to decrease invasion of PC cells (Guo et al., 2013). Therefore, in
case of PC, the nervous system may directly or indirectly influence cancer progression, and
although the neuronal component of the TME has received little attention so far, it could be the
basis for further innovative therapeutic approaches. In the following sections, the relevant

neural anatomy and histological structure of nerves in PC will be reviewed.

2.2 Nerve involvement in cancer progression

Peripheral nerves, which are composed of a variety of cells including neurons and glial cells,
constitute an essential component of the TME. With the exception of cartilage and the lens of
the eye, all human tissues are infiltrated by nerves of sensory, autonomic (sympathetic and
parasympathetic) and/or motor origin. In this section, peripheral nerve architecture, the
stimulatory role of nerves in cancer progression, more specifically in PC progression will be

presented.

2.2.1 Peripheral nerve structure

Peripheral nerves are organized in three layers: the endoneurium, the perineurium and the
epineurium (Figure 3). The epineurium, the outermost layer, is comprised of dense tissue that

encloses the entire peripheral nerve (Sunderland, 1965). Itis heavily vascularised (Bove, 2008)

and innervated by small axons deriving from the endoneurium (Stolinski, 1995).
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Figure 3. The structure of a peripheral nerve. From (Gasparini et al., 2019).

The perineurium is the middle layer that wraps around each nerve fascicle (Liu et al., 2018).
The innermost layer of the endoneurium consists of nerve fibers composed of axons surrounded
by different subtypes of SCs (myelinating and non—myelinating SCs) (Ubogu, 2013). The
endoneurium also contains blood vessels, resident macrophages and fibroblasts (Jessen and

Mirsky, 2016).

The normal function of the peripheral nervous system (PNS) is to connect the central nervous
system (CNS) to the limbs and organs (Deborde and Wong, 2017). The nervous system is not
an innocent bystander in cancer. Rather, the association of nerves with cancer cells has been
established for a variety of malignant tumours including prostate cancer (Magnon et al., 2013)
gastric cancer (Zhao et al., 2014;Hayakawa et al., 2017), PC (Bapat et al., 2011) which is often
correlated with poor prognosis. The role of nerves in cancer progression is an emerging field
and, until recently, nerves were not regarded as major contributors in tumorigenesis with their
role in cancer growth under-studied (Faulkner et al., 2019). Until recently, our understanding
of the role of nerves in cancer was essentially limited to PNI, a process in which cancer cells

surround and eventually invade nerves (Liebig et al., 2009).

2.2.2 Innervation stimulates cancer progression

The existing literature proposes the concept of a tumour-neural microenvironment in which a

reciprocally interacting loop between nerves and cancer cells mutually promotes cancer

development (Heinemann et al., 2014;Murakami et al., 2019) (Figure 4).
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Figure 4. Nerve-cancer cross-talk in TME. Neurotrophic growth factors (by cancer cells) and
neurotransmitters (by nerve endings) released in the TME can also activate stromal,
endothelial, and immune cells, and therefore have a stimulatory impact on tumour neo-
angiogenesis and inflammation. The cross-talk between nerves, and cancer/stromal cells

contributes to tumour growth and metastasis. From (Boilly et al., 2017).

Cancer cells can be found inside or outside the nerves (Deborde and Wong, 2017). Notably,
the nerve structure can be altered, damaged and destroyed upon invasion by cancer cells
(Deborde and Wong, 2017). The nerve-cancer cell cross-talk and resultant enhancement of
tumour progression involves the liberation of neurotransmitters (such as norepinephrine) and
trophic factors by nerve endings (Boilly et al., 2017). This results in the activation of neuro-
signalling in both stromal and cancer cells, while neurotrophic factors are released by cancer

cells to attract nerve outgrowth in the TME (Boilly et al., 2017) (Figure 4).

Emerging datashow that many solid tumours are innervated and that nerves actively participate
in tumour initiation and progression (Boilly etal., 2017). In animal models of prostate (Magnon
et al.,, 2013) and gastric (Zhao et al., 2014;Hayakawa et al., 2017) cancer, it has been shown
that the infiltration of new nerves in the TME is necessary from early initiation to metastasis.
In gastric tumorigenesis, the importance of cholinergic innervation has been reported (Zhao et
al., 2014;Hayakawa et al., 2017). In prostate cancer, the importance of both adrenergic and
cholinergic nerves has been demonstrated, and nerve density has been shown to be increased
inside and around the prostate cancer compared to around benign prostate, and correlates with

more aggressive tumours (Ayala et al., 2008;Magnon et al., 2013;Briindl et al., 2014). In breast
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cancer, adrenergic innervation where nerves infiltrate the TME has been reported to be
associated with lymph node invasion (Pundavela et al., 2015;Austin et al., 2017). Increased
nerve densities have also been found in the TME of colorectal (Albo et al., 2011) and pancreatic
(Ceyhan et al., 2010) carcinomas. In case of brain cancer, neurons stimulate cancer cell growth
through the release of neuroligin-3 and pleiotropin promoting glioma cell invasion (Qin et al.,

2017).

Sympathetic nerves drive tumour angiogenesis via the liberation of noradrenaline whereas
sensory and parasympathetic nerves stimulate cancer stem cells. For example, in PC,
sympathetic nerves release noradrenaline stimulating cancer cell proliferation through beta-
adrenergic receptors (Renz et al., 2018a). In gastric cancer, the activation of muscarinic
receptors in gastric cancer stem cells by acetylcholine liberated by cholinergic nerves
stimulates stem cell expansion (Zhao et al., 2014;Hayakawa et al., 2017) and the release of
noradrenaline by sympathetic nerves induces an angiogenic switch via the stimulation of beta-
adrenergic receptors in endothelial cells (Zahalka et al., 2017). The activation of adrenergic
signalling by the release of catecholamines from sympathetic nerves stimulates tumour growth,
whereas cholinergic signalling activated by parasympathetic nerves stimulates tumour dis-
semination (Magnon et al., 2013). Interestingly, recent evidence indicates that parasympathetic
nerves can eventually inhibit tumour progression, suggesting a yin—yang type of regulation of
cancer by nerves (Faulkner et al., 2019) (Figure 5). This will be discussed in more detail in the
‘nerve dependence in PC’ section. Furthermore, neuroendocrine cells have been shown as

mediators of sensory nerve stimulation in early pancreatic tumorigenesis (Sinha et al., 2017).

2.2.3 Denervation can inhibit cancer progression

The initial demonstration that denervation can inhibit cancer progression was performed in
experimental animal models of prostate cancer where the effects of hypogastric nerve
denervation were reported (Magnon etal., 2013). Suppression of tumour growth and metastasis
by denervation has also been demonstrated in animal models of pancreatic (Saloman et al.,
2016a), gastric (Zhao et al., 2014) and skin cancer (Peterson et al., 2015). Additionally, a lower
incidence of prostate cancer in patients with spinal cord injuries has been reported suggesting
anerve dependence in cancer progression (Rutledgeet al., 2017). The profound impact of nerve
ablation on cancer progression including delayed development of precancerous lesions,

decreased tumour growth and metastasis has been reported (Saloman et al., 2016b).
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2.2.4 Tumour axonogenesis in PC

The infiltration of tumours by growing nerves, or tumour axonogenesis, is emerging as a new
hallmark of cancer. During embryonic development or tissue regeneration, axonogenesis is
stimulated by the release of neurotrophic growth factors from tissues in order to attract nerve
terminals (Boilly et al, 2017;Duraikannu et al., 2019). The mechanisms underlying
axonogenesis involve neurotrophic growth factors such as those of the neurotrophin family,
including NGF, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT3), and
neurotrophin-4/5 (NT4/5), which have been shown to drive axonogenesis through the
stimulation of tyrosine kinase receptors expressed in nerve terminals (Park and Poo, 2013). A
feed-forward loop has been reported wherein the upregulation of NGF and BDNF increases
sympathetic innervation and local accumulation of noradrenaline to stimulate the growth of PC
cells (Renz et al., 2018a). The production of the leukemia inhibitory factor (LIF), a member of
the interleukin 6 family, by PC cells has also been shown to contribute to tumour innervation

(Bressy etal., 2018).

2.2.5 Nerve dependence in PC

As mentioned earlier in section 2.1.5, the pancreatic tumour is known to undergo neural
invasion in which the tumour accesses the neural network to spread further (Liebig et al., 2009).
PNI in PC contributes to adverse pathologic finding including severe abdominal pain, tumour
recurrence following curative surgical resection (Ceyhan et al., 2009a;Liebig et al., 2009) and
poor prognosis (Liebl et al., 2014). Patients with PNI generally survive two years shorter than
patients without PNI (Chatterjee et al., 2012). The finding that 100% of patients with PC exhibit
PNI (Liu and Lu, 2002;Pour et al., 2003) has led to investigation of the interaction between

cancer cells and nerves.

The normal pancreas is innervated by both sympathetic nerves and sensory nerves from the
dorsal root ganglion (DRG) and vagus nerve respectively (Demir et al., 2015). In contrast to
the normal pancreas, PC exhibits a higher neural density, marked neural hypertrophy and
overexpression of norepinephrine (Ceyhan et al.,, 2009a;Demir et al., 2010). The neuronal
architecture is distorted during PC development and several neuron-related genes are

dysregulated to promote tumorigenesis (Ceyhan et al., 2006;Saloman et al., 2018).
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Figure 5. Yin—yang type of regulation by nerves in PC. The growth of PC cells is regulated
by sensory, sympathetic and parasympathetic nerves attracted in the TME by nerve growth
factor (NGF) released from PC cells. Sensory and sympathetic nerve activate PC cells growth
by releasing substance P (SP) and noradrenaline (NA) from nerve endings and the subsequent
activation of the neurokinin-1 receptor (NKIR) in PC cells. On the other hand,
parasympathetic nerves inhibit PC cells growth via the liberation of acetylcholine (Ach) and
the activation of the cholinergic muscarinic receptor 1 (CHRMI). The opposing impact of
sensory and sympathetic vs. parasympathetic nerves suggests the balanced neural innervation
in the development of PC. PC, pancreatic cancer, ADR2, beta 2 adrenergic receptor;, EGFR
epidermal growth factor receptor; ERK, extracellular signal response kinase; PI3K/AKT,
phosphatidylinositol 3-kinase/ AKT,; STAT3, Signal transducer and activator of transcription
3, TNFa, tumour necrosis factor alpha. From (Faulkner et al., 2019).

Adrenergic, cholinergic and sensory nerves are implicated in pancreatic tumour progression
(Figure 5). Sensory (Saloman et al., 2016a;Sinha et al., 2017;Renz et al., 2018a) and
sympathetic (Renz et al., 2018a) nerves activate the growth of PC cells through the liberation
of substance P (SP) and noradrenaline (NA), and the subsequent activation of the neurokinin-
1 receptor (NKI1R) as well as the beta 2 adrenergic receptor (ADRP2), respectively.
Sympathetic nerves also activate the release of NGF by cancer cells that activates the
corresponding receptor tyrosine kinase TrkA in neurons, leading to more axonogenesis in the

TME (Renz et al., 2018a). In contrast to sensory and sympathetic nerves, parasympathetic
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nerves inhibit PC cell growth via the liberation of acetylcholine (ACh) and the activation of
cholinergic muscarinic receptor 1 (CHRM1) in PC stem cells, leading to the inhibition of down-
stream PI3K/AKT and EGFR/ERK pathways in PC cells (Renz et al., 2018b). These findings
indicate a yin—yang type of control by sympathetic and sensory versus parasympathetic nerves
in the regulation of PC progression (Figure 5). However, a factor that has received little
attention is the role of glial cells, which has been largely overlooked. This will be detailed

below.

2.3 Schwann cells (SCs) in cancer progression

2.3.1 SCs: origin, development, function

SCs (named after German physiologist Theodor Schwann) are the most abundant glial cells of
the PNS (Takahashi et al., 2013). Other glial cells in the PNS are satellite glial cells, enteric
glial cells and olfactory ensheathing cells (Verkhratsky et al., 2019). SCs are vital components
of the endoneurial microenvironment of peripheral nerves, serving both as ensheathing and
secretory cells (Mizisin, 2014). Structurally, SCs are nucleated and elongated cells which are

arranged longitudinally along nerve fibres (Garbay et al., 2000). Since the initial identification
of SCs in the 19th century there have been many subsequent investigations into SC

development, structure and function as will be discussed.

2.3.1.1 Neural crest cells

SCs originate from neural crest cells, a defining feature of vertebrates, as first described in
1868 by Wilhelm His (His, 1868). Neural crest cells differentiate into a variety of
ectomesenchymal and non-ectomesenchymal cell types found throughout an organism
(Donoghue et al., 2008). Neural crest cells can also give rise to multiple cell types, including

peripheral neurons, melanocytes, chondrocytes, smooth muscle cells and SCs (Bronner and

LeDouarin, 2012;Gandhi and Bronner, 2018) (Figure 6).
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Figure 6: Adult cell types with neural crest ancestry. A) The neural crest is first induced in
the region of the neural plate border. B) After neural tube closure, pre-migratory neural crest
cells are situated at the dorsal side. C) Neural crest cells then delaminate to become migratory
NCCs. D) Neural crest cells differentiate into multiple cell types. From (Liu and Cheung,
2016).

2.3.1.2 Developmental stages of SCs

The embryonic phase of SC development involves three transient cell populations such as
migrating neural crest cells, SC precursors, immature SCs (Jessen and Mirsky, 2019) (Figure
7). After differentiation from neural crest cells, SC precursors proliferate and migrate down
peripheral axons and differentiate into immature SCs and eventually mature, myelinating SCs
(mSCs), but they can also give rise to endoneurial fibroblasts, and populations of melanocytes
and neurons, demonstrating their plasticity, which allows them to convert from one subtype to

another one (Adameyko et al., 2009;Jessen and Mirsky, 2019).
Immature SCs surround axon bundles and perform radial sorting (Figure 7). SCs that have

selected a single axon are termed pro-myelinating SCs, which differentiate into mature SCs

that generate myelin around an axon. Myelination occurs only in SCs that by chance envelop

A. Ferdoushi 22 PhD Thesis



large diameter axons, whereas, SCs that ensheath small diameter axons progress to become

mature non-myelinating SCs (nmSCs) (Monk et al., 2015).
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Figure 7: The main transitions in the SC lineage. Schematic illustration of the main cell types
and developmental transitions involved in SC development. Dashed arrows indicate the
reversibility of the final, largely postnatal transition during which mature myelinating and non-

myelinating cells are generated. From (Jessen and Mirsky, 2005).

For the generation of SC precursors from neural crest cells (Figure 7), transcription factor
Sox10 is required, which is known as SC identity factor. Other molecules that are required in
this differentiation process are neuregulin-1 (NRG1), a major regulator of SCs (Shah et al.,
1994;Meyer and Birchmeier, 1995;Riethmacher et al., 1997), notch signalling (Morrison et al.,
2000) and Pax3 (Jacob et al., 2013). The expression of neurotrophic factors by SCs such as
NGF and their tyrosine-kinase receptors p75 neurotrophin receptor (p75NTR) and Trk families
is also essential for SC development, proliferation, migration, as well as myelination and

neuronal regeneration (Woodhoo and Sommer, 2008;Jessen et al., 2015).

SC precursors and immature SCs differ largely in molecular expression, including up-
regulation of S100 in immature SC (Jessen et al., 2015). SC precursors that maintain physical
contact with nerves differentiate into SCs whereas SC precursors that are detached from nerves

differentiate into melanocytes (Adameyko et al., 2009). Thus, the cell fate of SC precursors is
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influenced by location (i.e. cellular contact), as well as external and internal signalling

mechanisms.

2.3.1.3 SC types

SC precursors give rise to immature SCs, which give rise to mSCs and nmSCs (Gresset et al.,
2015) (Figure 7). In the peripheral nerve endoneurium, mSCs and nmSCs exist in a ratio of
2:1 (Salonen et al., 1988;Stierli et al., 2018). mSCs are the most abundant cells within the
peripheral nerve trunk (Stierli et al., 2018). Both mSCs and nmSCs are also highly quiescent,
forming architecturally stable structures. Once these cell have matured, they exist for the
lifespan of the animal, not dividing at all (Stierli et al., 2019). In addition, in injuries or diseases
that result in axonal loss or demyelination mSCs become a class of nmSCs that lack axons.
Upon receiving appropriate neuronal signals, all of these nmSCs regain their myelinating
potential (Taveggia et al., 2005;Griffin and Thompson, 2008). Other nmSCs constitute the

satellite cells of the sensory and autonomic ganglia (Taveggia et al., 2005).

2.3.1.4 SC function

Wide variation of functional ability is the hallmark of SCs. SCs are largely responsible for the
plasticity of the PNS owing to their ability to dedifferentiate, proliferate, migrate as well as for
myelinating axons of motor and sensory neurons of peripheral nerves allowing fast electrical
impulse propagation (Colomar and Robitaille, 2004). They also influence nerve repair, trophic
support and regeneration of peripheral nerves (Jessen et al., 2015). SCs maintain neuronal
homeostasis through the regulation of cell growth, survival and repair (Jessen, 2004;Kaplan et
al., 2009). SCs have also been implicated in distal digit tip (mammals) and limb (amphibians)
regeneration, extracellular matrix production, upregulation of neuritogenic and neurotrophic
factors, initiation of an inflammatory response as well as antigen presentation (Wekerle et al.,
1986;Colomar and Robitaille, 2004). SCs also play a vital role in neuroblastoma maturation
(Ambros et al., 1996). SCs have been reported to promote synapse formation and function and
stimulate the development and maintenance of the neuromuscular junction (Feng and Ko,
2008). At the developing neuromuscular junction SCs help in clearing of degenerating myelin
and eliminate excess axons and synapses (Bishop et al., 2004;Allen, 2014;Schafer and Stevens,
2015). SCs play a critical role in many pathological processes including injury-induced nerve

repair, neurodegenerative diseases, infections and neuropathic pain (Zhang et al., 2020). SCs
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likely contribute significantly to the pathogenesis of diabetic neuropathy, as there is ample
evidence demonstrating that hyperglycemic and oxidative stress damage SC mitochondria and
lead to aberrant lipid metabolism, inflammation and neuropathy (Mizisin, 2014;Gongalves et
al., 2017). SCs have recently been highlighted for their involvement in cancer progression,

which is the main focus of my study.
2.3.1.5 SC role following nerve injury

SCs play a unique role in orchestrating regeneration following peripheral nerve injury

providing a growth supportive environment for axonal re- growth (Weiss et al., 2016).
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Figure 8: Nerve regeneration after injury in the PNS. From (Schuh et al., 2020).

The major goal of the regeneration process is for axons to regrow back to their targets (Stierli
et al., 2019). Within hours of the nerve injury, SCs distal to the injury dedifferentiate,
proliferate and upregulate a broad range of cytokines, chemokines and neurotrophic factors
(Ydensetal., 2013;Tzekova et al., 2014;Jessen and Mirsky, 2016). Following peripheral nerve
injury, a complex series of cellular events, called Wallerian degeneration, takes place distal to
the site of the lesion in which axons downstream of the wound site degenerate (Stoll et al.,
2002) (Figure 8). Part of the process involves SCs phagocytosing cell debris and recruiting
macrophages to the site of the injury. SCs align to form bands of Biingner, creating a path for

the axons to regenerate. Finally, the axons reinnervate the target organ. It is thought that
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damaged neurons send injury signals sensed by SCs with the SCs then becoming activated to

perform repair and guidance functions (Deborde and Wong, 2017).

Mature SCs have the ability to change between differentiation states in response to injury that
allows the PNS to regenerate after damage (Figure 8). Through an amazing reprogramming
process, highly specialized quiescent adult mSCs de-differentiate to proliferating progenitor-
like SCs (Mathon et al., 2001). After injury, mSCs lose their characteristic gene expression
pattern, degrade their myelin and activate a set of repair-related phenotypes to become a class
of nonmyelinating repair SCs which are capable of supporting axon regeneration and axon

guidance (Jessen and Mirsky, 2016).
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Figure 9. SCs de-differentiation to a progenitor-like state to aid axon regeneration upon

injury. From (Roberts and Lloyd, 2012).

SCs from Remak bundles also convert into repair SCs. This process is called de-differentiation,
activation or trans-differentiation of SCs (Jessen and Mirsky, 2016) (Figure 9). To maintain
SCs in their de-differentiated state, sustained expression of Sox-2 following nerve injury has
been reported to be sufficient (Roberts et al., 2017). De-differentiated SCsexpress Oligl, Sonic

Hedgehog (Shh) and glial-derived neurotrophic factor (GDNF) at higher levels than immature
SCs (Arthur-Farraj et al., 2012).

From the above discussion, it is evident that SCs are abundant and extraordinarily plastic in

most organs with a multitude of functions. Because of their regenerative capability, primary
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human SCs have already been reported to have potential therapeutic potential for the treatment
of spinal cord and peripheral nerve injuries in humans upon transplantation (Andersen et al.,
2016;Anderson et al., 2017). Their role in creating a specific TME and supporting tumour

progression will be discussed in the following section.

2.3.2 SCs in cancer

SCs have recently been implicated in the progression of several malignancies including
pancreatic (Demir et al., 2014;Deborde et al., 2016;Fujii-Nishimura et al., 2018), prostate
(Sroka et al., 2016), lung (Zhou et al., 2018), oral (Salvo et al., 2019) and cervical (Huang et
al., 2020) cancers. In a normal nerve, the endoneurium consists mainly of axons and SCs. It
also contains mast cells, resident macrophages, fibroblasts, and blood vessels. In cancer
progression, due to the SC plasticity, SCs have been shown to adopt a de-differentiated
phenotype similar to that in response to nerve injury (Stout et al., 2018) (Figure 9).

It is likely that SCs may recruit immune cells to sites of PNI, given they are capable of
recruiting macrophages during nerve repair (Jessen et al., 2015). An increase of the number of
glial fibrillary acidic protein (GFAP)-positive SCs has been found when nerves are injured or
invaded by cancer cells. For example, the SCs associated with cancer cells in human pancreatic
(Demir et al., 2014;Deborde et al., 2016), colon (Demir et al., 2014), thyroid and salivary gland
cancer are GFAP positive (Deborde etal., 2016). Three-dimensional (3D) co-culturing between
cancer cells and SCs revealed that SCs are extremely dynamic and make repetitive contacts
with individual cancer cells to promote migration (Deborde et al., 2016). SCs have been shown

to be attracted by cancer cells and facilitate neural tracking (Gasparini et al., 2019).

Demir et al show that SCs migrate toward cancer cells by the help of NGF and its low affinity
receptor p75NTR (Demir et al., 2014). SCs have also been reported to guide cancer cells while
migrating to neurites in a similar way as SCs do in the axonal guidance process by inducing
axon sprouting (Deborde et al., 2016). SCs are also able to degrade the matrix around cancer
cells (Deborde et al., 2016). SCs help in cancer invasion by matrix remodelling and subsequent
physical contact. Direct contact between SCs and cancer cells promotes cancer cell
dissociation, migration, and invasion (Deborde et al., 2016). An SC paracrine function in PNI

has also been proposed (Shan et al., 2016;Sroka et al., 2016).
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2.3.3SCsin PC

Long before the discovery of the role of SCs in cancer progression generally, PC cells were
identified in the epineurium and perineurium in close association with SCs and axons of both
intra and extra pancreatic nerves by electron microscopy (Figure 10) (Bockman et al., 1994).
An increase in the level of SCs was detected in pancreatic intraepithelial neoplasms (PanINs)
suggesting SC involvement at the early stage of cancer development (Demir et al., 2014). From

this observation, it has been postulated that SCs are involved in the initiation of PC progression.

SC

. Cancer Cell

Figure 10. Schematic representation depicting the interaction of nerve, SCs and cancer cells.
Cancer cells can be present in the nerve sections or in the three different layers of the nerve.

From (Deborde and Wong, 2017). SC, Schwann cell.
2.3.3.1 SCs mediate perineural invasion (PNI)

SCs have also been reported to be involved in PNI in PC (Bockman et al., 1994;Deborde and
Wong, 2017), the process by which cancer cells invade nerves with specific affinity toward
pre—neoplastic and neoplastic PC cells (Demir et al., 2014). SCs have been shown to initiate
epithelial-mesenchymal transition and support metastatic spread in PC (Fujii-Nishimura et al.,
2018). Basically, SCs are attracted to cancer cells before cancer cells start migrating towards
neurons due to a phenomena called SC carcinotropism (Fangmann et al., 2018). This
carcinotropism of SCs has been revealed very recently in a 3D neural migration assay where
SC-PC cells were co-cultured with DRG neurons and the migration of SCs tracked via digital

time-lapse microscopy (Fangmann et al., 2018). This observation suggests that SCs serve as
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the first metastatic access for cancer cells leading to tumour progression (Fangmann et al.,

2018). Interaction of SCs and PC cells has been revealed by time-lapse video. microscopy

(Deborde et al., 2016).

Figure 11. SCs mediate PNI. From (Azam and Pecot, 2016).

Physical contact between cancer cells and SCs has been reported to induce cancer cell
protrusion formation, leading to cancer cell dispersion and migration which is obligatory for
cancer cell invasion (Deborde et al., 2016) (Figure 11). Dedifferentiated SCs come into direct
contact with cancer cells. This direct contact results in the extension of protrusions from the
cancer cells. SCs intercalate between cancer cells, thereby promoting cancer dispersal from the
tumour and migration toward the neuron. This series of events ultimately lead to PNI (Figure

11).
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2.3.3.2 SCs mask cancer pain and delay diagnosis

It has been demonstrated that SCs express transient receptor potential ankyrin 1 (TRPAT1)
channels, known to contribute to nociceptor-mediated neuropathic pain (De Logu et al., 2017).
In contrast to neuropathic pain, activated SCs have been reported to mask cancer-related pain,
resulting in a prolonged asymptomatic phase both in case of humans and an animal model

(Demir et al., 2016). It remains unclear how SC activation by cancers relates to pain sensation.
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Figure 12. The impact of activated SCs on the course of PC. SCs become activated in tissue
hypoxic condition and by the influence of cancer cells secreted IL-6. These activated SCs
suppress cancer pain by extinguishing spinal astroglial and microglial pain sensing activity.
PC, pancreatic ductal adenocarcinoma; IL, interleukin, IL-1Ra, interleukin-1 receptor
antagonist; GCSF granulocyte colony-stimulating factor; VEGF, vascular endothelial growth
factor. From (Demir et al., 2016).

Activated SCs are proposed to suppress spinal astroglial and microglial (the spinal cells
involved in nociception) activity leading to a delay in diagnosis and treatment of PC (Demir et
al., 2016) (Figure 12). The hypothesis is that SCs in PC become activated under the influence

of tissue hypoxia and of interleukin (IL)-6 secreted from cancer cells. These activated SCs
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exhibit the same features of ‘reactive gliosis’ as is the case for astrocytes of the CNS. Increased
SC activity in PC results in suppression of spinal astroglial and microglial activity and causes
reduced pain sensation, both in murine and human PC (Demir et al., 2016). Additionally, it has
been shown that, pain is negatively correlated with SC density, as the expression of GFAP, a
marker of SC, was lower in patients experiencing more pain (Demir et al., 2016). In addition
to their direct effects on malignant cells, SCs can also indirectly influence cancer progression
through their immunomodulatory functions within the TME (Bunimovich et al., 2016).
Basically, SCs has been reported to release a multitude of chemokines and cytokines that can
attract and modulate immune cells in nerve repair after damage and other pathological

conditions.

Our study aims to elucidate the molecular mediators secreted by SCs and investigate their role

in the pancreatic TME.

2.4 Secretome: Disease involvement, biomarkers and therapeutic targets

The cell secretome refers to the collection of proteins that contain a signal peptide and are
processed via the endoplasmic reticulum and Golgi apparatus through the classical secretion
pathway (Dowling and Clynes, 2011). The secretome also encompasses proteins shed from the
cell surface and intracellular proteins released through non-classical secretion pathway or
exosomes (Karagiannis et al., 2010). These secreted proteins include numerous enzymes,
growth factors, cytokines and hormones or other soluble mediators (Dowling and Clynes,
2011). In addition, microRNA, lipids and messenger-RNA may be secreted by the cells via
small membranous vesicles, the exosomes and macrovesicles (Théry et al.,

2002;Muralidharan-Chari et al., 2010).

Secretome are involved in many cellular activities, such as cell interaction, signalling,
proteolysis, adhesion, proliferation, migration, invasion, immune response and angiogenesis
by regulating cell-to-cell and cell-to-extracellular matrix interactions (da Cunha et al., 2019).
The secretome is very dynamic in nature and highly sensitive to changes of the overall cellular
state, whether at physiological or pathological circumstances (Mustafa et al., 2017). Therefore,
functional secretory pathways are necessary for the normal physiology of human body and any
dysfunction or malfunction may lead to a various systemic problems including cancer (Wang

and Kaufman, 2016).
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Conditioned media (CM) contain secreted factors which are involved in intercellular
communication and have significant biological effects (Weng et al., 2016). Therefore, they
might also be a source for early detection and diagnosis of disease, and identification of
released factors, including proteins, might help to discover novel biomarkers of potential
clinical significance (Stastna and Van Eyk, 2012). Analysis of CM has proven to be a very
successful strategy for the identification of candidate biomarkers for further validation in
clinical samples and advances in mass spectrometry and bioinformatic approaches have had an
influence on proteomics (Wong et al., 2009). These advances combined with the analysis of
CM will facilitate theidentification of candidate biomarkers. It is also very likely that candidate

biomarkers for early detection or monitoring could be useful as therapeutic targets.

2.4.1 Secreted proteins in different diseases

CM from a variety of cells derived from the CNS has been shown to affect proliferation,
survival and differentiation of neural stem/progenitor cells (Taupin et al., 2000;Chang et al.,
2003;Kaneko et al., 2003;Faijerson et al., 2006). CM factors have been reported to provide
signalling molecules for proliferation of neural progenitor cells required for neurogenesis in
dopaminergic neurons (Aliaghaei et al., 2016). Adipocytes have been reported to release factors

that contribute to increase heart failure risk (Lamounier-Zepter et al., 2006).

The therapeutic benefit of CM is attributed to the paracrine effects of cells in the cell-based
therapy (Zagoura et al., 2012). CM taken from epithelial cells of choroid plexus (CPECs-CM)
was capable of inducing neuronal and dopaminergic differentiation of umbilical cord
mesenchymal stem cells (MSCs) (UCMSCs) (Aliaghaei et al., 2016). Systemic infusion of CM
derived from MSCs has been shown to exhibit a therapeutic potential similar to that of MSC
therapy for the treatment of acute liver failure (ALF) (Xagorari et al., 2013;Chen et al., 2015).
MSC-CM, including their secreted factors, microvesicles and exosomes, exhibits an effect
similar to that of MSCs for the treatment of ALF (Chen et al., 2015;Lotfinia et al., 2016;Chen
et al., 2017;Phinney and Pittenger, 2017;Cha et al., 2018). Recent studies investigated that CM
extracted from MSCs have neuromodulator effects even could prevent neurodegeneration
(Mehrabadi et al., 2019). The administration of CM can overcome the genomic instability,

immune reactivity, and tumorigenic potential of stem cell transplantation (Gazdic et al., 2017).
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Adipose stem cell CM protects dopaminergic neurons in Parkinson’s disease (Nakhaeifard et
al., 2018). Consequently, the therapeutic potential of CM derived from different cells is
attracting increased attention in the field of cell-based therapy (Fouraschen et al., 2012;Wang
et al., 2015).

2.4.2 Secreted proteins in cancers

Factors secreted by cancer cells are involved in the cross-talk between cancer cells and other
cells, and have an impact on cancer progression and metastasis (Bose and Masellis,
2005;Kaminski et al., 2006). Cancer cells modify their protein secretion due to the continuous
growth and adaptation to the TME which is the hallmark of cancer (Zullo etal., 2015). Secreted
proteins into the extracellular space interact between stroma and tumour cells and represent the
main molecules involved in the intercellular communication, cell adhesion and invasion
(Anderson et al., 2009). Peptides or low molecular weight proteins preferentially secreted by
cancer cells may serve as tumour markers (Sato et al., 2001). Using the cancer cell secretome
approach, more than 100 candidate biomarkers for different cancer types were discovered (Xue
et al., 2008;Makridakis and Vlahou, 2010;Pavlou and Diamandis, 2010;Schaaij-Visser et al.,
2013).

As secreted proteins are linked to the development of cancer, several studies have compared
the secretome of cancer cells to the normal tissue and have seen a differential regulation of
proteins (Makridakis and Vlahou, 2010). For instance, the glioma secretome includes proteins,
nucleic acids, and metabolites that are often overexpressed in malignant tissue and contribute
to virtually every aspect of cancer pathology (Hoelzinger et al., 2007;Skog et al.,
2008;Katakowski et al., 2010;Li et al., 2013;Yeung et al., 2013;Haley and Kim, 2014),
providing a strong rationale to target cancer cell-secretory mechanisms. The cancer secretome
can also induce a resistance mechanism to chemotherapy (Madden et al., 2020). The proteins
nodal and activin are necessary for cancer stem cells self-renewal in PC (Lonardo et al., 2012).
It has been reported that nodal and activin in the CM of pancreatic stellate cells promoted the
invasiveness of PC (Lonardo et al., 2012). IL-6 is a bioactive multifunctional cytokine which
promotes the accumulation of myeloid derived suppressor cells (MDSC) and increased the
migration of PC cells via STAT-3 pathway (Hamada et al., 2016;Wu et al., 2017). Therefore,

detection and quantification of secretome composition could be instrumental for deciphering
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the molecular architecture of PC and defining specific approaches toward patient management

and therapy.

2.4.3 SC-secreted proteins in PC development

2.4.3.1 Adhesion proteins

Several molecules involved in the SC-PC cell cross-talk, which are either secreted or expressed
by SC and/or PC cells, have recently been identified. One such molecule is the neural cell
adhesion molecule 1 (NCAM1), which is expressed by neurons and developing SCs and has
been found by many researchers to play a crucial role in neural growth, adhesion and
regeneration (Gasparini et al., 2019). Notably, SCs guide cancer cells toward nerves via the
production of NCAMI that promotes PNI (Deborde et al., 2016). Moreover, decreased invasion
of PC cells into the sciatic nerve in NCAMI1 knockout mouse compared to wild type mice has
been reported, indicating this adhesion molecule as a critical mediator in SC—induced PC cell

invasion (Deborde et al., 2016).

2.4.3.2 Neurotrophic factors

In SC-PC cross-talk, the neurotrophin family of growth factors and their receptors play an
active roles. NGF, brain-derived neurotrophic factor (BDNF) as well as neurotrophin-3 (NT-
3) are expressed at higher levels in SCs of PC patients compared to healthy controls (Sakamoto
et al., 2001). It was found that NT-3 is expressed in SCs from 73% PC patients whereas both
NGF and BDNF are expressed in SCs from 27% of PC patients (Sakamoto et al., 2001). NGF
has been shown to help migration of SCs toward PC cells prior to PNI (Demir et al., 2014).
NGF mediates this migration through its low affinity p75NTR which is expressed on SC repair
(Taniuchi et al., 1988;Jessen and Mirsky, 2016). Mice embryo lacking p75NTR show a defect
in SC migration with an inhibition of axon growth (Bentley and Lee, 2000). A small molecule
inhibitor of p75NTR R0.08.2750, caused reduced migration of SCs towards cancer cells
preventing the binding of NGF to p75NTR (Demir et al., 2014). This suggested a role for NGF

and p75NTR in promoting nerve infiltration via SC migration.
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BDNF secreted by SCs in conditioned medium in culture have been reported to increase the
epithelial-mesenchymal transition process in the case of salivary adenoid cystic carcinoma
(Shan et al., 2016). The authors have also shown involvement of the BDNF receptor, TrkB, in
this process (Shan etal., 2016). In another study, conditioned medium from SC lines was shown

to increase the integrin-dependent invasion of prostate and PC cell lines (Sroka et al., 2016).

2.4.3.3 Cytokines and chemokines

Cytokine, IL-6, released by activated SCs, has been reported to augment PC cell migration and
invasion (Su et al., 2020) and impede pain signalling in an animal model at the early stages of
PC (Figure 11). SC-secreted chemokine CCL2 induces cancer invasion leading to PNI (Bakst
et al., 2017). In nerve repair, CCL2 contributes to macrophage recruitment facilitating nerve
repair through myelin debris clearance (Jessen et al., 2015). In the case of lung cancer, the

promotion of epithelial-mesenchymal transition and metastatic spread were mediated by SC-

derived chemokine CXCLS5 (Zhou et al., 2018).

2.4.3.4 Glycoproteins

SC-expressed myelin-associated glycoprotein (MAG) binds to the transmembrane protein
mucin 1 (MUC1) which is overexpressed in PC. Adhesive interactions between MUC1 and
MAG have also been shown to be responsible for PNI, metastasis and poor prognosis of PC

(Nakamori et al., 1994).

Together, the above studies have shown the emerging importance of SCs in PC progression.
Although few neurotrophic factors, secreted cytokines (Roger et al., 2019) and adhesion
molecules (Na'ara et al., 2019) have been described in SC-PC cross-talk, the secretome of SCs
and its impact in PC remain largely unknown. In our project, we have profiled the secretome
of human SCs using LC-MS/MS and investigated the role of several identified proteins in the
stimulation of PC growth and invasion. Therefore, a more detailed understanding of the cellular
and molecular mechanisms involved in the regulation of cancer progression by SCs is
warranted and has been explored throughout this PhD project. A better understanding of the
SC-secretome and their role may help in the development of therapeutics to target neuronal

involvement in cancer.
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Chapter 3 | Proteomic Profile of Human Schwann Cells

3.1 Preface

Chapter 3 contains an original research article entitled “Proteomic Profile of Human
Schwann Cells” published in the journal Proteomics. To define the protein expression profile
of primary human SCs, we performed a proteomic analysis by LC-MS/MS. Using various
bioinformatics software, we have detailed the most enriched pathways and biological functions
in SCs. These findings fit with the supportive role of SCs in peripheral nerves. In addition,
several pain receptors and synaptic proteins have been identified which may contribute to the
recently discovered role of SCs in pain sensation in cancer. This proteome analysis will serve

as a reference for future investigations of biological processes where SCs are involved.

3.2 Publications

Published article “Ferdoushi A, Li X, Jamaluddin MFB and Hondermarck H: Proteomic
Profile of Human Schwann Cells. Proteomics. 2020 January; 20(1): 1900294 displays from
page 37 to 41.

Supplementary Files
Supplementary file displays on page 42 to 46.
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Proteomic Profile of Human Schwann Cells

Aysha Ferdoushi, Xiang Li, Muhammad Fairuz Bin Jamaluddin,

and Hubert Hondermarck?

Schwann cells (SC) are essential for the growth, maintenance, and
regeneration of peripheral nerves, but the proteome of normal human SC is
poorly defined. Here, a proteomic analysis by LC-MS/MS is performed to
define the protein expression profile of primary human SC. A total of 19 557
unique peptides corresponding to 1553 individual proteins are identified.
Ingenuity Pathway Analysis (IPA), Gene Ontology (GO), and Database for
Annotation, Visualization, and Integrated Discovery (DAVID) are used to
assign protein localization and function, and to define enriched pathways.
EIF2, mTOR, and integrin signaling are among the most enriched pathways
and the most enriched biological function is cell-cell adhesion, which is in
agreement with the supportive role of SC in peripheral nerves. In addition,
several nociceptors and synaptic proteins are identified and may contribute to
the recently discovered role of SC in pain sensation and cancer progression.
This proteome analysis of normal human SC constitutes a reference for future
molecular explorations of physiological and pathological processes where SC

are involved.

Schwann cells (SC) are the glial cells of the peripheral nervous
system. Aside from their well-established role in producing the
myelin sheaths around axons, SC also influence impulse con-
duction along axons and provide trophic support for repair and
regeneration of peripheral nerves.l'l Undifferentiated SC are in-
creasingly described to participate in human health and disease,
and are involved in pathologies, such as schwannomatosis, by
acting through growth factors secretion, the regulation of inflam-
mation, and macrophages activation.’”l Recent studies have also
revealed SC involvement in tumorigenesist®l where they con-
tribute to the stimulatory role of nerves in cancer progression,
by facilitating the crosstalk between cancer cells and nerves.!
Despite the important biological and pathological implications
of SC, there are limited data on the proteome of normal human
SC,l which remains poorly defined.
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In the present study, we performed
a proteomic analysis by LC-MS/MS to
identify the protein profile of normal hu-
man SC in primary culture. An outline
of our experimental protocol is shown
in Figure 1. Primary human SC, ob-
tained from spinal nerve cells of healthy
donors, were purchased from ScienCell
Research Laboratories (Catalog #1700,
Carlsbad, CA, USA) and maintained ac-
cording to manufacturer instructions. T-
75 flask poly-1-lysine-coated culture ves-
sels (2 pg cm™) were prepared by adding
15 pL of poly-i-lysine stock solution
(10 mg mL™, Catalog #0413, Carlsbad,
CA, USA) in 10 mL sterile water and in-
cubated overnight at 37 °C. Cells were
seeded at 5000 cells cm™ density on
the poly-1-lysine coated flask after wash-
ing the vessel with sterile milli-Q water.
Cells were grown to 80% confluency in
SC medium (SCM, Catalog #1701, Carls-
bad, CA) supplemented with 5% fetal
bovine serum (FBS, Catalog #0025, Carlsbad, CA, USA), 1% of
SC growth supplement (SCGS, Catalog #1752, Carlsbad, CA,
USA), and 1% of penicillin/streptomycin solution (P/S, Cata-
log #0503, Carlsbad, CA, USA) in a humidified incubator at
37 °C with 5% CO,. Harvested cells (1 x 107 cells) were cen-
trifuged at 800 X g for 5 min and cell pellets was collected af-
ter washing three times with cold phosphate buffered saline
(PBS). Cell pellet was solubilized in 400 pL ice-cold 0.1 ™M
Na,CO; (pH 11) with protease and phosphatase inhibitor cock-
tail (Roche, Indianapolis, IN, USA) and subjected to probe
tip sonication (Hielscher Ultrasound Technology, Germany) for
3 x 10 s intervals at 4 °C. Protein concentration was mea-
sured by bicinchoninic acid (BCA) assay (Pierce, Thermo Fisher
Scientific, IL, USA) and 200 pg proteins were mixed with
urea/thiourea denaturation buffer to a final concentration of 6 m
urea/2 M thiourea followed by cysteine reduction using 10 mm
dithiothreitol for 30 min at room temperature. The samples were
subsequently alkylated in the presence of 20 mwm iodoacetamide
for 30 min at room temperature in the dark. Proteins were then
digested with Lys-C/trypsin (Promega, Madison, WI) at 1:40 (en-
zyme/protein, w/w) for 3 h at room temperature in the dark.
Following Lys-C/trypsin digestion, the solution was diluted be-
low 1 M urea, 0.33 M thiourea by adding 20 mwm triethylam-
monium bicarbonate (pH 7.8) and incubated overnight at room
temperature to activate trypsin digestion. After digestion,
(2% v/v) formic acid was added to the peptide solutions following
centrifugation at 14 000 X g for 10 min at 4 °C to precipitate lipids.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PhD Thesis


http://www.proteomics-journal.com
mailto:hubert.hondermarck@newcastle.edu.au
https://doi.org/10.1002/pmic.201900294

ADVANCED
SCIENCE NEWS

Proteomics

Proteomics and Systems Biology

www.advancedsciencenews.com

SC culture

4

Protein extraction

$

Reduction (DTT),
Alkylation (IAA), and digestion (Lys-
C/trypsin)

l

Protein separation and peptide
analysis LC-MS/MS (QE+)
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Figure 1. Proteomics workflow. Proteins isolated from primary human SC
cultures were extracted and subjected to reduction (DTT), alkylation (IAA)
and Lys-C/trypsin digestion before analysis in LC-MS/MS. DDA discov-
ery search was performed to identify the total number of peptides and
proteins. IPA, GO, and DAVID bioinformatics tools were used to assign
protein localization, function, and to define the canonical pathways. DDA,
data-dependent acquisition; DAVID, Database for Annotation, Visualiza-
tion and Integrated Discovery; DTT, dithiothreitol; GO, Gene Ontology;
IAA, iodoacetamide; IPA, ingenuity pathway analysis; PD, Proteome Dis-
coverer; SC, Schwann cells.

The supernatant of peptide samples was desalted using Visiprep
vacuum manifold (12-port, Sigma—Aldrich) coupled with Em-
pore C18 Solid phase extraction (SPE) cartridge (4 mm mL™)
according to manufacturer instructions. Digested peptides were
acidified (pH 2-3) using 10% trifluoroacetic acid (TFA) before
loading on SPE cartridge. The SPE cartridge was activated with
100% acetonitrile followed by washing with 0.1% TFA, and the
acidic samples were loaded and washed with 0.1% TFA. Subse-
quently, peptides were eluted sequentially with 60% acetonitrile,
0.1% TFA then 80% acetonitrile, 0.1% TFA, and 100% acetoni-
trile. The peptide eluents were quantified using Invitrogen Qubit
Protein Assay (Life Technologies Australia Pty Ltd), followed by
Iyophilization and resuspension with MS loading buffer (2%
acetonitrile, 0.1% TFA). All resuspended samples were stored
at —80 °C. A total of 500 ng peptides were injected and sepa-
rated prior to MS using a Dionex ultimate Nano/Cap 3500-RS
LC system (Thermo Fisher Scientific) at a constant flow rate of
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300 nL. min™ using an EASY-Spray PepMap C18 LC column
(75 pm X 15 cm, Cg, 2 m, 100 A, Thermo Fisher Scientific),
with a 150 min gradient. Solvent A was water, 0.1% formic acid,
and solvent B was acetonitrile, 0.1% formic acid; peptides were
first injected with 2% solvent B for 6 min and eluted by a gra-
dient from 2% to 35% solvent B from 6 to 126 min, then 35%
to 90% solvent B over a further 0.1 min, the remaining pep-
tides were washed away using 90% solvent B for 1.9 min fol-
lowed by a 22 min equilibration step (2% solvent B) before LC
returning to the starting conditions. Q-Exactive Plus High Reso-
lution Quadrupole-Orbitrap (Thermo Fisher Scientific) MS/MS
was used for discovery MS assay. Precursor ions were measured
with a full mass scan (400-2000 m/z, with a resolution of 70 000),
an AGC target value at 1e6, and maximum injection fill time
50 ms. The product ions were fragmented with a normalized col-
lision energy of 27.0 and measured at resolution of 35 000 on
the Orbitrap. AGC target value was set at 2e5 and maximum
injection fill time is 120 ms to control the correct ion popula-
tion within the Orbitrap. Dynamic exclusion was employed for
30s. The MS raw files were processed using Proteome Discoverer
(PD) software (version 2.1, Thermo Fisher Scientific, San Jose,
CA) and searched against the Uniprot human protein database
(downloaded March 05, 2018, with a total of 71 773 entries).®l The
tolerance of precursor masses and fragment masses were set at
10 ppm and 0.02 Da, respectively. Trypsin was set as the digestion
enzyme with two missed cleavage permitted. Protein confidence
indicators were set at 1% false discovery rate (FDR). The precur-
sor ion (MS) spectra were also manually validated using Xcalibur
Software (version 4.0.27.13, Thermo Fisher Scientific) to avoid
false positive detection.

The results show that a total of 19 557 unique peptides cor-
responding to 1553 individual proteins were identified in two
replicates, with a confidence corresponding to a false discovery
rate < 1% (Figure S1 and Tables S1 and S2, Supporting Informa-
tion). Only high confidence identification, represented by at least
two unique peptides, was included in the analysis. The dataset
has been deposited in the Mass Spectrometry Interactive Virtual
Environment (MassIVE) database with the dataset identifier:
MSV000084303 and are publicly accessible by using the fol-
lowing link: https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?
task=3c44b37f1b1949d8a446c2fd7f942e68 (username: aysha;
password: Reviewer). Out of the 1553 proteins identified, a
total of 1329 proteins were found in the two replicates (85.6%
of total protein number; Figure S1, Supporting Information).
Detailed information on identified peptides and proteins is
provided in Tables S1 and S2, Supporting Information. The
list of common proteins was extracted to perform Ingenuity
Pathway Analysis (IPA; QIAGEN Redwood City). Proteins were
classified according to subcellular localization (Figure 2a; Table
S3, Supporting Information), functions (Figure 2b; Table S3,
Supporting Information), as well as the most predominant and
significant canonical pathways (Figure 3; Table S4, Supporting
Information). Most proteins were cytoplasmic (65%), others
were nucleic (21%), or in the plasma membrane (9%), as well
as the extracellular space (4%; Figure 2; Table S3, Supporting
Information). In addition, the functions of these proteins were
classified as related to catalytic activity (42%), transportation
(8%), regulation of transcription (6%), translation (4%), ion
channel (1%), and others (39%) including cytokine and growth
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Figure 2. Categorization of human SC proteins by subcellular localization (a) and general function (b). Presented as percentages of the total number of

identified proteins.
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Figure 3. Canonical pathways analysis of human SC proteome using IPA. The top ten most significant pathways are presented.

factors activities (Figure 2b; Table S3, Supporting Information).
Canonical pathway analysis was performed with the standard
IPA library. The results (Figure 3; Table S4, Supporting Informa-
tion) revealed a number of pathways including EIF2 signaling
(-logP value = 77.7), mTOR signaling (-logP value = 30.9), inte-
grin signaling (-logP value = 20.5), epithelial adherens junction
signaling (-logP value = 14), and PI3K/AKT signaling (-logP
value = 10.3). The significant enrichment of the EIF2 signaling
suggested that there is an elevated rate of protein synthesis
and Ephrin receptor signaling presumably associated with the
reported regenerative abilities of SC.! In addition, mTOR sig-
naling has also been previously reported to control axon growth
and myelination after axonal sorting” and integrin signaling
promotes proliferation, maturation, and differentiation of SC.1®l
While, Rho Family GTPases signaling indirectly regulate SC
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migration,”) the PI3K/AKT pathway has been described the
control of myelination.'” Functional-enrichment analysis for
Gene Ontology (GO) term was performed using Database for
Annotation, Visualization, and Integrated Discovery (DAVID,
v6.8, https://david.ncifcrf.gov/) searching against the entire
Homo sapiens genome and the biological processes and molecu-
lar functions were analyzed by GO annotation and are presented
in Figure S2 and Tables S5 and S6, Supporting Information.
Cell—cell adhesion was found to be the most enriched function.
Cell—cell adhesion are required in many developmental stages
of myelinating SC, such as cell attachment, process extension,
axon ensheathment, as well as nodes of Ranvier construction.!!
Other significant biological processes include translational
initiation, oxidation-reduction process, viral transcription,
and protein binding (Figure S2, Supporting Information). To
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investigate the potential associations of the identified proteins
with diseases, the dataset was subjected to DAVID Genetic
Association Database (GAD) analysis, an annotated resource
that links human genes and polymorphisms to diseases. The
top identified diseases were infectious diseases (21%), cancer
(20%), and neurological disorders (19%; Figure S3 and Table S7,
Supporting Information). We also examined the top 20 diseases
related to SC proteome and presented in Figure S4 and Table
S8, Supporting Information. Neurodegenerative disorders were
found among the top identified diseases.

In terms of physiological relevance, it is difficult to extrapo-
late biological functions from a descriptive proteomic analysis.
However, the SC protein dataset that we report here constitutes a
reference list of proteins expressed in normal SC that will be use-
ful as a control for studies investigating pathological situations
where SC are involved. This is the case for instance in schwan-
nomatosis, where an aberrant proliferation of SC leads to the de-
velopment of a benign tumor that, although not cancerous, can
be particularly invalidating for patients.['?l Pathological SC lines
or primary cultures are used for in vitro and in vivo investiga-
tions in schwannomatosis, and although protein expression pro-
file would be different from cultured SC to SC-neuron interac-
tions, the present dataset provides a proteome reference for SC
in basal conditions that can be accessed and downloaded by the
community. In addition, the present dataset may also be of a
more direct value in the areas of pain and oncology, where SC
have recently been shown to be involved.

A recent landmark paper has reported the discovery that SC
can initiate pain sensation.!'l Until now, it was considered that
pain sensation in the skin was initiated by direct activation of
pain receptors (nociceptors) in nociceptive sensory nerve end-
ings. However, Abdo et al.3l have shown that SC convey painful
thermal and mechanical sensitivity to nerve endings, and there-
fore SC now appear to be inherently sensitive and transmit pain
information to nerves. Whereas this paradigm shift is specific
to the skin or does apply to other organs and tissues remains to
be investigated, but it is noteworthy to point that in the SC pro-
teome reported here, there are several nociceptors. For instance,
the thermosensitive ion channel TRPV2 (transient receptor po-
tential v2) and the cold receptor TRPM8 (transient receptor po-
tential cation channel subfamily member 8)-associated proteins
were identified with high confidence (Table S1, Supporting Infor-
mation). As far as we are aware, this is the first time that these
nociceptors, which are normally found in sensory nerves, are de-
scribed in SC and this data suggest that TRPV2 and TRMP8 may
be involved in the initiation of pain sensation occurring in SC.["3!
Additionally, the transmission of pain signal from SC to neu-
rons involves synapse-like structures and we have also identified
several proteins specific of synaptic complexes in SC proteome.
This is for instance the case of the synaptic vesicle membrane
protein VAT-1, that participates in the release of neurotransmit-
ter containing vesicles, or synaptotagmin-1 (SYT1) that functions
as a Calcium sensor for the release of neurotransmitters (Ta-
ble S1, Supporting Information). Synaptogenesis signaling path-
way was also among the top canonical pathways identified by
Ingenuity Pathway Analysis (Table S4, Supporting Information).
Further functional investigations are warranted to determine the
molecular mechanism by which SC initiate pain, and our SC
protein database provides a valuable listing of potential protein
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candidates that should be further investigated for their role in
pain signaling. These proteins may ultimately constitute novel
molecular targets for future innovative pain treatment.

Aside from pain, cancer progression is another health issue
where the involvement of SC has recently been demonstrated.
SC have been shown to directly stimulate tumor growth™ and
facilitate the process of perineural invasion by which cancer
cells use nerve tracks to disseminate.’l The crosstalk between
cancer cells and neuronal cells is emerging as a new driver
of tumorigenesis and SC are an essential component of this
interaction.” At this stage cancer cells have been shown to pro-
duce neurotrophic growth factors, such as nerve growth factor, to
stimulate neuronal outgrowth>'¢l and conversely neuronal cells,
liberate neurotransmitters such as noradrenalin to stimulate can-
cer growth!'®7] but this is still early stage and the full extent of
molecular mediators involved in the nerve cancer cell crosstalk
are yet to be fully defined and in particular the molecular contrib-
utors produced by SC. Here again, our SC proteome dataset may
provide clues in identifying candidate molecular mediators pro-
duced by SC and that may be involved in cancer progression. For
instance, the mesencephalic astrocyte-derived neurotrophic fac-
tor (MANF) has been identified with high confidence (Table S1,
Supporting Information) and should be explored for its potential
involvement as an SC mediator in cancer progression. Similarly,
other growth factors such as myeloid derived growth factor (MY-
DGF) and the hepatoma-derived growth factor (HDGF) have also
been identified (Table S1, Supporting Information) and further
investigations are warranted to determine if they participate in
the stimulation of cancer cell growth. Interestingly, proteins nor-
mally produced by neuronal cells, including SC, are increasingly
regarded as potential new biomarkers and therapeutic targets in
cancer!'® and the SC dataset reported here may serve as a reser-
voir of potential candidates to be further explored in functional
in vivo studies.

In summary, this study is an extensive shotgun proteomic
analysis of human SC that will serve as an important resource
for further functional and clinical investigations of the role of SC
in health and diseases.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supplementary Figure S1. Venn diagram summarizing the overlap in protein identification
between two independent proteomic analysis which identified 1478(I) and 1404(II) proteins

respectively. Additional details are listed in Supplementary Table S2.

Supplementary Figure S2. GO enrichment analysis. GO analysis was performed to
comprehend the (A) biological process (BP) and (B) molecular function (MP) of identified
proteins using DAVID. Percentage (%) descriptor of DAVID was used to graphically represent
the enrichment analysis output. DAVID: Database for Annotation, Visualization and Integrated
Discovery. GO: Gene Ontology. Only top 10 BP and MP have been shown here for vertical

sizing. See Supplementary Table S5 and S6 for additional details.

Supplementary Figure S3. Distribution of the identified proteins based on disease classes

using DAVID. See Supplementary Table S7 for additional details.

Supplementary Figure S4. Disease involvement of the identified proteins (top 20 diseases

have been shown here) analysed by DAVID based on GAD. GAD: Genetic Association

Database. See Supplementary Table S8 for additional details.
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Chapter 4 | Schwann Cell Stimulation of Pancreatic Cancer Cells:

A Proteomic Analysis

4.1 Preface

Chapter 4 contains an original research article entitled “Schwann Cell Stimulation of
Pancreatic Cancer Cells: A Proteomic Analysis” which has been published in Frontiers in
Oncology. We profiled the secretome of human SCs by LC-MS/MS and using various
bioinformatics software we have detailed the most enriched pathways and biological functions
of SC secreted proteins. We further validated several secreted proteins by WB and investigated
their role in PC cell proliferation and invasion using blocking antibodies. These candidate
proteins represent potential novel therapeutic targets for the development of future targeted
treatments in PC. Furthermore, this proteomic dataset will also serve as a resource for further

functional and clinical investigations into the role of SCs in cancer.

4.2 Publications

Published article “Ferdoushi A, Li X, Griffin N, Faulkner S, Jamaluddin MFB, Gao F, Jiang
CC, Jobling P, Tanwar PS, Helden DFV, Hondermarck H: Schwann Cell Stimulation of
Pancreatic Cancer Cells: A Proteomic Analysis. Frontiers in Oncology. 2020 August;
10:1601.” displays from page 48 to 61.

4.3 Supplementary Files

Supplementary file displays on page 62 to 74.
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Schwann Cell Stimulation of
Pancreatic Cancer Cells: A
Proteomic Analysis

Aysha Ferdoushi’23, Xiang Li*2, Nathan Griffin'2, Sam Faulkner2,
M. Fairuz B. Jamaluddin'2, Fangfang Gao'2, Chen Chen Jiang3*, Dirk F. van Helden'2,
Pradeep S. Tanwar?2, Phillip Jobling’? and Hubert Hondermarck2*

" School of Biomedical Sciences and Pharmacy, Faculty of Health and Medicine, University of Newcastle, Callaghan, NSW,
Australia, 2 Hunter Medical Research Institute, University of Newcastle, New Lambton, NSW, Australia, ° Department

of Biotechnology and Genetic Engineering, Mawlana Bhashani Science and Technology University, Tangail, Bangladesh,

4 School of Medicine and Public Health, The University of Newcastle, Callaghan, NSW, Australia

Schwann cells (SCs), the glial component of peripheral nerves, have been identified
as promoters of pancreatic cancer (PC) progression, but the molecular mechanisms
are unclear. In the present study, we aimed to identify proteins released by SCs that
could stimulate PC growth and invasion. Proteomic analysis of human primary SC
secretome was performed using liquid chromatography-tandem mass spectrometry,
and a total of 13,796 unique peptides corresponding to 1,470 individual proteins were
identified. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway
enrichment were conducted using the Database for Annotation, Visualization, and
Integrated Discovery. Metabolic and cell-cell adhesion pathways showed the highest
levels of enrichment, a finding in line with the supportive role of SCs in peripheral
nerves. We identified seven SC-secreted proteins that were validated by western blot.
The involvement of these SC-secreted proteins was further demonstrated by using
blocking antibodies. PC cell proliferation and invasion induced by SC-conditioned
media were decreased using blocking antibodies against the matrix metalloproteinase-
2, cathepsin D, plasminogen activator inhibitor-1, and galectin-1. Blocking antibodies
against the proteoglycan biglycan, galectin-3 binding protein, and tissue inhibitor of
metalloproteinases-2 decreased only the proliferation but not the invasion of PC cells.
Together, this study delineates the secretome of human SCs and identifies proteins
that can stimulate PC cell growth and invasion and therefore constitute potential
therapeutic targets.

Keywords: pancreatic cancer, Schwann cells, secretome, cancer cell proliferation and invasion, LC-MS/MS,
therapeutic targets

Abbreviations: cat. no., catalog number; CM, conditioned media; DAVID, Database for Annotation, Visualization, and
Integrated Discovery; ECM, extracellular matrix; GAD, Genetic Association Database; Gal-1, galectin-1; Gal-3BP, galectin-
3 binding protein; GO, Gene Ontology; IGFBP, insulin-like growth factor-binding proteins; IHC, Immunohistochemistry;
KEGG, Kyoto Encyclopedia of Genes and Genomes; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MMP-
2, matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; PC, pancreatic cancer; RFU, relative fluorescence
unit; SC, Schwann cell; SCM, Schwann cell medium; SD, standard deviation; SE serum-free; TCGA, The Cancer Genome
Atlas; TIMP-2, tissue inhibitor of metalloproteinases-2; TMA, tissue micro array; WB, western blot.
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Ferdoushi et al.

Schwann Cells Stimulate Pancreatic Cancer

INTRODUCTION

Pancreatic cancer (PC) is one of the most lethal malignancies (1)
and is predicted to become the second leading cause of cancer-
related death by 2030 (2). Eighty-five percent of PC cases are
ductal adenocarcinomas with a 5-year survival rate less than
7% (3). The poor patient survival is attributed to late-stage
diagnosis, high incidence of local recurrence, development of
distant metastases, and therapeutic resistance (4, 5). In addition,
there is currently no targeted therapy for PC, and therefore the
identification of potential therapeutic targets is essential.

Schwann cells (SCs) are the major glial component in
the peripheral nervous system (6). SCs maintain neuronal
homeostasis through the regulation of cell growth, survival,
and repair (7, 8). The primordial role of SCs is myelination
(9), however SCs have recently been implicated in several
malignancies including pancreatic (10-12), prostate (13), lung
(14), oral (15), and cervical (16) cancers. In PC, SCs are involved
in the initiation of disease, and their presence is associated
with increased perineural invasion, the process by which cancer
cells invade nerves (10). SCs guide cancer cells toward nerves
via the production of neural cell adhesion molecule 1 (NCAM
1) that promotes perineural invasion (11). SCs have also been
shown to initiate epithelial-mesenchymal transition and support
metastatic spread (12), and SCs have been reported to mask
cancer-related pain, resulting in a prolonged asymptomatic phase
and delayed cancer diagnosis (17). Additionally, SC-derived
interleukin 6 has been reported to augment PC cell migration
and invasion (18). Although few SC-secreted cytokines (19) and
adhesion molecules (20) have been described, the secretome of
SC and its impact in PC remain largely unknown.

In the present study, we have profiled the secretome of human
SCs using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and investigated the role of several identified
proteins in the stimulation of PC growth and invasion. These
secreted proteins may constitute new therapeutic targets for PC.

MATERIALS AND METHODS
Human SC Culture

Primary human SCs, obtained from the spinal nerve cells of a
healthy donor, were purchased from ScienCell (cat. no. 1700,
CA, United States) and maintained (maximum of 10 passages)
according to manufacturer instructions described previously
(21). Briefly, T-75 culture flasks were coated with 10 mg/mL poly-
L-lysine (cat. no., 0413, ScienCell) and incubated overnight at
37 C. Cells were seeded at 5,000 cells/cm? on the poly-L-lysine-
coated flask after washing the vessel twice with sterile milli-Q
water. Cells were grown in complete SC medium (SCM, cat. no.,
1701, ScienCell), supplemented with 5% fetal bovine serum (FBS,
cat. no., 0025, ScienCell), 1% SC growth supplement cocktail
(SCGS, cat. no., 1752, ScienCell), and 1% penicillin/streptomycin
(P/S, cat. no., 0503, ScienCell) in a humidified incubator at 37 C
with 5% CO,. SCs were characterized by immunoblotting using
antibodies against human SC marker proteins, SOX10, and p75
(Supplementary Figure S1).

Pancreatic ductal adenocarcinoma cells, PANC-1 and MIA
PaCa-2, were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, United States) and maintained
in Dulbecco modified eagle medium (cat. no., ATC302002,
ATCC) supplemented with 10% (vol/vol) FBS (JRH Biosciences,
St. Louis, MO, United States) and 2 mM L-glutamine in a
humidified incubator at 37 C with 5% (vol/vol) CO,.

SC Conditioned Media Preparation

SCs were grown to 70-80% confluency in SCM and washed three
times with sterile phosphate-buffered saline (PBS) (Invitrogen,
CA, United States) and once with serum-free (SF) media.
SCs were then incubated in SF media for 20 h, after which
SC-conditioned media (SC-CM) was collected, centrifuged
(1,000 g at 4 C for 10 min), and the supernatant was
filtered through a 0.22- m nylon filter (Merck Millipore, MA,
United States) to remove any cell debris or floating cells. SC-
CM was further centrifuged (4,000 g at 4 C for 30 min) to
concentrate using a 3-kDa cutoff Amicon Ultra-15 filter unit
(Merck Millipore) until the media was concentrated 400-fold.
The recovered SC-CM concentrate was stored at 80 C. An
outline of SC-CM collection and concentration workflow are
shown in Figure 1A.

Mass Spectrometry-Based Proteomic

Analysis of SC Secretome

Discovery proteomic analysis was performed by LC-MS/MS
to describe the secretome profile of primary human SCs.
Experimental protocol outlined in Figure 1B has been previously
described (21) with additional sample preparation steps added
for the secretome analysis. The secretome of SCs have been
analyzed in an unstimulated state, i.e., without previous
exposure to PC cells.

Sample Preparation for LC-MS/MS

Two hundred micrograms of secreted proteins was measured
by bicinchoninic acid (BCA) assay (Pierce, Thermo Fisher
Scientific, IL, United States) and dissolved in urea (6 M urea
2 M thiourea) buffer followed by reduction step using 10 mM
dithiothreitol (30 min at room temperature). The samples were
subsequently alkylated using 20 mM iodoacetamide (30 min at
room temperature in the dark). Proteins were digested using 1:40
ratio Lys-C/trypsin (cat. no., VA1170, Promega, Madison, W1,
United States) to protein concentration (3 h, room temperature,
in the dark). The concentration of the urea was brought down to
less than 1 M by adding 20 mM triethylammonium bicarbonate
(pH 7.8) and incubated overnight at room temperature.
Peptides were desalted and cleaned up using a Visiprep™
vacuum manifold (12-port, cat. no. 57030-U, Sigma-Aldrich,
St. Louis, MO, United States) coupled with Empore CI8
solid-phase extraction cartridge (4 mm/1 mL) according to
manufacturer instructions.

LC-MS/MS
A Dionex UltiMate 3000 nanoLC system (Thermo Fisher
Scientific) with a 15-cm EASY-Spray Column was used to
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Conditioned media collection

SCs grow in regular media
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'

PBS wash x 3 and
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.

SCs grow in SF medium
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'

Supernatant collection as SC-CM

'

Centrifuge SC-CM at 1000x g at
4°C; pass through 0.22 pm filter

'

Centrifuge supernatant at
4000x g at 4°C, 30 min (passing
through 3kDa cut-off membrane)

'

Concentrated SC-CM

FIGURE 1 | Schwann cell-conditioned media (SC-CM) collection and proteomic workflow. (A) For SC-CM collection, SCs were grown to 70-80% confluence. Cells
were washed three times with sterile PBS and once with SF media before incubation in SF media for additional 20 h. SC-CM were then collected and centrifuged
(1,000 x g, 4°C, 10 min), and the supernatant was filtered through a 0.22-pum nylon filter to remove any cell debris or floating cells. Collected supernatant was
concentrated using 3-kDa cutoff Amicon Ultra-15 filter unit (4,000 x g, 4°C, 30 min). (B) Proteomic analysis of the secretome was performed using LC-MS/MS.
Concentrated SC-CM was subjected to reduction (DTT), alkylation (IAA), and Lys-C/trypsin digestion before analysis in LC-MS/MS. DDA discovery search was
performed to identify the total number of peptides and proteins. To profile the SC-secretome, functional clustering of the secreted proteins was performed using
DAVID bioinformatics software and displayed in GO and KEGG. Identified proteins were classified based on disease classes using DAVID-GAD analysis. SC,
Schwann cell; PBS, phosphate-buffered saline; SF, serum-free; SC-CM, Schwann cell-conditioned media; DTT, dithiothreitol; IAA, iodoacetamide; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; DDA, data-dependent acquisition; PD, Proteome Discoverer; DAVID, Database for Annotation, Visualization, and
Integrated Discovery; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GAD, Genetic Association Database.

Proteomics workflow

Concentrated SC-CM

l
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reduction (DTT),
alkylation (IAA) and digestion
(Lys-C/trypsin)

l

Peptide desalting

l

Protein separation and peptide
analysis by LC-MS/MS
(Orbitrap) and DDA/discovery
search

l

Bioinformatics analysis
[PD, DAVID (GO, KEGG, GAD)]

separate 500 ng of peptides using a 150-min gradient at a
flow rate of 300 nL/min. Peptides were analyzed on Q-Exactive
Plus Orbitrap (Thermo Fisher Scientific) mass spectrometer.
Precursor scan of intact peptides was measured in the Orbitrap
by scanning from m/z 400-2,000, with a resolution of 70 K
with maximum ion injection time of 50 ms and automated
gain control (AGC) target of 1E6. The 15 most intense multiply
charged precursors were selected for HCD fragmentation with
a normalized collision energy of 27.0 and then measured in the
Orbitrap at a resolution of 35 K with maximum ion injection time
of 120 ms, and AGC target was set at 2E5. Dynamic exclusion
was set for 30 s.

MS Data Analysis

LC-MS/MS data were analyzed using Proteome Discoverer
software v.2.1 (Thermo Fisher Scientific) and searched against
the Uniprot human protein database (downloaded March

5, 2018, with a total of 71,773 entries). Precursor mass
tolerance was set to 10 ppm, and fragment ion tolerance
was 0.02 Da. Trypsin was designated as the digestion enzyme
with two missed cleavages permitted. Carbamidomethylation
on cysteine (+57.021 Da) was set as static modifications, and
oxidation on methionine (+15.995 Da) was set as variable
modification. Only high confidence identification, represented
by at least two unique peptides, was included in the analysis.
Protein confidence indicators were set at 1% false discovery
rate criteria using a percolator. The precursor ion (MS)
spectra were also manually validated using Xcalibur Software
version 4.0.27.13 (Thermo Fisher Scientific) to avoid false-
positive detection.

Proliferation Assay
Pancreatic cancer cells (PANC-1 and MIA PaCa-2) were starved
for 24 h and seeded (~5,000 cells/well) in a 96-well culture plate.
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Cells were cultured in 200 L SF media, serum-supplemented
media (noted as FBS), and SC-CM, with or without specific
blocking antibodies (6 g/mL) (detailed information of the
antibodies is listed in Table 1). Antibodies were used to
block specific proteins in SC-CM. Of note, the commercial
producers have reported blocking activity for the antibodies
that we have used, but we have not independently confirmed
it. Cells were cultured for 72 h and subsequently incubated
with CellTiter-Blue* (Promega Corporation, cat. no., G8081)
at 37 C for 4 h before recording fluorescence at 560/590
using a FLUOstar OPTIMA fluorescence plate reader (BMG
Labtech, Durham, NC, Untied States). All the experiments were
repeated three times.

Invasion Assay

Cell invasion assays were performed on serum-starved PC
cells (PANC-1 and MIA PaCa-2) using the QCM ECM Cell
Invasion Assay kit (cat. no., ECM554; Merck Millipore). The
supplied 24-well assay plate contains upper invasion chamber
inserts with 8-mm pore size membranes. The extracellular matrix
(ECM) layer was rehydrated with 300 L of prewarmed SF
media for 30 min at room temperature. Serum-starved cells
(" 60,000) were loaded into the Transwell chamber insert in
250 L of SF media or SC-CM with or without specific
antibody (6 g/mL). Five hundred microliters of SF medium,
serum-supplemented media (noted as FBS), and SC-CM, with
or without specific antibody (6 g/mL), was added to the
lower chamber. After 24 h, invading cells were dislodged,
and the fluorescence was recorded at 480/520 nm using
a FLUOstar OPTIMA fluorescence plate reader (BMG Lab-
tech) as described previously (22). All the experiments were
repeated three times.

TABLE 1 | Antibodies used for WB.

No. Antibody name Source (working dilution) Company (cat. no.)

Antibodies used to detect protein in SC-CM

1 Gal-3BP Goat polyclonal (1:700) R&D System (AF2226)
2 MMP-2 Goat polyclonal (1:500) R&D System (AF902)
3 Cathepsin D Goat polyclonal (1:100) R&D System (AF1014)
4 PAI-1 Goat polyclonal (1:100) R&D System (AF1786)
5 Biglycan Goat polyclonal (1:1,000) R&D System (AF2667)
6 TIMP-2 Goat polyclonal (1:500) R&D System (AF971)
7 Gal-1 Goat polyclonal (1:1,000) R&D System (AF1152)
Antibodies used to detect protein in cell lysate

8 Sox10 Mouse monoclonal (1:400) Abcam (ab212843)

9 p75 Rabbit polyclonal (1:200) Santa Cruz, (H-137):

sc-8317
Antibodies used to detect loading control
10
Ihl

-actin Mouse monoclonal (1:2,000)

Rabbit polyclonal (1:2,000)

Abcam (ab8226)

-actin Abcam (ab8227)

Antibodies used to detect proteins both in SC-CM and cell lysate are presented
here with source, dilution, company name, and cat. no. SC-CM, Schwann
cell-conditioned media; Gal-3BR, galectin-3 binding protein; MMP-2, matrix
metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue
inhibitor of metalloproteinases-2; Gal-1, galectin-1; cat. no., catalog number.

Western Blotting

Concentrated SC-CM and cellular lysates underwent western
blot (WB) analysis to detect specific proteins of interest from
LC-MS/MS in the SC secretome and SCs, respectively. After
collecting the SC-CM for secretome profiling and functional
analysis, the remaining cells were washed three times with PBS,
trypsinized, and collected by gently scrapping into PBS media.
Cells were subsequently pelleted by centrifugation at 800 ¢
for 5 min. Total proteins were extracted from cell pellets using
RIPA buffer [25 mM Tris-HCI (pH 7.6)], 150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS)] (Thermo Fisher Scientific) and commercial protease
inhibitor and phosphatase inhibitor cocktail tablets (Roche,
Mannheim, Germany), aliquoted, and stored at 20 C. The total
protein concentration of cell extracts and concentrated SC-CM
was determined using a BCA assay (Pierce), according to the
manufacturer’s instructions.

Thirty micrograms of protein from each sample was
resuspended in an equal volume of Laemmli buffer (Bio-Rad,
Hercules, CA, United States). The cell extract or concentrated
SC-CM was subjected to SDS-polyacrylamide gel electrophoresis
under reducing conditions, and the separated proteins were
transferred to 0.4-mm pore nitrocellulose membranes
(Amersham, GE Healthcare Life Sciences, Pittsburgh, PA,
United States). Blots were blocked with blocking buffer (LI-
COR Biosciences, Lincoln, NE, United States) for 1 h at room
temperature and then probed with antibodies against specific
proteins (Table 1). Identical antibodies were used for both WB
and functional analysis. -Actin protein expression was used as
loading control. All antibodies were diluted in blocking buffer
(LI-COR Biosciences). After washing with PBS containing 0.1%
Tween-20, membranes were probed with goat anti-mouse
or goat anti-rabbit IR-Dye 670 or 800 cw labeled secondary
antisera, and then washes were repeated after labeling. WB was
imaged using the LI-COR Odyssey infrared imaging system
(LI-COR Biosciences).

Pancreatic Tissue Samples and
Immunohistochemistry

High-density tumor micro arrays (TMAs) were obtained from
US Biomax Inc. (Maryland, MD, United States). The TMAs
used (HPan-Adel70Sur-01) included a total of 99 pancreatic
adenocarcinomas and 71 normal adjacent pancreatic tissues. For
each specimen collected, informed consent was obtained from
both the hospital and the individual. Discrete legal consent was
obtained, and the rights to hold research uses for any purpose
or further commercialized uses were waived. The study was
approved by the University of Newcastles Human Research
Ethics Committee.

Immunohistochemistry (IHC) was performed as described
previously (23). Following deparaffinization and rehydration
of the TMA slides using standard procedures, heat-induced
epitope retrieval was carried out in a low-pH, citrate-based
antigen unmasking solution (catalog number H-3300, Vector
Laboratories, California, CA, United States) by a decloaking
chamber (Biocare, West Midlands, United Kingdom) at 95 C for
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FIGURE 2 | Secretome profile and functional clustering of human SCs. (A) Venn diagram summarizing the overlap in protein identification between two independent
proteomic analyzes of SC-CM, which identified 1,344 (replica |) and 1,210 (replica ll) proteins, respectively. Additional details are listed in Supplementary Tables
S$2-84. (B-D) DAVID bioinformatics resource was used to analyze the secretome of SCs in order to identify enriched biological terms in the common secreted
proteins extracted from the MS analysis. (B) GO enrichment analysis of cellular components. Proteins localized in extracellular exosomes were highly enriched.
(C) GO enrichment analysis of biological processes. Highly enriched SC secreted proteins are involved in cell-cell adhesion. (D) GO enrichment analysis of molecular
function. Highly enriched SC secreted proteins are involved in protein binding. Only the top seven cellular components, biological processes, and molecular functions
have been shown here for vertical sizing. Additional details are listed in Supplementary Tables S5-S7. SC-CM, Schwann cell-conditioned media; GO, Gene
Ontology; DAVID, Database for Annotation, Visualization, and Integrated Discovery.

30 min and 90°C for 10 s. IHC was then performed using an performed using the Database for Annotation, Visualization,
ImmPRESS™ horseradish peroxidase (HRP) immunoglobulin  and Integrated Discovery (DAVID, v6.8') searching against
G (peroxidase) Polymer Detection Kit (Vector Laboratories), the entire Homo sapiens genome (access date, March 25,
as per the manufacturer’s recommendations. After inactivation = 2020). DAVID classified the characteristic protein sets according
of endogenous peroxidases with 0.3% H,O; and blocking with  to Gene Ontology (GO) terms for cellular compartments,
2.5% horse serum, primary antibody followed by secondary biological processes, and molecular functions. DAVID was
antibodies was applied to the sections and revealed with also used to recognize functional Kyoto Encyclopedia of
DAB peroxidase (HRP) Substrate Kit (catalog number SK- Genes and Genomes (KEGG) pathway categories. All the
4100, Vector Laboratories). Primary antibodies used are DAVID categories were ranked according to the number of
listed in Supplementary Table S1. Finally, TMA slides were proteins in each group and not with p-value. To investigate
counterstained with hematoxylin (Gill's formulation, Vector the potential associations between the identified proteins and
Laboratories), dehydrated, and cleared in xylene before mounting  diseases, the dataset was subjected to DAVID Genetic Association
in Ultramount #4 mounting media (Thermo Fisher Scientific, ~Database (GAD) analysis.

Victoria, Australia). Following IHC staining, slides were scanned The cBio Cancer Genomics Portal® was used to determine the
with a Leica Aperio AT2 Scanner (Leica Biosystems, Vista, CA, association of selected proteins with prognosis of PC using The
United States) (23). Cancer Genome Atlas (TCGA) on pancreatic adenocarcinoma

(access date, February 25, 2020). Our search was set to a total

. . . . of 184 pancreatic adenocarcinoma samples (TCGA, PanCancer
Bioinformatics Analysis

UniProt was used to identify protein cellular localization. ‘'https://david.ncifcrf.gov/
Functional clustering of the identified secreted proteins was  http://cbioportal.org
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FIGURE 3 | KEGG pathway analysis. KEGG pathway enrichment analysis was performed using DAVID. Metabolic pathways were found as most enriched. Only the
top 10 enriched pathways are shown here for vertical sizing. Additional details are listed in Supplementary Table S8. KEGG, Kyoto Encyclopedia of Genes and
Genomes; DAVID, Database for Annotation, Visualization, and Integrated Discovery.

Atlas) and mRNA expression with a z-score threshold £2.0. (393 proteins), membrane (299 proteins), and nucleoplasm
The role of selected candidates in cancer development was (257 proteins), as well as the extracellular space (198 proteins)
explored via the Cancer Hallmarks Analytics Tool, which allows  (Figure 2B and Supplementary Table S5). To gain further
organization and classification of cancer-related literature based insights into the enriched biological processes, common

on a text-mining analysis of 26 million PubMed abstracts (24). secreted proteins were subjected to GO enrichment analysis.
o . The results showed that cell-cell adhesion was the most
Statistical Analysis enriched (112 proteins) biological function. Other significant

Statistical analysis was conducted using the GraphPad Prism  biological processes include translational initiation (72 proteins),
software version 8.0 (GraphPad Software Inc., La Jolla, CA, oxidation-reduction process (65 proteins), and translation (61
United States). Statistical significance was determined by one- proteins) (Figure 2C and Supplementary Table S6). GO
way analysis of variance (ANOVA). p < 0.05 was set the level enrichment analysis was also used to depict the molecular
of statistical significance. Data are presented as mean, with error ~ function of the identified proteins. Protein binding was the
bars representing the standard deviation. p-value is displayed as  most enriched (794 proteins) molecular function. Other enriched
*p < 0.05,**p < 0.01, ***p < 0.001. molecular functions were mainly related to poly (A) RNA
binding (260 proteins), cadherin binding (123 proteins), and
ATP binding (120 proteins) (Figure 2D and Supplementary

RESULTS Table S7). KEGG pathway analysis was performed to map

. the important and representative pathways in human SCs
Protein Map of SC Secretome and using the DAVID resource, and the top 10 pathways based
Pathway Analysis on enrichment were defined (Figure 3 and Supplementary

A total of 13,796 unique peptides corresponding to 1,470 Table S8). Metabolic pathways were among the most enriched
individual proteins were identified in two replicates, with (144 proteins). Proteins from our list were also found to be
a confidence corresponding to a false discovery rate <1% potentially involved in focal adhesion (44 proteins), PI3K-
(Figure 2A and Supplementary Table S2-S4). Of the 1,470 Akt signaling pathway (42 proteins), endocytosis (41 proteins),
proteins identified, 74% (1,084 proteins) were common across protein processing in endoplasmic reticulum (36 proteins), and
the two replicates. According to DAVID GO enrichment analysis  proteoglycans in cancer (35 proteins). Exploration of potential
of the cellular components, proteins localized in extracellular associations of the identified proteins with diseases using GAD
exosomes were highly enriched (692 proteins). Others were resources revealed that approximately 21% (226 proteins) of
in cytoplasm (562 proteins), cytosol (542 proteins), nucleus the SC-secreted proteins were associated with cancer followed

Frontiers in Oncology | www.frontiersin.org 6 August 2020 | Volume 10 | Article 1601

A. Ferdoushi 53 PhD Thesis


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

Ferdoushi et al.

Gal-3BP 75 kDa

MMP-2 72 kDa

Cathepsin D 46 kDa

PAI-1 45 kDa

Biglycan 42 kDa

TIMP-2 22 kDa

14 kDa

Gal-1

FIGURE 4 | WB validation of candidate molecules. WB analysis confirmed the
presence of secreted candidate molecules in SC-CM. WB, western blot;
SC-CM, Schwann cell-conditioned media; Gal-3BP, galectin-3 binding
protein; MMP-2, matrix metalloproteinase-2; PAI-1, plasminogen activator
inhibitor-1; TIMP-2, tissue inhibitor of metalloproteinases-2; Gal-1, galectin-1.

by neurological disorders (204 proteins) and infectious diseases
(177 proteins). The remaining portion of our identified proteins
was also associated with renal disease (113 proteins), aging (93
proteins), reproduction (73 proteins), and vision (58 proteins)
(Supplementary Figure S2 and Supplementary Table S9).

Protein Validation by WB

From the list of secretory proteins identified by LC-MS/MS,
galectin-3-binding protein (Gal-3BP), matrix metalloproteinase-
2 (MMP-2), cathepsin D, plasminogen activator inhibitor-1 (PAI-
1), biglycan, tissue inhibitor of metalloproteinases-2 (TIMP-2),
and galectin-1 (Gal-1) were validated by WB (Figure 4). We

Schwann Cells Stimulate Pancreatic Cancer

initially picked those proteins because they were known to be
involved in tumor progression. These proteins are reported
in Table 2 with their identified peptide count, coverage, and
observed function in PC progression. WB analyses of SC
lysates for the identified proteins have also been provided in
Supplementary Figure S3. Validated proteins with their Cancer
Hallmarks Analytics Tool analysis results are presented in
Supplementary Figure S4.

Impact of Targeting SC Secreted

Proteins on PC Cell Growth

Significant increase of PC cells (PANC-1 and MIA PaCa-2)
proliferation was observed in the presence of SC-CM compared
with negative control (SF media, noted as SF) (p < 0.05), and
the increment was similar to that in the positive control (serum-
supplemented media, noted as FBS) (Figure 5), demonstrating
that SC-CM stimulates PC cell proliferation. To determine if the
proliferative effect of SC-CM was due to specific SC-secreted
proteins, proliferation assay was performed in the presence
of blocking antibodies against the WB-validated proteins.
Blocking antibodies against Gal-3BP, MMP-2, cathepsin D, PAI-
1, biglycan, TIMP-2, or Gal-1 caused a significantly decreased
(p < 0.05) proliferation in PC cells compared to control (SC-CM
only, without blocking antibody) (Figures 5A,B). No significant
inhibitory effect on PC cell proliferation was observed when
control media (SF and serum-supplemented media) was treated
with blocking antibodies (p > 0.05) (Supplementary Figure S5).

Impact of Targeting SC Secreted

Proteins on PC Cell Invasiveness

A significant increase in PC cell (both PANC-1 and MIA
PaCa-2) invasion was observed in the presence of SC-CM
compared with negative control (SF media, noted as SF)
(p < 0.05), and the increment was similar to the positive
control (serum-supplemented media, noted as FBS) (Figure 6).
To specifically determine the SC-secreted proteins that induce
increased invasion of PC cells, Transwell invasion assays
were performed with blocking antibodies against the identified
proteins. Among the blocking antibodies tested, neutralization of
MMP-2, cathepsin D, PAI-1, and Gal-1 significantly (p < 0.05)
decreased the invasion of PC cell lines compared to control

TABLE 2 | SCs secreted proteins whose targeting with antibodies resulted in a decreased PC cell proliferation and invasion.

No. Accession no. Protein name Gene name Unique peptides MW (kDa) Coverage (%) Role in PC progression
1 Q08380 Gal-3BP LGALS3BP 23 65.3 42,90 Proliferation
2 P08253 MMP-2 MMP2 40 73.8 61.81 Proliferation and invasion
3 P07339 Cathepsin D CTSD 21 445 56.55 Proliferation and invasion
4 P05121 PAI-1 SERPINE1 41 45 62.68 Proliferation and invasion
5 P21810 Biglycan BGN 18 41.6 53.63 Proliferation
6 P16035 TIMP-2 TIMP2 14 24.4 49.54 Proliferation
7 P09382 Gal-1 LGALST 14 14.7 74.81 Proliferation and invasion

Commonly secreted proteins (between two replicates) identified using LC-MS/MS and validated by WB are presented here. Unique peptides: number of different peptides
found by MS analyses; molecular weight: found by MS analyses; coverage: percentage of related protein found by MS analyses. LC-MS/MS, liquid chromatography—
tandem mass spectrometry; Gal-8BF, galectin-3 binding protein; MMP-2, matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue inhibitor of

metalloproteinases-2; Gal-1, galectin-1.
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FIGURE 5 | In vitro blockage of SC-secreted proteins results in decrease of PC cell proliferation. The effects of SC-CM on PC cells (PANC-1 and MIA PaCa-2)
proliferation were studied in vitro using resazurin-based proliferation assay. For both treatment and control, ~5,000 cells were initially plated onto 96-well plate dishes
and allowed to proliferate for 72 h in the presence of SC-CM or control media. Serum-free media was used as negative control, and serum-supplemented media
was used as positive control. Cell number was quantified as described in section “Materials and Methods.” A significantly greater number of PC cells were observed
in presence of SC-CM compared to negative control (o < 0.05). To find out if the effect of increased proliferation of PC cells in presence of SC-CM was due to
secreted proteins from SCs, proliferation assays were performed using blocking antibodies against the proteins of interest. Blocking antibodies were used at
6 wg/mL concentration. Significant decrease in cancer cell (both PANC-1 and MIA PaCa-2) proliferation was observed in presence of blocking antibodies against
Gal-3BP, MMP-2, cathepsin D, PAI-1, biglycan, TIMP-2, and Gal-1 compared to SC-CM alone (p < 0.05). Representative data are shown from three independent
experiments, performed in at least six replicates each. Statistical significance was confirmed by one-way ANOVA. The error bars represent the SD of the mean.
p-values are displayed as *p < 0.05, **p < 0.01, and **p < 0.001. SC-CM, Schwann cell-conditioned media; PC, pancreatic cancer; Gal-3BP, galectin-3 binding
protein; MMP-2, matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue inhibitor of metalloproteinases-2; Gal-1, galectin-1; RFU, relative
fluorescence unit.

(SC-CM only, without blocking antibody) (Figures 6A,B). revealed moderate to high levels of expression of these proteins
In contrast, blocking Gal-3BP, biglycan, and TIMP-2 in SC- in PC (Supplementary Figures S7A-G). Briefly, strong
CM had no significant (p > 0.05) inhibitory effect on PC  cytoplasmic immunoreactivity was observed in case of Gal-3
invasion. No significant decrease in PC cell invasiveness was BP (Supplementary Figure S7A). In case of MMP-2, most
observed when control media (both SF and serum-supplemented —malignant cells and surrounding stroma showed weak to
media) was treated with blocking antibodies (p > 0.05) moderate immunoreactivity (Supplementary Figure S7B).
(Supplementary Figure S6). Cathepsin D was more strongly found in the PC cells and
in SCs (Supplementary Figure S7C). In case of PAI-1, all

. . \ cancer tissues were negative, and few tumor stroma were
Immunohistochemical Detection of weakly positive (Supplementary Figure S7D). In case of
Identified Proteins in PC biglycan, strong tumor and stromal immunoreactivity was
The seven SC-secreted proteins having an effect on PC cell observed (Supplementary Figure S7E). In case of TIMP-2,
growth and invasion were investigated by IHC. The results most cancer tissues were negative, whereas few malignant
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FIGURE 6 | In vitro blockage of SC-secreted proteins results in decreased invasion of PC cells. The effects of SC-CM on PC cells (PANC-1 and MIA PaCa-2)
invasiveness were studied in vitro using Transwell invasion assay. For both treatment and control, cells (~60,000) were plated to the insert of a Transwell plate coated
with collagen and allowed to invade for 24 h through a collagen-coated matrix toward SC-CM or control media as applicable. Serum-free media was used as
negative control and serum-supplemented media was used as positive control. The non-invaded cells were removed from the top of the insert, and invaded cells
were quantified using the QCM ECMatrix Cell Invasion Assay Kit described in section “Materials and Methods.” A significantly greater number of invaded PC cells in
presence of SC-CM was observed compared to negative control (o < 0.05). To determine if the proteins of interest were involved in the stimulation of PC cells by
SCs, the invasion assay was performed with blocking antibodies. Among the tested blocking antibodies, neutralization of MMP-2, cathepsin D, PAI-1, and Gal-1
decreased the invasiveness of both types of PC cell line compared to SC-CM alone (p < 0.05). Blocking antibodies were used at 6 wg/mL concentration. Blocking
Gal-3BP, biglycan, and TIMP-2 in SC-CM had no significant inhibitory effect on PC invasiveness (o > 0.05). Representative data are shown from three independent
experiments, performed in at least three replicates each. Statistical significance was obtained by one-way ANOVA. The error bars represent the SD of the mean.
p-values are displayed as *p < 0.05, **p < 0.01, and **p < 0.001. SC-CM, Schwann cell-conditioned media; PC, pancreatic cancer; Gal-3BP, galectin-3 binding
protein; MMP-2, matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue inhibitor of metalloproteinases-2; Gal-1, galectin-1; RFU, relative
fluorescence unit; ns, non-significant.

cells displayed moderate cytoplasmic immunoreactivity cannot provide a clear demonstration that those proteins
(Supplementary Figure S7F). Gal-1 expression levels are released by SCs.

were mostly restricted to stroma of PC cells and in SCs

(Supplementary Figure S7G). Positive labeling in THC Prognostic Value of Protein Candidates
validates the presence of the identified proteins in the To explore the prognostic value of candidate proteins for which
tumor microenvironment of PC. However, SCs are difficult targeting with antibodies inhibited proliferation and invasion
to localize in the tumor microenvironment, and IHC of PC cells, a meta-analysis at the mRNA was carried out
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patients with alterations in different gene combination were performed using The Cancer Genome Atlas (TCGA) on pancreatic adenocarcinoma. (A) Survival analysis
showed that patients with alterations in the seven-gene proliferation panel (Gal-3BP, MMP-2, cathepsin D, PAI-1, biglycan, TIMP-2, and Gal-1) had worse overall
survival than those without alterations (log-rank test p = 0.0215). (B) In the cases of invasion panel proteins (MMP-2, cathepsin D, PAI-1, and Gal-1), worse prognosis
was also observed for patients with alterations in the four genes than those without alterations (log-rank test p = 0.0058). PC, pancreatic cancer; Gal-3BP, galectin-3
binding protein; MMP-2, matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue inhibitor of metalloproteinases-2; Gal-1, galectin-1.
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using TCGA on pancreatic adenocarcinoma, using the cBio
Cancer Genomics Portal. Using Kaplan-Meier analysis of overall
survival, based on the median mRNA expression levels, the
prognostic values of the combined seven proteins involved in
proliferation (Gal-3BP, MMP-2, cathepsin D, PAI-1, biglycan,
TIMP-2, and Gal-1) (called proliferation protein panel) and four
proteins involved in invasion (MMP-2, cathepsin D, PAI-1, and
Gal-1) (called invasion protein panel) were investigated. The
proliferation protein panel showed a significant association with
poor prognosis (log-rank test p-value 0.0215), where 34 patients
from a total of 177 showed alterations in this gene signature
(Figure 7A). The invasion protein panel showed significant
association with poor prognosis (log-rank test p = 0.0058),
where 24 patients from a total of 178 showed alterations in
this gene signature (Figure 7B). Overall, both protein panels
may constitute a molecular signature for poor prognosis in
PC. The data are useful in showing a prognostic relevance
of the combination, but there is no demonstration that SCs
are the major source for these proteins that may equally be
produced by PC cells.

DISCUSSION

The present study has used proteomic analysis to define the
secretome of SCs and has identified several proteins that can be
targeted in vitro to inhibit growth and invasion of PC cells. These
findings are summarized in Figure 8. In addition, several of the
identified proteins were shown to contribute to PC cell growth
and invasion and may constitute future therapeutic targets.

The LC-MS/MS-based proteomic analysis that has been
implemented in this study has enabled the identification of 1,084
SC-secreted proteins. Bioinformatics analysis was performed. In

GO analysis, the “extracellular exosome” was found to be the most
represented localization, and that is in accordance with the fact
that the exosome compartment is a key part of the secretome.
Cell-cell adhesion was the most enriched biological function, and
this is in line with the supportive role of SC in nerves (25) and
their role in promoting the nerve-cancer cell interaction (11).
Strikingly, GO analysis also revealed that 73% of the identified
proteins possessed molecular functions related to protein
binding. Gal-3 BP or insulin-like growth factor BP (IGFBP), for
instance, is well described for its binding activities that contribute
to the regulation of cell growth (26, 27). The SC secretome
was also enriched in proteins involved in molecular functions
related to “catalytic activity,” which may play important roles
in cancer progression. For instance, cathepsin D is a catalytic
protein that stimulates cancer cell proliferation and tumor
angiogenesis and can also provide protection against tumor
apoptosis (28). Similarly, other significantly enriched molecular
functions including receptor binding, fibroblast growth factor
binding, and platelet-derived growth factor binding are all
pertinent to tumorigenesis and metastasis. Collectively, these
findings indicate that the protein signatures identified in the SC
secretome match molecular networks and biological processes
associated with tumor progression. In future studies, it would be
of interest to investigate the proteome of SCs when stimulated by
PC cells to further delineate the crosstalk between PC cells and
SC in the tumor microenvironment.

Some of the identified proteins were validated by WB, and
blocking antibodies were used to test the effect of their inhibition
on PC cell proliferation and invasion in vitro. We observed
that blocking antibodies against Gal-3BP, MMP-2, cathepsin D,
PAI-1, biglycan, TIMP-2, and Gal-1 inhibited the proliferation
of PC cells induced by SC-CM. Additionally, blocking MMP-2,
cathepsin D, PAI-1, and Gal-1lalso reduced cancer cell invasion.
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FIGURE 8 | Schematic representation of SC-stimulation of PC cells. Gal-3BP,
MMP-2, cathepsin D, PAI-1, biglycan, TIMP-2, and Gal-1 are the SC-secreted
proteins that have been identified as potential promoters of PC cell
proliferation and invasion in this study. SC, Schwann cell; PC, pancreatic
cancer; Gal-3BP, galectin-3 binding protein; MMP-2, matrix
metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue
inhibitor of metalloproteinases-2; Gal-1, galectin-1.

The potential role of each of these proteins in PC cancer is
discussed below.

Galectin-3 BP, also known as tumor-associated antigen
90K, is a large oligomeric heavily glycosylated and secreted
protein (26). It is a binding partner of Gal-1 and Gal-3,
which promote integrin-mediated cell adhesion, and significantly
elevated expression of Gal-3 BP in the serum or tumor tissues
is associated with poor prognosis in a variety of malignancies
including breast cancer (29), lung cancer (30), and PC (31).
Additionally, Gal-3 BP is involved in the promotion of integrin-
mediated tumor cell adhesion to the ECM proteins in colon
cancer (32), breast cancer (33), and the formation of metastasis
in lung cancer (34). Our study reveals that targeting Gal-3 BP
may prevent the stimulatory effect of SCs in PC cancer cells.
In addition, Gal-1, a binding target of Gal-3 BP, has also been
identified in our study.

Galectin-1 is a dimeric carbohydrate BP that facilitates the
malignant cellular activities by cross-linking glycoproteins (35).
It has been reported to play a role in cell invasion of several

Schwann Cells Stimulate Pancreatic Cancer

tumor types, including pancreatic (36), lung (37), and epithelial
ovarian tumors (38). Knockdown of this protein can decrease
the invasiveness of cancer cells in cervical cancer (39) and oral
squamous cell carcinomas (40). Gal-1 has been reported to
promote cancer cell invasion by enhancing the expression and
enzymatic activities of MMP-2 and MMP-9 (40). It also appears
to promote epithelial-mesenchymal transition in lung cancer cell
lines (41), and our study points to the role of this protein in the
SC-induced stimulation of PC cell growth and invasion.

Matrix metalloproteinase-2, a zinc-dependent endopeptidase,
has been implicated in the malignant potential of tumor cells,
because of its ability to degrade ECM proteins (42). MMP-2 is
associated with the development of desmoplastic reaction in PC
(43), and downregulation of MMP-2 reduces PC cell migration
(44) and invasion (45). Our study reveals that MMP-2 is a
potential mediator of the stimulatory role of SCs in PC cell
proliferation and invasion. Interestingly, TIMP-2, tissue inhibitor
of metalloproteinases (TIMPs) family, has also been identified in
our study. TIMP-2 was described to decrease cell proliferation
and migration in vitro via the inhibition of MMPs (46). However,
it is associated with poor patient outcomes in cancers including
gastric (47), renal (48), and oral squamous cell cancers (49). In
lung cancer, TIMP-2 has been reported to inhibit tumor growth
by promoting an antitumoral transcriptional profile both in vitro
and in vivo (50). High expression of TIMP-2 has been shown to
correlate with adverse prognosis in breast cancer (51). Our study
indicates that MMP-2 and TIMP-2 are both released by SC and
that they can contribute to the stimulation of PC cell growth
and invasion. Similarly, PAI-1, another protease inhibitor also
known as serpin (52), has also been identified in our study. It
has been reported to inhibit proliferation of hepatocellular (53)
and prostate cancer cell growth (54). In ovarian cancer, PAI-1
facilitates cell growth and inhibits apoptosis (55). Overexpression
of PAI-1 inhibited cell migration and invasion in PC (56). Our
study shows that PAI-1 is secreted by SC and can stimulate PC
cell proliferation and invasion.

Cathepsin D is a secreted aspartic protease, which when
highly expressed is associated with unfavorable clinical outcomes
in patients with PC (57). It has been shown that cathepsin
D expression can accelerate the metastatic spread of PC by
upregulation of S100P (58). Combination of cathepsin D with
CA-19-9 and MMP-7 has been reported to be an important panel
of markers for screening PC (59). High cathepsin D expression
in PC has been shown to decrease the effectiveness of adjuvant
gemcitabine (60). The present study reveals the potential role
of cathepsin D as a promoter of PC cell proliferation and
invasion induced by SC.

Biglycan is a leucine-rich proteoglycan whose overexpression
is related to enhanced angiogenesis and tumor invasion
(61). Correlations of biglycan expression with aggressive
clinicopathological features and poor survival in human cancers
such as pancreatic adenocarcinoma (62), colorectal cancer (61),
and gastric cancer (63) have been reported. High biglycan
expression has been shown to promote invasiveness of melanoma
cells (64). It has been reported to promote tumor invasion,
migration, and metastasis of gastric cancer cells both in vitro and
in vivo through activating the FAK signaling pathway (63). Our
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results suggest that biglycan is secreted by SC and can stimulate
PC cell proliferation.

Our proteomic analysis also identified several other proteins of
interest that, although they were not tested in functional analysis,
may still be important in the stimulation PC cells by SCs. This
is, for instance, the case of IGFBPs (IGFBP-2, IGFBP-4, IGFBP-
5, IGFBP-6, IGFBP-7) and transforming growth factors (TGE- 1,
TGF- 2, TGF-BI). Further studies are warranted to determine the
possible involvement of these proteins in cancer PC progression
and their potential value as therapeutic targets.

CONCLUSION

In summary, this proteomic and functional analysis identified a
number of SC-secreted proteins that seem to be involved in the
proliferation and invasiveness of PC cancer cells induced by SC.
Further preclinical studies in vivo are warranted to determine
whether these proteins may become new targets for therapeutic
intervention in PC.
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4.3 Supplementary Files

A. Ferdoushi

p75

SOX10

SUPPLEMENTARY FIGURE S1 | Representative image of human SCs. Cells show
distinctive SC phenotype such as spindle-shaped morphology. Growing SCs were
characterized by immunoblotting using antibodies against SC marker proteins p75 and
SOX10 . Scale bar = 100um. Abbreviation: SC, Schwann cell.
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SUPPLEMENTARY FIGURE S2 | Distribution of the identified proteins based on disease classes.
GAD analysis was performed using DAVID to investigate the potential association of the identified proteins
with diseases. Number of proteins involved in different disease classes are displayed within brackets
(multiple protein entries possible). Additional details are listed in Supplementary Table S9. Abbreviations:
GAD, Genetic Association Database; DAVID, Database for Annotation, Visualization and Integrated
Discovery.

A. Ferdoushi 63 PhD Thesis



Gal-3BP
MMP-2

Cathepsin D |

PAI-1
Biglycan
TIMP-2
Gal-1

SUPPLEMENTARY FIGURE S3 | WB confirmation of candidate molecules in SC-lysate. WB
analysis confirmed the presence of candidate molecules in SC-lysate. Abbreviations: WB, western
blot; SC, Schwann cell; Gal-3BP, galectin-3 binding protein; MMP-2, matrix metalloproteinase-2;
PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue inhibitor of metalloproteinases-2; Gal-1,

galectin-1.
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SUPPLEMENTARY FIGURE $4 | Role of candidate molecules in cancer progression.
Investigations of the candidate molecules in cancer research using the Cancer Hallmarks
Analytics Tool (CHAT) mainly focus on their crucial role in invasion and metastasis,
sustaining proliferative signalling, inducing angiogenesis, tumour promoting inflammation
and immune destruction in cancer development. CHAT can be accessed at:
http://chat.lionproject.net. Abbreviations: Gal-3BP, galectin-3 binding protein; MMP-2,
matrix metalloproteinase-2; PAI-1, plasminogen activator inhibitor-1; TIMP-2, tissue
inhibitor of metalloproteinases-2; Gal-1, galectin-1.
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SUPPLEMENTARY FIGURE S5 | Blocking
antibodies did not change the proliferative effect
induced by SF or complete media on PC cells. To
find out if the effect of increased proliferation of PC
cells in presence of SC-CM was due to secreted
proteins from SCs, or blocking antibodies themselves
have any effect in absence of SC-CM, proliferation
assays were performed using blocking antibodies
against the proteins of interest. No significant decrease
in PC cell (MIA PaCa-2) proliferation was observed in
presence of blocking antibodies compared to either
negative control (SF media only, Figure A) or positive
control (serum supplemented media only, denoted
FBS, Figure B) (p>0.05). Blocking antibodies were
used at 6 pg/ml concentration. Statistical significance
was confirmed by one-way ANOVA. The error bars
represent the SD of the mean. Abbreviations: SF, serum
free; FBS, fetal bovine serum; SC-CM, Schwann cell-
conditioned media; PC, pancreatic cancer; Gal-3BP,
galectin-3  binding  protein; MMP-2, matrix
metalloproteinase-2; PAI-1, plasminogen activator
inhibitor-1; TIMP-2, tissue inhibitor of
metalloproteinases-2; Gal-1, galectin-1; RFU, relative
fluorescence unit; ns, non-significant.
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SUPPLEMENTARY FIGURE S6 | Blocking
antibodies did not change the invasiveness induced
by SF or complete media on PC cells. To find out if the
effect of increased invasiveness of PC cells in presence
of SC-CM was due to secreted proteins from SCs, or
blocking antibodies themselves have any effect in
absence of SC-CM, trans-well invasion assays were
performed using blocking antibodies against the proteins
of interest. No significant decrease in PC cell (MIA
PaCa-2) invasiveness was observed in presence of
blocking antibodies compared to either negative control
(SF media only, Figure A) or positive control (serum
supplemented media only, denoted FBS, Figure B)
(»>0.05). Blocking antibodies were used at 6 pg/ml
concentration. Statistical significance was confirmed by
one-way ANOVA. The error bars represent the SD of the
mean. Abbreviations: SF, serum free; FBS, fetal bovine
serum; SC-CM, Schwann cell-conditioned media; PC,
pancreatic cancer; Gal-3BP, galectin-3 binding protein;
MMP-2, matrix metalloproteinase-2; PAI-1,
plasminogen activator inhibitor-1; TIMP-2, tissue
inhibitor of metalloproteinases-2; Gal-1, galectin-1;
RFU, relative fluorescence unit; ns, non-significant.
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SUPPLEMENTARY FIGURE S7 | Expression of candidate proteins in clinical samples of PC. Immunohistochemical detection of seven
candidate proteins was performed on a cohort of pancreatic cancer TMA revealing moderate to high levels of expression of the proteins.
Representative images for each proteins are shown. SCs have been indicated by red arrow head. Scale bar: 200 um. Abbreviations: PC,
pancreatic cancer; SC, Schwann cell; TMA, tissue micro array; Gal-3BP, galectin-3 binding protein; MMP-2, matrix metalloproteinase-2; PAI-

1 plasmmo%en act Vat%r inhibitor-1; TIMP-2, tissue inhibitor of meta116(3)r0teinases-2; Gal-1, galectin-1.
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Supplementary material: Western blot full images
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Western blot full images: Schwann cell marker proteins
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Chapter S | Tumour innervation is associated with poor clinical

outcomes in pancreatic cancer

5.1 Preface

Chapter 5 contains an original research article entitled “Tumour innervation is associated
with poor clinical outcomes in pancreatic cancer” which has been submitted to Scientific
Reports. The invasion of nerves by cancer cells, called PNI (PNI), has been extensively
described in PC and is associated with increased tumour aggressiveness and poor prognosis
(Bapat et al., 2011). However, it is unclear if the increased PNI in PC is primarily due to
increased invasiveness of PC cells and/or to the increased infiltration of new nerves in the
TME. To explore this, in the present study, we have analysed the density and size of nerves in
PC. We have identified that both increased nerve density and nerve size are associated with

tumour aggressiveness, suggesting that increased nerve infiltration is a primary event leading
to higher PNI levels observed in PC.
5.2 Publication

The article “Ferdoushi A, Griffin N, Marsland M, Xu X, Faulkner S, Gao F, Liu H, King SJ,
Denham JW, Helden DFv, Jobling P, Jiang CC, Hondermarck H: Tumour innervation is
associated with poor clinical outcome in pancreatic cancer” submitted to Scientific Reports

displays from page 76 to 98.

5.3 Supplementary Files

Supplementary file displays on page 99 to 102.
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Abstract

Pancreatic cancer is a highly aggressive malignancy characterized by poor survival, recurrence
after surgery and resistance to therapy. Nerves infiltrate the microenvironment of pancreatic
cancers and contribute to tumor progression, however the clinicopathological significance of
tumor innervation is unclear. In this study, nerves were quantified by immunohistochemistry
in a series of 99 pancreatic cancer cases versus 71 normal adjacent pancreatic tissues. The
presence of nerves in pancreatic cancer was significantly correlated with worse overall patient
survival (HR=2,95% CI:1.15-3.76, p=0.01). In higher grade tumors (G2+G3), patients positive
for nerves had significantly worse survival than those without nerve infiltration (HR=2.0, 95%
CI:1.07-3.89, p=0.03). The size of nerves, as measured by cross-sectional area, were
significantly higher in pancreatic cancer than in the normal adjacent tissue (p=0.007) and larger
nerves were directly associated with worse patient survival (HR=0.39, 95% CI:0.16-0.99,
p=0.04). In conclusion, this study suggests that the presence and size of nerves within the

pancreatic cancer microenvironment are associated with tumor aggressiveness.

Keywords

Nerve infiltration, nerve size, pancreatic cancer, prognosis.
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Introduction

The involvement of nerves in cancer progression is increasingly reported!. In animal models
of prostate? and gastric®# cancer, it has been shown that the infiltration of new nerves in the
tumor microenvironment is necessary to cancer growth and metastasis and that denervation
strongly inhibits tumor progression. In skin cancer, sensory nerve denervation also blocks
tumor initiation’. The impact of nerves appears to be due to the release of neurotransmitters by
nerve endings in the tumor microenvironment, that stimulate neurotransmitter receptors in
cancer and stromal cells, resulting in cancer growth and dissemination®. For instance,
muscarinic receptors on gastric cancer stem cells activate stem cell expansion®# and in prostate

cancer norepinephrine released by adrenergic nerves stimulate an angiogenic switch’.

In pancreatic cancer (PC), sensory® and adrenergic® nerves activate tumor progression, whereas
cholinergic nerves are inhibitory!?. However, most data has been acquired from animal models
and the impact of innervation in human PC is unclear. The invasion of nerves by cancer cells,
termed perineural invasion (PNI), has been extensively described in PC and is generally
associated with increased tumor aggressiveness!'!. Despite this, it is unclear if the increased
PNI in PC is primarily due to increased invasiveness of PC cells or to the increased infiltration

of new nerves in the tumor microenvironment.

In the present study, we have analyzed nerve infiltration in the tumor microenvironment of a
cohort of human PC. The datareveal an increased innervation as well as an increase in nerve
size, which are both associated with poor clinical outcomes. These findings point to tumor
innervation as arisk factorin PC and suggest that increased nerve infiltration is a primary event

leading to higher PNI observed in PC.
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Materials and Methods

Pancreatic tissue samples. High-density tissue microarrays (TMA) were obtained from US
Biomax Inc. (Maryland, USA). The TMA used (catalogue number: HPan-Adel70Sur-01)
included atotal of 99 PCs and 71 adjacent normal pancreatic tissues (NATs). Pancreatic ductal
adenocarcinoma (PDAC) was the major subtypes (99%), minor subtypes included
adenosquamous carcinoma (6%), ductal adenocarcinoma/partly mucinous adenocarcinoma
(4%), ductal adenocarcinoma/adenosquamous carcinoma (1%) (Supplementary Table S1). The
available clinicopathological information was as follows: patient sex and age, histological
subtypes, tumor grade, stage, size, lymphatic metastasis status, survival status, surgery date,
visit date and survival month. No information on treatment was available. Supplementary Table
S1 summarizes the clinicopathological characteristics and distribution of events in the 99
patient population. US Biomax Inc. quality controls are described as follows. Each single tissue
spot on every array slide was individually examined by pathologists certified according to
WHO published standardizations of diagnosis, classification and pathological grade. Each
specimen collected from any clinic was consented to by both hospital and individual. Discrete
legal consent form was obtained and the rights to hold research uses for any purpose or further
commercialized uses were waived. The study was approved by the Human Research Ethic
Committee of the University of Newecastle (HREC reference: H-2012-0063) and all

experiments were performed in accordance with relevant guidelines and regulations.

Immunohistochemistry. To investigate the presence of nerves, immunohistochemistry (IHC)
against the neuronal maker S-100 was performed as described previously!?. Following
deparaffinization and rehydration of the TMA slides using standard procedures, heat induced

epitope retrieval was carried out in a low pH, citrate based antigen unmasking solution
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(catalogue number H-3300, Vector Laboratories, California, USA) by a decloaking chamber
(Biocare, West Midlands, UK) at 95°C for 30 min and 90°C for 10 sec. IHC was then
performed using an ImmPRESS™ HRP IgG (peroxidase) Polymer Detection Kit (catalogue
number MP-7405, Vector Laboratories), as per the manufacturer’s recommendations. Briefly,
after inactivation of endogenous peroxidases with 0.3% H202, and blocking with 2.5% horse
serum, primary antibody (anti-S-100, 1:500 dilution, catalogue number Z0311, Dako,
Australia) followed by secondary antibodies were applied to the sections and revealed with
DAB Peroxidase (HRP) Substrate Kit (catalogue number SK-4100, Vector Laboratories).
Finally, TMA slides were counterstained with hematoxylin (Gill’s formulation, Vector
Laboratories), dehydrated and cleared in xylene before mounting in Ultramount #4 mounting

media (Thermo Fisher Scientific, Victoria, Australia).

Quantitative analysis of neural tissue. Following IHC staining, slides were digitized using
the Aperio AT2 scanner (Leica Biosystems, Victoria, Australia)!?. Identification and
quantification of nerves were performed manually and verified by an expert pathologist. The
number of nerves that were positive for the nerve markers were also counted for each case.
Nerve size (in terms of area) was measured using the Aperio’s ImageScope software

(v12.4.0.5043, Leica Biosystems).

Statistical analysis. Prism statistical analysis software (version 8.0, GraphPad Software Inc.,
La Jolla, California, USA) and STATA/SE 14 (StataCorp, USA) were used to conduct all
statistical analyses. Univariate and multivariate Cox proportional hazards regression models
were performed to examine the associations between nerve infiltration status and survival.
Correlation between nerves and other pathological variables were performed using a chi-

squared test. To compare differences of means between two groups of replicates an unpaired,
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two-tailed t-test was performed unless indicated otherwise. The reported p-values were
considered statistically significant if they were less than 0.05. Overall survival (OS) analysis
was performed by the Kaplan—Meier method. OS was calculated as the time from the date of
diagnosis to the date of death. Log-rank test was used to examine the statistical significance on
survival distributions by nerve infiltration. Hazard ratio (HR) computed by the Mantel-

Haenszel method was used to measure the rapidity of subject death.

Results

Nerve detection in PC and normal pancreatic tissues. Typical morphological features
corresponding to nerves were observed by IHC staining for the neuronal marker S-100 (Fig.
1). 27% of PC and 34% of adjacent normal pancreatic tissue were found to be infiltrated by
nerves (Table 1). Both thin nerves (Fig. 1D) and larger nerve trunks (Fig. 1, A-C, E, F) were
detected in PC. Nerves were typically found invading deep inside the tumor (Fig. 1A, B) or in

the periphery of the tumors (Fig. 1E).

Nerve infiltration is associated with worse prognosis in PC. To investigate the potential
association between nerve infiltration and clinicopathological outcomes, each clinical case was
classified as nerve positive versus nerve negative. A complete summary of clinicopathological
associations with nerve infiltration is presented in Table 1. No statistically significant
associations were found between nerve infiltration and age, sex, tumor grade, tumor stage,
tumor size, tumor histological type or lymph node metastasis (p>0.05) (Table 1). Importantly,
a statistically significant association was detected between the presence of nerves and patient
survival (p=0.006) with nerve positive tumors being associated with worse patient survival.

The presence of nerve infiltration was found significantly associated with shorter overall
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survival (OS) (p=0.01, Fig. 2). The results of the univariate and multivariate Cox proportional
hazards regression models of examining the association between nerve infiltration and survival
are shown in Table 2. In both univariate (95% CI:1.15-3.76, p=0.01) and multivariate (95%
CI:1.27-3.50, p=0.004) models, nerve infiltration was found to be significantly associated with
poor survival. Nerve positive patients had a 2-fold elevated risk of death compared to patients
without nerve infiltration (Table 2).

Patients were further stratified (Fig. 3A-3L) based on clinicopathological parameters and
association with nerve infiltration was investigated using Kaplan-Meier survival analysis
(Table 3). Male patients positive for nerve infiltration had a 2.7-fold higher risk of death
(p=0.01, Table 3), whereas no association were found between nerve infiltration and female
patient survival (p=0.47, Fig. 3B). In terms of age, for patients less than 50 years, nerve
infiltration was associated with significantly poorer prognosis (p=0.002, Fig. 3C) compared to
those without nerve infiltration, equating to an 11-fold elevated risk of death (Table 3). No
significant association was found between nerve infiltration and survival of patients aged more
than 50 years (p=0.09, Fig. 3D). Male patients with nerve infiltration showed worse survival
compared to those without nerve infiltration (8 versus 12.5 months, p=0.01). Low grade tumors
(G1) and high grade tumors (G2+G3), were stratified based on nerve infiltration status. No
significant association was detected for G1 tumors (p=0.13, Fig. 3E), however G2-G3 tumors
that were positive for nerves had poorer clinical outcomes (p=0.03, Fig. 3F). In terms of stage,
patients with lower stage (0+I) and positive for nerves had poorer clinical outcomes than those
negative for nerves (p=0.04, Fig. 3G). A trend was observed between nerve infiltration and
shorter OS in patients with higher tumor stage (II+1V), but differences did not reach statistical
significance (p=0.09, Fig. 4H). Nerve infiltration was associated with poor clinical outcome in
both patients with lower (T1+T2) and higher (T3) tumor size, with marginal statistical

significance (p=0.05 and p=0.07, respectively, Fig. 31, J). In patients without lymph node
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metastasis (NO), the nerve infiltrated group showed worse survival compared to those without
nerve infiltration (8 versus 42 months, p=0.008, Fig. 3K) with 3.4-fold elevated risk of death
(Table 3). For patients with nodal metastasis (N1), nerve infiltration had no significant
association with OS (p=0.59, Fig. 3L) (Table 3).

Together, these results suggest that nerve infiltration is a marker of worse survival among
patients of different tumor stages and sizes. In addition, nerve infiltration is a marker of poor
survival among patients without lymphatic metastasis and indicates that there is a
subpopulation of NO patients which are at an increased risk of death if the tumor is infiltrated

by nerves.

Enlarged nerve cross sectional area is a feature of malignant PC and unfavorable
prognosis. To investigate the association between nerve size and pancreatic malignancy, the
areas of intrapancreatic tumor nerves, immunolabeled with the neuronal marker S-100, were
measured by cross-sectional area (Supplementary Fig. S2). The mean nerve area was
significantly higher in PC tissues compared with normal adjacent pancreatic tissue (p=0.007)
(Table 4A, Fig. 4A, Supplementary Fig. S3). The mean area of nerves in PC tissues was 14,779
um?, which was almost four times greater than that of the normal adjacent tissue (p=0.007)
(Table 4A). Sex, tumor size, grade, stage or lymphatic metastasis status were not associated
with nerve size in pancreatic tumors (Supplementary Fig. S4).

To investigate the potential association between nerve size and patient survival, the nerves in
: . : : 2
PC tissue were dichotomized into smaller nerve (area, <3,800 um ) and larger nerve (area,

>3,800 umz). This cut-off was established based on the median nerve size area (3,800 umz).
Kaplan—Meier survival analysis demonstrated that patients with bigger nerve size were

significantly associated with worse prognosis, where the median survival month for patients
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with bigger nerve size was lower than that of smaller nerves (8 versus 16 months) (p=0.04, Fig.

4B, Table 4B).

Discussion

PC prognosis is influenced by several clinicopathological factors including tumor size'3:14,
grade!>-16 lymph node invasion!” and depth of invasion'3. In various malignancies, tumor
innervation has been reported to play a pivotal role in driving tumor growth?#°, The present
study demonstrates that the presence and size of nerves in the tumor microenvironment is

associated with worse patient survival in PC.

In thepresent study, IHC staining of the neuronal marker S-100 was performed to detect nerves
in the microenvironment of PC. Nerves density and size were measured and analyzed in
relation to clinical outcomes. Nerve infiltration was found associated with poor prognosis.
Marginal significant differences in nerve infiltration regarding OS of PC has already been
reported in a study conducted by Min et al.'®. We have observed that male patients with nerve
infiltration had 2.7 times more chance of death compared to those without nerve infiltration. In
case of female patients, no significant difference was observed. PC is defined as a disease of
elderly populations and rarely occurs before the age of 40%2%-2!, Our study demonstrates that
patients aged <50-years with nerve infiltration had more chance of death compared to without
nerve infiltration. This finding suggest that nerve infiltration is a prognostic factor particularly
for patients diagnosed with PC at early age. Additionally, higher grade tumors (G2+G3) that
were also positive for nerves had significantly worse survival than those without nerves
indicating the presence ofnerves in the tumor microenvironment. Lymphatic metastasis, which

develops in 60-70% patients with PC?2, has been described as one of the most important
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prognostic factors?3. Patients with surgical resection often encounter disease recurrence with a
high frequency of lymph node metastases’*. We found that patients without lymphatic
metastasis but infiltrated by nerves had 5 times more chance of death compared to without
nerve infiltration with a statistically significant reduction in patient survival. This finding
suggests that nerve infiltration is a risk factor for poor survival among patients without
lymphatic metastasis. Altogether, our study revealed that nerve infiltration might be a potential
prognostic indicator in PC in the case of male patients, patients diagnosed at an early age,

higher tumor grade, lower tumor stage and negative lymphatic metastases.

The median nerve area (measured cross-sectionally) was higher in cases of PC tissue compared
to normal adjacent tissue. Similar neural alteration was observed by Li et. al., who reported
that the median number of nerves and median nerve diameters were greater in PC patients with
diabetes mellitus?®. They concluded that, for patients with hyperglycemia, nerve damage and
regeneration are a simultaneous process in the tumor microenvironment of PC where abnormal
expression of NGF and p75 play a pivotal role?’. Increased hypertrophy has previously been
suggested in PC2¢ and chronic pancreatitis®’-?8. A study in breast cancer revealed that thickness
of tumor- related nerve fibers is significantly associated with poor differentiation, lymphatic
metastasis, high clinical staging, and a triple negative subtype?. In our study, nerve size was
correlated with patient survival but not with tumor grade, size, stage or lymphatic metastasis.
It has been reported that neurotrophic factors secreted from cancer cells and other stromal cells
promote neuronal hypertrophy in cancer and drive cancer progression®?-*? and an increased
production of neurotrophic factors may account for the increased nerve size that we report here.
Nerve growth factor (NGF) in particular has been shown to be a driver of nerve infiltration in
PC? and blocking NGF signaling reduces the neural invasion potential of PC cells*!. Anti-NGF

siRNA encapsulated in nanoparticles have been shown to be able to decrease pancreatic tumor
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growth in the mouse3? suggesting that the increase in nerve infiltration and size participate in

PC progression.

Together, our findings outline the clinicopathological significance of nerve infiltration in the
tumor microenvironment of PC. The association of infiltrating nerves with tumor
aggressiveness suggests that increased infiltration of larger size nerves might be the reason for
increased PNI commonly found in PC. Further experimental investigations are warranted to

confirm this hypothesis and the potential value of using nerve infiltration as a prognostic

biomarker in PC.
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Parameters Nerve negative Nerve positive p-value
Pathology description N (%)

Normal (n=71) 47 (66) 24 (34) 0.39
Cancer (n=99) 72 (73) 27 (27)

Cancer histological subtype

Ductal adenocarcinoma (n=88) 63 (72) 25 (28) 0.72
Others (n=11) 9 (82) 2 (18)

Sex

Male (n=63) 46 (73) 17 (27) 1.00
Female (n=36) 26 (72) 10 (29)

Age (years)

<50 (n=16) 10 (63) 6 (37) 0.38
>50 (n=83) 62 (73) 21 (27)

Tumor grade

G1 (n=11) 7 (64) 4 (36) 0.48
G2+G3 (n=88) 65 (74) 23 (40)

Tumor stage

0+ I (n=40) 27 (67) 13 (33) 0.36
I+ 1V (n=59) 45 (76) 14 (24)

Tumor size

T1+T2 (n=78) 58 (74) 20 (26) 0.41
T3 (n=20) 13 (65) 7 (35)

Lymphatic metastasis status

Negative (n=50) 35 (70) 15 (30) 0.49
Positive (n=43) 33 (77) 10 (23)

Survival status (months)

Survival >10 months (n=49) 42 (86) 7 (14) 0.006
Survival <10 months (n=50) 30 (60) 20 (40)

Table 1. Nerve infiltration in pancreatic tumor microenvironment and its correlation with

clinicopathological variables. p-values were calculated by the chi-squared test. Statistically

significant p-values were defined as p<0.05 (indicated in bold).
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Univariate model

Multivariate model

HR (95% CI)

p-value

HR (95% CI)

p-value

Nerve Infiltration

Negative (n=72)

1 (reference)

0.01

1 (reference)

0.004

Positive (n=27)

2 (1.15-3.76)

2.11 (1.27-3.50)

Table 2. Univariate and multivariate Cox proportional hazards regression models of the
association between nerve infiltration and survival. P-values were calculated by the log-
rank test. Values in bold indicate significance (»<0.05). HR was calculated using univariate
Mantel-Haenszel hazard model. HR, hazard ratio; CI, confidence interval.
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Parameters N (%) Median HR (95% CI) p-value N (%) Median HR (95% CI) p-value
survival survival
month month
Sex Male Female
Nerve +ve 17 (26) 8 1 (reference) 0.01 10 (26) 16 1 (reference) 0.47
Nerve -ve 46 (74) 12.5 2.7 (1.26- 6.02) 26 (74) 17 1.4 (0.55-3.50)
Age (year) <50 year >5() year
Nerve +ve 6 (40) 9 1 (reference) 0.002 21 (23) 8 1 (reference) 0.09
Nerve -ve 10 (60) | Undefined* | 11.6(2.34-58) 62 (77) 11 1.7 (0.93- 3.47)
Grade G1 G2+G3
Nerve +ve 4 (36) 14.5 1 (reference) 0.13 23 (33) 8 1 (reference) 0.03
Nerve -ve 7 (64) Undefined * 3.4 (0.68-17) 65 (67) 12 2.0 (1.07-3.89)
Stage 0+1 I +IV
Nerve +ve 8 (23) 9 1 (reference) 0.04 14 (23) 8 1 (reference) 0.09
Nerve -ve 27 (77) 42 2.7 (1.04-7.17) 45 (77) 11 1.9 (0.88-4.11)
Tumor size T1+T2 T3
Nerve +ve 20 (25) 8 1 (reference) 0.05 7 (32) 8.5 1 (reference) 0.07
Nerve -ve 58 (75) 12 1.9 (0.98-3.80) 13 (68) 31 3.2 (0.88-11.96)
Lymph node status | NO N1
Nerve +ve 15 (29) 8 1 (reference) 0.008 10 (22) 8 1 (reference) 0.59
Nerve -ve 35(71) 42 3.4 (1.36-8.31) 33 (78) 10.5 1.2 (0.54-2.86)

Table 3. Association between nerve infiltration and clinicopathological characteristics. Patients with different clinicopathological parameters
were stratified as positive or negative for the presence of nerve infiltration to assess the association of nerve infiltration with clinicopathological
parameters in PC. p-values were calculated by the log-rank test. Values in bold indicate significance (p< 0.05). Star sign (*) denotes if more than
50% of the subjects are alive at the end of the study, then the median survival time is simply not defined/undefined. HR was calculated using

univariate Mantel-Haenszel hazard model. HR: hazard ratio.

A. Ferdoushi

90

PhD Thesis




A Variables No. of nerves | MNA (um?) | MNA (um2) + SEM |  p-
value
NAT 24 3,957 3,957+866 0.007
Cancerous tissue 27 14,779 14,779+3,405
B Nerve size (um?) N (%) Median HR (95% CI) p-
survival month value
Bigger nerve (>3,800 um?) 17 (59) 8 1 (reference) 0.04
Smaller nerve (<3,800 um?) | 10 (41) 16 0.39 (0.15-0.99)

Table 4. (A) Comparison of nerve related parameters in PC tissue and normal adjacent
tissue. Unpaired t-test was performed to compare nerve related parameters in the different
groups. Data are represented as mean + SEM. (B) Correlation between increased nerve size
and patient survival. P-values were calculated by the log-rank test. HR was calculated using
univariate Mantel-Haenszel hazard model. Values in bold indicate p<0.05. PC, pancreatic
cancer; NAT, normal adjacent tissue; MNA, mean nerve area (um2); SEM, standard error of

mean, HR, hazard ratio; CI, confidence interval.
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Figure legends

Figure 1. Nerves in the tumor microenvironment of PC. Peripheral nerves in human PC and
normal adjacent pancreatic tissues were stained using IHC for the neuronal markers S-100;
counterstaining was performed with hematoxylin. Representative images of nerve sections
from PC tissues (A, entire core, B, higher magnification of nerves in A, C-F, high
magnification of nerves in the tumor microenvironment) and normal adjacent pancreatic tissues

(G, H). Stained nerves are indicated by black arrows. PC, pancreatic cancer.

Figure 2. The presence of nerves in the tumor microenvironment of PC is associated with
poor survival. Kaplan-Meier survival curve comparing cases positive versus negative for
nerve infiltration. Patients with nerve infiltration harbor the worst prognosis i.e. had shorter
overall survival compared to without nerve infiltration. The results of comparative analyses are

presented in Table 2. PC, pancreatic cancer.

Figure 3. Association between the presence of nerves and overall survival in stratified
patient groups. Kaplan-Meier survival curve comparing cases positive versus negative for
nerve infiltration after patient stratification in function of sex (A, B), age (C, D), tumor grade
(E, F), stage (G, H), tumor size (I, J) and lymphatic metastasis status (K, L). Values in bold
indicate significance (p<0.05). The results of multiple comparative analyses are presented in

the Table 3.

Figure 4. Increased nerve size is associated with pancreatic malignancy and patient
survival. Pancreatic tissue sections from PC and normal adjacent tissue (NAT) were analyzed

for changes in nerve size (measured by cross-sectional area). The nerve size was bigger in PC
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tissue than NAT (A). The median value of nerve area was taken as cut-off to define two groups
(bigger nerve, nerve area bigger than median value and smaller nerve, nerve area smaller than
median value) and used for the Kaplan-Meier analysis and the log-rank test. Bigger nerves in
the tumor microenvironment was associated with worse patient survival (B). Survival analyses
displayed a significantly shorter survival for patients with bigger nerve size than that of smaller
nerve size. The results of comparative analyses are presented in Table 4A and 4B. PC,

pancreatic cancer.
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Supplementary Table S1:

Patient clinicopathological characteristics. Unless indicated otherwise, data show the number
of patients in each group, with percentages given in parentheses.

Parameters Category N (%)
Pathology description Normal 71 (42)
Cancer 99 (58)
Histological subtype Pancreatic ductal adenocarcinoma (PDAC) 88 (89)
Adenosquamous carcinoma 6 (6)
Ductal adenocarcinoma/partly mucinous 4(4)
adenocarcinoma
Ductal adenocarcinoma/adenosquamous carcinoma 1 (D)
Patients characteristics
Sex Male 63 (64)
Female 36 (36)
Age (years) <50 16 (16)
>50 83 (84)
Tumor characteristics
Tumor grade Gl 11(11)
G2+G3 88 (89)
Tumor stage 0+1 40 (46)
I+ 1v 59 (54)
Tumor size T1+T2 78 (80)
T3 20 (20)
Lymphatic metastasis NO 50 (54)
status
NI 43 (46)
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Supplementary Figure S2:

Examples of nerve measurements. Peripheral nerves were stained using
immunohistochemistry for the neuronal maker S-100 and counter stained with haematoxylin.
Nerve size was measured by cross-sectional area using Aperio ImageScope software (pen tool-
F2), where each nerve section was outlined manually, and the area measurement was
automatically obtained. Measurement of same image using different scale bar are shown here:
(A) 500um and (B) 100pm.
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Supplementary Figure S3:

Nerve size is increased in PC tissues. Nerve tissue immunostaining in different groups. S-100
immunostaining in the PC group (A, C) and normal adjacent pancreas (B, D). Increases in the
area of nerve tissues were observed in PC compared with normal adjacent pancreatic tissue.
Stained nerves are indicated by red arrowheads. Scale bar = 1mm. PC, pancreatic cancer.

Pancreatic cancer tissue Normal adjacent tissue
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Supplementary Figure S4:

Correlation between nerve size and different clinicopathological characteristics. Nerve size was
not associated with sex, stage, grade, tumor size or lymphatic metastasis.
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Chapter 6 | General Discussion

Successful treatment of PC is a clinical challenge; hence, the identification of potential
therapeutic targets is essential. Targeting stromal components of the TME is now a recognized
strategy to inhibit cancer development. As described in the introduction, the infiltration of new
nerves in the TME is necessary for primary tumour growth and metastasis and that denervation
strongly inhibits tumour progression. Denervation in these experimental models might also
have removed associated glial cells from the TME. SC involvement in cancer development
(Demir et al., 2014;Deborde et al., 2016;Demir et al., 2016) has added an exciting new
dimensionality, as these glial cells are extraordinarily plastic with rich profusion in most organs
and a multitude of functions. However, detailed understanding of the molecular and cellular
mechanisms involved in the regulation of PC progression by the nerves and supporting SCs is
still unclear. It is important to identify the specific functions of each of the cell types. In this
regard, targeting nerves and supporting SCs in the TME could be an innovative therapeutic
approach to understand the mechanism of disease progression and improve survival outcome.

The studies within this thesis provide insights into the role of SCs in PC progression and the

clinicopathological significance of nerve infiltration in cancer aggressiveness.

The study presented in Chapter 3 of this thesis describes the protein expression profile of
primary human SCs by LC-MS/MS. The present dataset provides a proteome reference for SCs
in basal conditions that can be accessed and downloaded by the community investigating
pathological situations where SCs are involved. It is noteworthy to highlight that in the SC
proteome reported here, several nociception associated channels and proteins were identified,
which may contribute to the recently discovered role of SCs in pain sensation (Abdo et al.,
2019). For instance, the thermosensitive ion channel TRPV2 (transient receptor potential v2)
and the cold receptor TRPMS (transient receptor potential cation channel subfamily member
8)-associated proteins. Further functional investigations will be performed to determine the
molecular mechanisms by which SCs initiate pain and their role in different pain signalling
pathways. These proteins may ultimately constitute novel molecular targets for future
innovative pain treatments. The role of TRVP2 and TRPMS channels could be explored in the
pain-like responses evoked by acute and chronic ethanol ingestion in mice following the

experimental approaches described by Francesco De Logu who has shown that elevated local
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concentrations (1%—3%) of ethanol can activate TRPV1 on primary sensory nerves to induce
pain and neurogenic inflammation (Trevisani et al., 2002). Aside from pain, cancer progression
is another health issue where the involvement of SCs has recently been demonstrated (Shurin
et al.,, 2019). Our SC proteome dataset may provide clues in identifying candidate molecular
mediators produced by SCs that may be involved in cancer progression. For instance, the
mesencephalic astrocyte-derived neurotrophic factor (MANF) and other growth factors such
as myeloid derived growth factor (MY -DGF) and the hepatoma-derived growth factor (HDGF)
have been identified with high confidence. Further functional in vitro and in vivo studies will
be performed for their potential involvement as SC mediators in cancer progression. In vitro,
functional knock-out experiment could be performed using shRNA/siRNA to target the
expression of these candidate genes in SCs. For in vivo study, genetically engineered mouse
models could be created to knock out the candidate proteins and test the impact on PC cell

growth and dissemination.

Cancer cells have been shown to produce neurotrophic growth factors, such as nerve growth
factor, to stimulate neuronal outgrowth (Pundavela et al., 2015;Hayakawa et al., 2017) and
conversely neuronal cells release neurotransmitters such as noradrenaline to stimulate cancer
growth (Hayakawa et al.,, 2017;Renz et al., 2018a). However, the full extent of molecular
mediators involved in the nerve cancer cell cross-talk are yet to be fully defined and in
particular the molecular contributors produced by SCs. We have profiled the secretome of
human SCs by LC-MS/MS (Chapter 4) and investigated the role of the secreted proteins in
different cancer promoting processes such as proliferation and invasion. From 1,470 identified
SC-secreted proteins, 7 proteins were validated by Western blot and their involvement in PC
cell proliferation and invasion was further demonstrated using blocking antibodies. We have
not directly confirmed the blocking of the specific proteins by their antibodies. In the absence
of a biological assays associated with a particular protein (which is the case for most tested
proteins), it is impossible to test for the blocking activity of the antibody and this is a potential
limitation of our study. Further preclinical studies in vivo will need to be performed to
determine whether these proteins may become new targets for therapeutic intervention in PC.
In doing so, genetically engineered mouse models could be created to knock out the candidate

proteins and test the impact on PC cell growth and dissemination.
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Our proteomic analysis also identified several other proteins of interest that although were not
tested by a functional analysis, may still be important in the stimulation PC cells by SCs
(Chapter 4). For instance, this applies to insulin-like growth factor-binding proteins (IGFBP-
2, IGFBP-4, IGFBP-5, IGFBP-6, IGFBP-7) and transforming growth factors (TGFf-1, TGFj-
2, TGFBI). Further studies will be performed to determine the possible involvement of these
proteins in cancer PC progression and their potential value as therapeutic targets. Additionally,
in our study, the proteome of SCs was analysed only in a rather unstimulated state, i.e. without
previous exposure to PC cells. In future studies, it would also be of interest to investigate the
proteome of SCs when stimulated by PC cells to further delineate the cross-talk between PC
cells and SC in the TME. In doing so, LC-MS/MS would be performed on conditioned media

collected after co-culturing SCs with PC cells using a non-contact trans-well Boyden chamber.

The study presented in Chapter 5 describes the association of infiltrated nerves in the TME
with PC aggressiveness. The presence of nerves was significantly correlated with worse overall
survival (OS). Marginally significant differences in nerve infiltration regarding OS of PC have
been reported in a study conducted by Min et al. (Yu et al, 2015). In contrast, low
intrapancreatic nerve numbers have been shown to correlate with shorter OS of patients with
PC in a study conducted by Iwasaki et al.(Iwasaki et al., 2019). This is opposite to our
observation. A possible explanation for this discrepancy might be the analysis method where
the authors analysed both enlarged nerves and fine periacinar nerves, whereas we only analysed
the enlarged nerves. For the purpose of analysing, we categorized patients as nerve positive
versus nerve negative, whereas their categorization was based on low versus high nerve
number. Additionally, the size of nerves was found to be significantly higher in PC than in the
normal adjacent tissue and larger nerves were directly associated with worse patient survival.
We believe this pattern is consistent with that expected for a marker of neuronal outgrowth,
expressing more activity where the neurites extend. Future IHC could be performed, including
two other secondary neural markers named regenerating nerve marker, growth-associated
protein 43(GAP-43) or the pan-neural marker protein gene product 9.5 (PGP9.5) to validate

the outcome.

Furthermore, studies will need to be conducted in order to clarify the distribution of
sympathetic, parasympathetic or sensory nerves and to identify the mechanism(s) by which

each of these neuronal subpopulations influence the nature of cancer cells, as the extent and
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nature of tumour innervation may have been underestimated. Paraffin embedded TMAs
generally do not contain a sufficient amount of tissue, with respect to both area and depth of
the core, for the purpose of precisely measuring and dissecting neural infiltration and densities
in tumours. Therefore, subsequent studies on this research should utilise thicker sections as
well as whole tumour tissue samples to precisely characterise the density and source of tumour
innervation. Additionally, immunofluorescent microscopy of fresh or frozen sections should
be applied for simultaneously assessing the immunoreactivity of sympathetic, parasympathetic
or sensory nerves. Additional studies with large sample size would also help elucidate if nerve
infiltration associated cancer aggressiveness could be applied to multiple cancers. Further
studies should also be performed to clarify the molecular mechanisms of neural alterations
within PC including whether any neurotrophic growth factors are associated with nerve

enlargement in cancerous tissue and associated aggressiveness.

Overall, this thesis has contributed to provide novel evidence supporting the potential role and
importance of nerves and their supporting SCs in PC progression and clinical outcome. Though
we have identified several molecules secreted by SCs involved in PC progression, many
questions remain unanswered, which should be addressed in the future. How do the different
reported molecules work? Do they act simultaneously or sequentially, and how are they
coordinated? Do they behave differently in different cancer types? A comprehensive
understanding of the role of nerves and SCs in cancer progression has been outlined in this
Thesis and the future may see the identification of novel targets and therapeutic strategies to

treat PC more effectively.

Although we have identified several molecules secreted by SCs involved in PC progression,
many questions remain unanswered, which should be addressed in the future. How do the
different reported molecules work? Do they act simultaneously or sequentially? And how are
they coordinated? Do they behave differently in different cancer types? Overall, this thesis has
contributed to provide novel evidence supporting the role and importance of nerves and SCs in
PC progression and clinical outcome. This opens new perspectives for the development of

future therapeutic strategies against PC.
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APPENDICES

A.1 Additional publication supplemental to this thesis

The neurotrophic tyrosine kinase receptor TrkA and its ligand NGF are increased in

squamous cell carcinomas of the lung.

Preface

This original research article has been published on the journal Scientific Reports. In lung
cancer, drugs targeting TrkA are in clinical trials (Vaishnavi et al., 2015), but the pathological
significance of TrkA and its ligand NGF has remained unclear. In this study, we demonstrated
that TrkA and NGF are differentially expressed among the histological subtypes of lung
cancers. In particular, we show for the first time that NGF and TrkA are overexpressed more
specifically in lung squamous cell carcinomas, suggesting the existence of an autocrine loop of
stimulation. Our study indicates that anti-TrkA (NTRK1) therapies, which are currently

undergoing clinical trials, may be more efficient in the squamous forms of lung cancer.

Publication

Published article “Gao F, Griffin N, Faulkner S, Rowe CW, Williams L, Roselli S, Thorne RF,
Ferdoushi A, Jobling P, Walker MM, Hondermarck H: The neurotrophic tyrosine kinase
receptor TrkA and its ligand NGF are increased in squamous cell carcinomas of the lung.

Scientific Reports. 2018 May 25;8(1):8135” displays from page 108-118.

Supplementary Files
Supplementary file displays on page 119-120.
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SCIENTIFIC REPLIRTS

The neurotrophic tyrosine kinase
receptor TrkA and its ligand NGF
“are increased in squamous cell
et carcinomas of the lung

Published online: 25 May 2018 . . . -
ublished ontine W Fangfang Gao?, Nathan Griffin’2, Sam Faulkner’?, Christopher W. Rowe?3, Lily Williams?,

Severine Roselli2, Rick F. Thorne?, Aysha Ferdoushi'?, Phillip Jobling’?, Marjorie M. Walker?3
& Hubert Hondermarck?

: The neurotrophic tyrosine kinase receptor TrkA (NTRK1) and its ligand nerve growth factor (NGF) are

. emerging promoters of tumor progression. In lung cancer, drugs targeting TrkA are in clinical trials,
but the clinicopathological significance of TrkA and NGF, as well as that of the precursor proNGF, the

. neurotrophin co-receptor p75"™® and the proneurotrophin co-receptor sortilin, remains unclear. In

. the present study, analysis of these proteins was conducted by immunohistochemistry and digital

. quantification in a series of 204 lung cancers of different histological subtypes versus 121 normal lung

. tissues. TrkA immunoreactivity was increased in squamous cell carcinoma compared with benign and

© other malignant lung cancer histological subtypes (p < 0.0001). NGF and proNGF were also increased in
squamous cell carcinoma, as well as in adenocarcinoma (p < 0.0001). In contrast, p75N™® was increased
across all lung cancer histological subtypes compared to normal lung (p < 0.0001). Sortilin was higher
in adenocarcinoma and small cell carcinoma (p < 0.0001). Nerves in the tumor microenvironment were

. negative for TrkA, NGF, proNGF, p75NTR and sortilin. In conclusion, these data suggest a preferential

. therapeutic value of targeting the NGF-TrkA axis in squamous cell carcinomas of the lung.

. Lung cancer is the leading cause of cancer related death worldwide and its incidence is increasing'. Lung cancer
. histological subtypes are divided into two main categories: small cell lung cancers and non-small cell lung cancers
© (NSCLC). NSCLC represent the majority of lung cancer cases and include squamous cell carcinomas and ade-
© nocarcinomas. Despite extensive research, there are few clinically used biomarkers to help determine diagnosis,
. prognosis and treatment choice in lung cancer!. This is particularly problematic for NSCLC where correct iden-
. tification of histological subtypes is essential to define the appropriate chemotherapeutic regimens. Therefore,
the identification of pertinent biomarkers for diagnosis, stratification and therapeutic decision in lung cancer is
necessary.
The neurotrophic tyrosine kinase receptor TrkA (NTRK1) and its ligand nerve growth factor (NGF) are essential
to the development of the nervous system where they stimulate the outgrowth of sympathetic and sensory neurons?.
Interestingly, TrkA and NGF are also expressed in several malignancies. In breast cancer, they participate in tumor
cell proliferation and spreading via the activation of signalling pathways similar to those activated in neurons and
including ERK, SRC and AKT?. Recent evidence in gastric* and pancreatic® cancers has shown that the NGF-TrkA
signalling pathway is an essential and targetable stimulator of cancer progression. In lung cancer, rearrangements
of TrkA have been shown to be oncogenic and are drug-sensitive®. TrkA is increasingly regarded as a therapeutic
- target in lung cancer and clinical trials of drugs against its tyrosine kinase activity are under way’. A previous study
© has shown that the expression of TrkA and NGF is higher in NSCLC?, but the distribution of TrkA and NGF in the
. different subtypes of lung cancer remains unclear. In addition, the expression of the other co-receptors for NGF?,

the common neurotrophin receptor p758® (also called NGFR or CD271), as well as that of the precursor for NGF

1School of Biomedical Sciences & Pharmacy, Faculty of Health and Medicine, University of Newcastle, Callaghan,
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© Australia. 3School of Medicine & Public Health, Faculty of Health and Medicine, University of Newcastle, Callaghan,
: NSW, 2308, Australia. Correspondence and requests for materials should be addressed to H.H. (email: hubert.
hondermarck@newcastle.edu.au)
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(proNGF) and its receptor sortilin (a member of the Vacuolar Protein Sorting 10 protein - VPS10P - family of recep-
tors) have not been elucidated. Despite early studies showing that neurotrophic growth factors are expressed in lung
cancer’, the clinicopathological significance warrants clarification.

The present study aimed to clarify the expression and clinicopathological significance of TrkA, NGE, proNGF,
p75NT™R and sortilin in lung cancer. The expression of these proteins was analysed by immunohistochemistry in
a cohort of lung cancers versus normal lung tissues. We report an increased level of TrkA and NGF in squamous
cell carcinomas, suggesting that drugs targeting the NGF-TrkA pathway in lung cancer should be used preferen-
tially in this form of the disease.

Results

For all neurotrophins/receptors, representative pictures of immunohistochemical staining are shown in Figs 1-5
and quantification of staining intensities are presented in Table 1. Staining intensities (h-scores) are presented as
medians (50 centile value).

TrkA is increased in squamous cell lung carcinoma. Compared with normal lung (Fig. 1A), TrkA label-
ling was concentrated in cancer epithelial cells (Fig. 1B-F), with an increased staining intensity specifically in squa-
mous cell carcinoma (Fig. 1B-D). Membrane staining was clearly observable. TrkA immunoreactivity was low in
normal lung tissue (h-score 18), and lower in adenocarcinoma (h-score 6) (p < 0.0001); in squamous cell carcinoma,
TrkA intensity (h-score 26) was significantly higher (p < 0.0001) (Fig. 1G, Table 1). This increase in h-score was
driven by a subpopulation of squamous cell tumours that were strongly positive for TrkA, consistent with a binary
receptor expression pattern of TrkA-present (h-score > 50) or TrkA-absent (h-score <50). When analysed by these
parameters (Fig. 1H), 27/96 (28%) of squamous cell carcinomas expressed TrkA, compared to 1/55 (2%) of ade-
nocarcinomas, 0/7 (0%) of small cell cancers and 1/121 normal tissues (<1%) (p < 0.0001), with 12/96 (13%) of
squamous cell carcinomas showing very strong TrkA expression (h-score >100). Multivariate logistic regression
modelling confirmed squamous pathology was significantly associated with increased TrkA h-score, when account-
ing for age and gender (Odds ratio (OR) 1.03, 1.01-1.04, p < 0.001). Given that TrkA was not expressed in most
adenocarcinomas and small cell lung cancers, the area under the receiver-operating characteristic (AUROC) for the
comparison between normal and cancer samples was only 0.39 (95%CI 0.32 to 0.46) (data not shown). No associa-
tion was found between TrkA expression and age, grade, tumor size, stage, lymph node status.

NGF and proNGF are increased in squamous cell carcinoma and adenocarcinoma. NGF immu-
noreactivity was observed at low levels in normal tissues (Fig. 2A), and was increased in cancer vs normal samples
(Fig. 2B-F). NGF staining intensity (h-score) was significantly increased from 57 in normal to 95 in cancer sam-
ples (p <0.0001) (Fig. 2G). Squamous cell carcinoma (Fig. 2B-D) and adenocarcinoma (Fig. 2E) presented with
a NGF h-score of 107 and 84 respectively (p < 0.0001) (Fig. 2G, Table 1). Small cell cancers (Fig. 2F) displayed
a lower level of NGF staining compared to other cancer subtypes (h-score 54) (Fig. 2G, Table 1) (p < 0.0001).
Multivariate logistic regression modelling confirmed squamous cell carcinoma and adenocarcinoma were signif-
icantly associated with increased NGF h-score compared to benign pathology, when accounting for age and gen-
der (OR 1.09 (1.06-1.12) and 1.08 (1.05-1.11) respectively, p < 0.001). The AUROC for the comparison between
normal and cancer tissue was 0.88 (95%CI 0.84 to 0.92) (Fig. 2H).

ProNGF was also increased in malignant tissue (Fig. 3B-E) compared to normal lung tissue (Fig. 3A), but the
differential in median h-score was less than NGFE. Multivariate logistic regression modelling confirmed squamous
cell carcinoma and adenocarcinoma were significantly associated with increased proNGF h-score compared to
benign pathology, when accounting for age and gender (OR 1.04 (1.02-1.05) and OR 1.04 (1.03-1.06) respec-
tively, p < 0.001) (Fig. 3G, Table 1). The AUROC for the comparison between normal and cancer samples was 0.70
(95%CI 0.64 to 0.76) (Fig. 3H).

For both NGF and proNGE, there was no association with age, grade, stage, tumor size, or lymph node inva-
sion (Table 1).

P75NRis increased in all lung cancer subtypes. Immunostaining for p75¥® was observed in both epi-
thelial and stromal cells of normal (Fig. 4A) and cancer samples (Fig. 4B-F). However, p75~"R staining intensity
was higher in cancer, with an h-score of 92 in normal compared to 147 in cancer (p < 0.0001) (Fig. 4G, Table 1).
The increase in p75V'® staining intensity occurred in all histological subtypes of lung cancer (squamous cell, ade-
nocarcinoma, small cell) but was particularly strong in small cell carcinoma (median h-score of 215) (Fig. 4G,
Table 1). Multivariate logistic regression modelling confirmed malignant pathology was significantly associated with
increased p75N™® h-score for squamous cell carcinoma (OR 1.04 (1.02-1.05), p < 0.001), adenocarcinoma (OR 1.07
(1.05-1.10 p < 0.001), when compared to benign pathology, when accounting for age and gender (p < 0.001). We
were unable to fit a logistic regression model for small cell carcinoma vs benign tissue due to perfect separation of
h-scores (Fig. 4G). The AUROC for the comparison of cancer vs normal was 0.83 (95%CI 0.79 to 0.88) (Fig. 4H).
There was no association between p75N'® staining and tumor size, grade, stage or lymph node status.

Sortilin is increased in adenocarcinoma and small cell lung cancer. Immunostaining for sortilin
was weak and found mainly in epithelial cells of both normal (Fig. 5A) and cancer samples (Fig. 5B-F). There
was no difference between sortilin staining intensity in benign vs all lung cancer tissues with h-scores of 32 vs 30
respectively (p = 0.43). However, there was a higher level of sortilin staining intensity in adenocarcinoma (OR
1.05 (1.03-1.07, p < 0.001) and small cell (OR 1.18 (1.06-1.31, p =0.002) when compared to benign pathology
in a multivariate logistic regression model. (Fig. 5G, Table 1). The AUROC for comparison of cancer vs normal
was 0.46 (95%CI 0.39 to 0.53) (Fig. 5H), confirming that sortilin expression is not significantly modified when
comparing all lung cancers to normal tissues. In addition, there were no associations between sortilin expression
and age, grade, stage, tumor size or lymph node invasion.
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Figure 1. TrkA expression in lung cancers and normal lung tissues. (A-F) Immunohistochemical detection

of TrkA, representative pictures are shown for normal tissue (A), squamous cell carcinoma (B-D),
adenocarcinoma (E) and small cell cancer (F). Scale =50 pum. (G) TrkA staining intensities were significantly
higher in squamous cell carcinoma. Corresponding median h-scores are presented in Table 1. The box limits
indicate the interquartile range (IQR) with the whiskers extending 1.5 times the IQR from the 25" and 75%
percentiles (outliers are represented by dots) (“p < 0.0001 in multiple logistic regression model). (H) Proportion
of tissues expressing TrkA receptor (binary h-score cutoff of 50) in normal lung tissue vs lung cancer subtypes.
Squamous cell carcinoma was significantly higher than all other categories (p < 0.0001).

Nerves in the tumor microenvironment of lung cancer do not express NGF, proNGF, TrkA,
p75N™R and sortilin.  The pan-neuronal marker PGP9.5 was used to detect nerves in the tumor microenvi-
ronment. Nerve trunks were occasionally detected in lung cancer (Fig. 6A), based on PGP9.5 positivity as well as
typical nerve morphology. Serial sections were used and no labelling for NGF (Fig. 6B), proNGF (Fig. 6C), TrkA
(Fig. 6D), p75~® (Fig. 6E) or sortilin (Fig. 6F) was detected. These data show that there is no expression of NGE,
proNGE, TrkA, p75N™® and sortilin in nerves which are present in the tumor microenvironment of lung cancer.

Discussion
ProNGF and sortilin have not been described in lung cancers and there has been limited reports on the expres-
sion of NGF and its receptors TrkA and p75NTR&1011 Therefore, with only fragmentary data available, the
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clinicopathological significance remained unclear. To address this, we undertook a simultaneous investigation of
the protein expression of proNGE, NGE, TrkA, p75N™® and sortilin in the same cohort of lung cancers and normal
lung tissues. Our results reveal that TrkA, NGF, proNGF, p75NTR and sortilin are differently expressed across lung
cancer histological subtypes, with TrkA and NGF most particularly increased in squamous cell carcinomas.

Prior to investigating protein levels by immunohistochemistry, data mining of gene expression in lung data-
sets available from The Cancer Genome Atlas (TCGA)'? using cBioportal'® was performed. Gene amplification
and mRNA upregulation were detected at various frequencies in lung tumors: 6% for NGF, 14% for TrkA, 2% for
p75NTR and 4% for sortilin. However, discrepancies between mRNA and protein levels in tumors are now well
documented. Global transcriptomic and proteomic analyses estimate that only 30%-60% of changes in protein
levels can be explained by corresponding variations in mRNA'#'® and proteogenomic investigations in colorectal
cancer have revealed that mRNA abundance does not reliably predict differences in tumoral protein abundance'.
This emphasizes the importance of analysing the protein levels directly, in order to define new biomarkers and
novel therapeutic targets in oncology.

The participation of TrkA and TrkA fusion proteins in lung cancer progression has been described, with Trk
inhibitors undergoing clinical trials®. Our data shows a preferential expression of TrkA in squamous cell lung
cancer, suggesting that Trk inhibitors should be used more specifically in this histological subtype of lung cancer.
A previous investigation has reported an increase in TrkA and NGF in NSCLC and an association with tumor
aggressiveness but not histological subtypes®. However, in this study staining intensities were visually determined,
and no digital quantification assisted by a pathologist (as we have done here) was used, potentially leading to
approximation in the quantification of expression levels. In addition, the comparison was done with normal adja-
cent tissues whereas true normal lung tissues were analysed in our study. Therefore, our study provides a refine-
ment in terms of quantification of TrkA and NGF in lung cancer subtypes, highlighting a significant increase in
both TrkA and NGF expression in squamous cell lung cancer. In contrast, as low expression level for TrkA were
observed in adenocarcinoma and small cell cancer, it is unlikely that Trk inhibitors will produce any significant
clinical impact in these tumors. Interestingly, NGF was also increased in squamous cell lung cancer and to a lesser
extent in adenocarcinoma. This concomitant increased expression of both TrkA and its ligand NGF is suggestive
of a NGF-mediated autocrine stimulation of squamous cell carcinoma. Similar autocrine stimulation of cancer
cell growth via a proNGF/NGF autocrine loop involving TrkA has been described in breast cancer!”'® and may
also apply to lung cancer. Although further functional investigations are warranted to test this hypothesis, our
data reveals that TrkA and its ligand NGF are overexpressed in squamous cell lung cancer. This finding may have
clinical ramifications, as humanized NGF blocking antibodies have been developed and are in clinical trials for
the treatment of pain'’; they may potentially be repurposed to inhibit the NGF-TrkA signaling axis in lung cancer.

In contrast to NGE, proNGF was only slightly increased in squamous cell lung cancer and adenocarcinoma.
ProNGF processing into NGF requires protein convertases, such as furin or metalloproteases, and can occur
both intracellularly or after secretion in the extracellular compartment?®. In the nervous system, proNGF is the
predominant protein form of NGF gene expression, with a higher presence of proNGF in comparison to NGF*.
The regulatory mechanism that controls proNGF processing is poorly described in cancer, but our data suggest
that proNGF is largely processed into NGF in squamous cell carcinomas of the lung. The limited differential in
proNGF expression between normal and cancerous lung tissue is in line with the data obtained for its receptor
sortilin. Sortilin was expressed at the same low levels in normal lung tissue, squamous cell carcinoma and was
only higher in adenocarcinoma and small cell cancer. Sortilin has been reported in various cancer cell lines of
different origins and its expression is associated to a poor prognosis in breast cancer where it participates in tumor
cell migration and invasion?!. In the squamous cell line A549, sortilin has been shown to participate in the trans-
fer of exosomes in association with TrkB*?, but our data have not highlighted any particular association between
sortilin expression and clinicopathological parameters in any histopathological subtypes of lung cancers.

The neurotrophin receptor p758™® is expressed in a wide range of human tumors and has been shown to be
a marker of cancer stem cells of both epithelial and mesenchymal origin**. However, the mechanism of p75NT®
activity in cancer cells is not fully elucidated and some studies in gastric** and prostatic cancer®?° have reported a
tumor suppressor effect associated with p75NTR suppression. In the present study, p75~'® was expressed in normal
lung tissues and overexpressed in all investigated lung cancer histological subtypes. The overexpression of p75N™®
was observed in epithelial cells as well as stromal cells. Interestingly p75~N® has recently been shown to be a p53
inactivator?, and as such p75~"® could actively participate in lung tumor growth, but further functional investi-
gations are needed to explore this hypothesis.

Emerging evidence indicate the stimulatory role of nerves in tumor progression®. The nerve-cancer cell
crosstalk involves the liberation of neurotransmitters and trophic factors to stimulate cancer cell growth and
dissemination, while neurotrophic factors are released by cancer cells to attract nerve outgrowth in the tumor
microenvironment®. In gastric cancer, NGF has been shown to activate cholinergic nerve-mediated signalling
that stimulates the proliferation of stem cells*. In prostate cancer, sympathetic and parasympathetic nerves partic-
ipate in the stimulation of tumor growth and metastasis*” and proNGF released by prostate cancer cells is a driver
of neuronal outgrowth?'. In lung cancer, autonomic nerve infiltration is associated with pathological risk grading
and poor patient prognosis®, but the drivers of nerve infiltration have not been identified. Our study showing that
there is no expression of the receptors TrkA, p75NTR and sortilin in nerves infiltrated in the tumor microenviron-
ment, suggest that NGF/proNGF are not involved in stimulating the growth of nerves in lung cancer.

Overall, this study highlights the overexpression of NGF, proNGF and their receptors TrkA, p75N™® in lung
cancer with a differential expression related to histological subtypes. A similar increased expression of these
neurotrophins and receptors has already been observed in breast'”'3%* and thyroid®*** cancer, suggesting that the
upregulation these proteins is a common molecular feature in these cancers. Pharmacological inhibitors against
TrkA” and humanized anti-NGF antibodies'” have been developed and could therefore be used as therapeutic
tools in breast, thyroid and lung cancers. The overexpression of TrkA in squamous cell carcinomas of the lung is
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Normal vs cancer <0.0001 <0.0001 0.002 0.43 <0.0001
Normal (n=121) |57 46-70 58 47-70 18 13-26 32 26-41 92 81-110

Cancer (n=164) |95 76-112 76 58-96 13 6-33 30 20-48 147 116-176
Histological Type 0.0001 0.0001 0.0001 0.0001 0.0001
Squamous (n=98) | 107 | 85-118 73 58-96 26 13-57 25 18-40 132 107-161
‘(“ndi“;f)a“m"ma 84 72-98 82 65-98 6 4-9 40 26-66 164 141-184

Small Cell (n=8) | 54 50-70 52 33-72 13 8-16 56 42-65 215 180-222

Gender 0.04 0.28 <0.0001 0.002 0.0005
Male (n=125) |99 80-115 74 58-95 16 7-39 27 19-44 138 112-171

Female (n=39) |84 70-108 83 59-109 6 413 4 27-58 168 147-189

Age (yrs) 0.56 0.35 031 07 0.35
<50 (n=40) 94 72-108 72 55-97 16 8-39 30 22-49 154 121-177
>50(n=124) | 9% 76-114 76 59-96 11 6-29 31 19-48 141 114-175

Grade 0.85 0.03 0.24 0.88 0.37
1(n=13) 98 84-117 96 89-120 19 10-138 26 18-46 141 82-160
2+3(=135) |97 78-114 74 59-95 14 6-34 29 19-46 142 116-172

Missing (n=16) | 65 51-89 65 35-83 11 7-15 47 27-58 180 130-215

T stage 0.88 0.55 0.63 0.71 0.8
TI/T2 (n=133) |97 75-112 75 58-96 13 6-32 31 20-48 150 115-176
T3/T4(n=31) |95 77-109 76 58-99 13 5-34 27 18-50 142 117-171

LN Status 0.9 0.78 0.64 0.97 0.48
Negative (n=70) |96 78-111 76 60-96 13 6-37 31 20-46 149 117-169

Positive (n=94) | 95 75-112 74 56-96 13 5-31 29 20-49 145 116-178

Stage 0.38 0.35 0.53 0.93 05
I+ (n=120) |94 75-112 74 58-95 13 6-32 31 20-47 151 116-177

UI+1V (n=44) |97 79-113 82 58-100 13 5-34 29 20-52 141 114-172

Table 1. Expression of NGE, proNGF, TrkA, p758™ and sortilin in lung cancers and association with
clinicopathological parameters. Immunohistochemical staining were quantified and h-scores were used to
compare protein expression levels. Group-levels medians (IQR, interquartile range) for h-score staining intensities
are presented. Family-wise alpha significance level is 0.05/8 = 0.006 using the Wilcoxon Rank-Sum test (pairwise)
or Kruskal-Wallis test (multiple comparisons). Statistically significant p-values are shown in bold.

of particular interest, given that TrkA inhibitors have entered clinical trials for the treatment of lung cancer’. In
the nervous system, neurons responsive to NGF express TrkA and p75N'® and the stimulation of these receptors
by NGF induces a cascade of intracellular signalings including SRC, AKT, PI3K, ERK and NFkB. In lung cancer
cells, TrkA tyrosine kinase inhibitors induce lung cancer cell growth arrest and apoptosis®. Based on the present
findings, the biological effect of targeting TrkA and NGF in lung cancer should be revisited in the context of squa-
mous cell carcinomas with more functional in vitro and in vivo animal models. From a clinical perspective, our
data suggest that anti-TrkA therapies may be more effective in squamous cell lung cancer and could eventually be
associated with NGF targeting.

Material and Methods

Lung tissue samples. High-density tumor microarrays (TMA) were obtained from US Biomax Inc.
(Maryland, USA). The TMAs used (catalogue numbers: LC2086, LC2087 and BC041115) included a total of 204
lung cancers (of adenocarcinoma, squamous cell carcinoma, small cell carcinoma or other minor subtypes) and 121
normal lung tissues. The following clinicopathological information was available: patient age and sex, histological
subtype, tumor size, grade, stage and lymph node status. No information on treatment and patient survival was
available. US Biomax Inc. quality controls are described as follows. Each single tissue spot on every array slide was
individually examined by pathologists certified according to WHO published standardizations of diagnosis, classifi-
cation and pathological grade. For each specimen collected, informed consent was obtained from both hospital and
individual. Discrete legal consent was obtained and the rights to hold research uses for any purpose or further com-
mercialized uses were waived. The study was approved by the Human Research Ethic Committee of the University
of Newcastle and all experiments were performed in accordance with relevant guidelines and regulations.

Immunohistochemistry. Immunohistochemistry (IHC) was performed as previously described. After
deparaffinization and rehydration of the TMA slides following standard procedures, heat induced epitope
retrieval was carried out in a low pH, citrate based antigen unmasking solution (Vector Laboratories, California,
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Figure 2. NGF expression in lung cancers and normal lung tissues. (A-F) Immunohistochemical

detection of NGF, representative pictures are shown for normal tissue (A), squamous cell carcinoma (B-D),
adenocarcinoma (E) and small cell cancer (F). Scale =50 um. (G) NGF staining intensities were significantly
higher in squamous cell carcinoma and adenocarcinoma than in normal tissues. Corresponding median
h-scores are presented in Table 1. The box limits indicate the interquartile range (IQR) with the whiskers
extending 1.5 times the IQR from the 25" and 75 percentiles (outliers are represented by dots) (*p < 0.0001
in multiple logistic regression model). (H) ROC curve for NGF staining intensity level in lung cancers versus
normal tissues. The area under the curve was 0.88 (95%CI 0.84 to 0.92).

USA, catalogue number H-3300) using a decloaking chamber (Biocare, West Midlands, United Kingdom) at
95°C for 20 min. IHC was then performed using an ImmPRESS™ HRP IgG (Peroxidase) Polymer Detection
Kit (Vector Laboratories, California, USA), as per the manufacturer’s recommendations. Briefly, after inac-
tivation of endogenous peroxidases with 0.3% H,0O,, and blocking with 2.5% horse serum, primary followed
by secondary antibodies were applied to the sections and revealed with DAB Peroxidase (HRP) Substrate Kit
(Vector Laboratories, California, USA, catalogue number SK-4100). The following primary antibodies were used
at 1/500 dilution: anti-proNGF (#AB9040, Merck Millipore), anti-NGF (#ab52918, Abcam), anti-TrkA (#2508,

SCIENTIF|C REPORTS |,(2018) 8:8135 | DOI:10.1038/541598-018-26408- )
.%'Eer(foughl ! 21 13 PhD Thesis



www.nature.com/scientificreports/

G H Normal vs Cancer (proNGF)
1.00
200- * *
[s14] = =
£ (n=98)  (n=56) 0.75 -
.E 'GE 150 _ >
78 (n=121) s
2 < 100 - 2 050 T en 1068076
E - (n=7) g "'1 0 0 =U.
= T
504 | ] L 0.25 4
N S S SR o ok ok i
Q& AN 5 A A .
‘@'b & o& & o s
S S & N 1-Specificity
S 0\) & (le
S & S
&
v

Figure 3. ProNGF expression in lung cancers and normal tissues. (A-F) Immunohistochemical detection

of proNGF, representative pictures are shown for normal tissue (A), squamous cell carcinoma (B-D),
adenocarcinoma (E) and small cell cancer (F). Scale =50 pm. (G) ProNGF staining intensities were significantly
higher in squamous cell carcinoma and adenocarcinoma than in normal tissues. Corresponding median
h-scores are presented in Table 1. The box limits indicate the interquartile range (IQR) with the whiskers
extending 1.5 times the IQR from the 25" and 75" percentiles (outliers are represented by dots) (*p < 0.0001 in
multiple logistic regression model). (H) ROC curve for proNGF staining intensity level in lung cancers versus
normal tissues. The area under the curve was 0.70 (95% CI 0.64 to 0.76).

Cell Signaling), anti-p75N™® (#4201, Cell Signaling), anti-sortilin (#ANT-009, Alomone Labs), anti-PGP9.5
(#ab15503, Abcam). Finally, TMA slides were counterstained with hematoxylin (Gill’s formulation, Vector
Laboratories, California, USA), dehydrated and cleared in xylene before mounting in Ultramount #4 mounting
media (Thermo Fisher Scientific, Victoria, Australia). Negative controls, using isotype control antibodies, are
shown in Supplementary Fig. 1.
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Figure 4. P75N™® expression in lung cancers and normal lung tissues. (A-F) Immunohistochemical detection
of p75NTR, representative pictures are shown for normal tissue (A), squamous cell carcinoma (B-D),
adenocarcinoma (E) and small cell cancer (F). Scale =50 um. (G) p75V'® staining intensities were significantly
higher in squamous cell, adenocarcinoma and small cell cancers. Corresponding median h-scores are presented
in Table 1. The box limits indicate the interquartile range (IQR) with the whiskers extending 1.5 times the IQR
from the 25" and 75 percentiles (outliers are represented by dots) (*p < 0.0001 in multiple logistic regression
model). (H) ROC curve for p75NTR staining intensity level in lung cancers versus normal tissues. The area under

the curve was 0.83 (95% CI 0.79 to 0.88).

Digital quantification of IHC staining intensities. ~Quantification of staining intensities was performed
as previously described®® using the Aperio AT2 scanner (Leica Biosystems, Victoria, Australia) and the Halo™
image analysis platform (Indica Labs, New Mexico, USA) under the supervision of a pathologist (MMW). Pixel
intensity values were used to determine the h-scores for each core (index calculated as the sum of 3x% of pixels
with strong staining +2x% of pixels with intermediate staining +1x% pixels with weak staining). Each core of the
TMAs was investigated and the data were then submitted to statistical analysis.
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Figure 5. Sortilin expression in lung cancers and normal lung tissues. (A-F) Immunohistochemical

detection of sortilin, representative pictures are shown for normal tissue (A), squamous cell carcinoma (B-D),
adenocarcinoma (E) and small cell cancer (F). Scale =50 um. (G) Sortilin staining intensities were significantly
higher in adenocarcinoma and small cell cancer. Corresponding median h-scores are presented in Table 1. The
box limits indicate the interquartile range (IQR) with the whiskers extending 1.5 times the IQR from the 25%
and 75" percentiles (outliers are represented by dots) (*p < 0.0001 in multiple logistic regression model). (H)
ROC curve for sortilin staining intensity level in lung cancers versus normal tissues. The area under the curve

was 0.46 (95%CI 0.39 to 0.53).

Statistical analysis. H-scores for NGF, proNGF, sortilin, TrkA and p75N™® were analysed as continuous
variables. Major lung cancer subtypes (164 cases of adenocarcinoma, squamous cell carcinoma, small cell can-
cer) were analysed and are presented in Table 1 and Figures, with other minor subtypes excluded from analysis
(n=43). For demographic (age and sex) and disease-specific (histopathology classes of benign, squamous, small
cell and adenocarcinoma; tumour size, grade, stage; and nodal status) outcomes of interest, group level medians
and interquartile ranges were compared with the Wilcoxon RankSum test, employing a Bonferroni correction for
multiple pairwise comparisons (alpha at the family-wise 0.05 level = 0.05/8). All multiple-comparisons used the
Kruskal-Wallis test due to unequal variances, with an adjusted multiple-comparison alpha threshold. Analyses
were based on complete cases.
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Figure 6. Nerves in the tumor microenvironment of lung cancer do not express NGE, proNGF, TrkA, p75~NT®

and sortilin. (A) Immunohistochemical detection of the pan-neuronal marker PGP9.5 was used to detect
nerves in lung cancers. The expression of NGF (B), proNGF (C), TrkA (D), p75N™® (E) and sortilin (F) was not
detected in serial sections. Black arrows indicate a nerve trunk composed of many axons. Scale =25 pum.

We explored the association between the subtypes of pathology and neurotrophin h-score by fitting multiple
logistic regression models to subsets of the data. We considered each of squamous cell carcinoma, adenocarci-
noma and small cell cancer separately, dichotomised against the benign tissue group. All models adjusted for age
and gender.

The discriminative value of each neurotrophin or receptor H-score as a biomarker of lung malignancy was
assessed with receiver-operating characteristic (ROC) curves, where a value of 0.5 indicates no difference, and a
value of 1 signifies perfect discrimination. All analyses were performed using Stata (version 14.1, Statacorp, Texas
USA). Additional graphics were created using GraphPad Prism 7 (California, USA).
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Supplementary Figure 1: Negative controls for immunohistochemistry. A. Rabbit isotype control
antibody was used in immunohistochemistry for NGF (ab52918, 1:200), TrkA (cs2508, 1:200), p75NTR
(cs4201, 1:400) and sortilin (ANT009,1:500). B. Mouse isotype control antibody was used in
immunohistochemistry for proNGF (6E10E7, 2.5ug/ml). Scale=25um
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Supplementary Figure 1: Negative controls for immunohistochemistry. A. Rabbit
isotype control antibody was used in immunohistochemistry for NGF (ab52918, 1:200),
TrkA (cs2508, 1:200), p75NTR (cs4201, 1:400) and sortilin (ANT009,1:500). B. Mouse
isotype control antibody was used in immunohistochemistry for proNGF (6E10E7,
2.5ug/ml). Scale=25um
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