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General introduction

Nerve fibers in the tumor microenvironment

The Tumor Microenvironment (TME) is regarded as a complex "ecosystem" in which
a heterogeneous population of tumor cells is surrounded by stroma (figure 1). The term
"stroma" is broadly defined and here interaction between infiltrating cancer cells, secretion
factors and extracellular matrix proteins takes place. In addition, immune cells, fibroblasts,
blood vessels, lymphatics and nerve fibers are part of the TME as well. Neuronal nerve
processes have been described as being a part of the TME recently in several cancers as
colorectal carcinoma1, breast cancer2 and head and neck cancers3.
Interestingly different nerve fibers exist, the peripheral nervous system (PNS) is a
transportation
system of signals through nerve fibers connecting the body and the brain. The autonomic
part of the PNS is described to play an important role in regeneration when tissue is
damaged4. The autonomic nervous system is divided in a sympathetic and parasympathetic
nervous system. Sympathetic nerve fibers drive the tumor angiogenesis and the
parasympathetic nerve fibers stimulate cancer stem cells and potentially can inhibit cancer
progression5.

Some solid cancers are characterized by perineural invasion (PNI), defined as cancer
cells invading the perineurium or endoneurium of the nerve fiber6,7. PNI is usually
associated with a poor outcome and is considered an aggressive feature8. In the past years it
has been proposed that nerve fibers have a dual role in the TME and besides the PNI another
type of nerve fiber growth
pattern exists. Some data on solid tumors demonstrate a potential beneficiary effect of nerve
fibers on outcome. By using special staining, small nerve fibers can be visualized, usually
these small nerve fibers are not invaded by cancer cells. These small nerve fibers interact
with the host and the cancer, but not much is known about the mechanism behind this. The
presence of small nerve fibers in the TME can have a potential good effect on outcome. The
rationale behind this phenomenon needs further investigation and underlying pathways are
not identified yet.

Fig. 1: Overview of tumor microenvironment. (A) the tumor microenvironment consists of
cancer cells, nerves, and stromal cells which include fibroblasts, endothelial cells and
immune cells like dendric cells, neutrophils and lymphocytes (T- and B-cell) and the non-
cellular components of extracellular matrix such as neurotransmitters amongst others. (B)
cancer cells control the function of cellular and non-cellular components through complex
signaling networks of cytokines, chemokines, growth factors, inflammatory mediators, and
matrix remodeling enzymes. Figure courtesy of X. Tan.

What is pancreatic ductal adenocarcinoma and cholangiocarcinoma?

Pancreatic Ductal Adenocarcinoma (PDAC) and cholangiocarcinoma (CCA) both are
aggressive tumors with a comparable histomorphology9. Both cancer types are characterized
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by an abundant desmoplastic stroma, common invasion of cancer cells in the
lymphatic and blood vessels and spread of cancer cells through the nerves.

Pancreatic Cancer (PCA)
Different types of pancreatic cancer exist (see Fig. 2), in our study cohorts we have

included PDAC patients only. Here the tumor glands originate from the exocrine part of the
pancreas, giving rise to PDAC. This cancer type is often located at the head of the pancreas.
Another type of pancreatic cancer exists, where the neuroendocrine cells in the pancreas can
be the origin of a neuroendocrine tumor. This cancer type has a different morphology and is
not typically associated with PNI; therefore, this cancer type was not included in our study
cohorts.

Fig. 2: Anatomy of the pancreas and pancreatic cancer. (A) the pancreas plays an important
role in
digestion. The pancreas is a mixed gland with an endocrine and an exocrine function, the
largest
compartment is exocrine (about 99%). During digestion, pancreatic enzymes are transported
through the ducts into the duodenum, which breaks down sugars, proteins, and fat in the
food. In addition, the pancreas also regulates blood sugar levels and secretes hormones, such
as somatostatin, and glucagon. (B) pancreatic cancer can arise in the exocrine or the
endocrine part. (C) a short summary of different histological subtypes of pancreatic cancer.
Figure courtesy of X. Tan.

Cholangiocarcinoma
CCA is considered an incurable and rapidly lethal disease, unless the tumor can be

fully resected. However, most cases of CCA present as unresectable carcinoma unfortunately
meaning patients usually die from liver failure, biliary sepsis, and cancer cachexia within 6-
12 months after the diagnosis. The 5-year survival rate is <5% in general10. The patients who
are not eligible for surgery are treated by combination treatment of chemotherapy, with or
without radiotherapy. The knowledge of the biology of this aggressive behavior and therapy
resistance is limited. One reason for this is the fact that CCA is a rare cancer and samples to
conduct research in large cohorts often are missing.

CCA is a malignant cancer from which the cancer cells arise from the biliary tract
epithelium. CCA is classified into 3 subtypes based on their location (See fig. 3):

1) Intrahepatic cholangiocarcinoma (iCCA) in which the primary cancer is located
within liver.

2) Perihilar cholangiocarcinoma (pCCA) (also known as Klatskin tumor) in which the
cancer is located at the bifurcation of hepatic duct.

3) Distal cholangiocarcinoma (dCCA) in which the cancer is located at the bile ducts
outside the liver.

PCCA is the most common type, accounting for ~60%-70%, followed by dCCA
comprising ~20%-30% and iCCA being responsible for 5%-10% of the CCA cases11.
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Cholangiocarcinoma is characterized by frequent PNI. In our study cohorts we included
pCCA and iCCA patients, because of their location within the liver parenchyma. In case
of dCCA the cancer is sometimes located in the pancreas or the common bile duct, and
these cases have a different TME and are therefore not included in our study cohorts.

Fig. 3: Three main types of cholangiocarcinoma: iCCA: intrahepatic cholangiocarcinoma,
pCCA: perihilar cholangiocarcinoma, dCCA: distal cholangiocarcinoma. Figure courtesy of X.
Tan.

Current existing and used predictive and prognostic biomarkers PDAC and CCA

PDAC is often discovered in an advanced stage and therefore treatment options are limited.
In consideration of the performance status, different chemotherapy regimens are established
in metastatic or locally advanced PDAC12. In case of a good performance status (defined by
ECOG 0-1) FOLFIRINOX (5-FU, leucovorin, irinotecan, oxaliplatin) and gemcitabine/nab-
paclitaxel have shown highest potency regarding survival times13. For gemcitabine/nab-
paclitaxel response a CA19-9 association was shown, with the greatest reduction in the risk
of death in patients with CA19-9 levels ≥ 59xULN and in those with a serum level decrease
over 90%. Therefore CA19-9 currently is used in the clinical field as a biomarker during
treatment to monitor response and risk for the patient. In case of a poor perfomance status
Capacitabine monotherapy can be considered or best supportive care. Immunotherapeutical
agents are offered in clinical trial setting but efficacy is limited. For CCA, Durvalumab in
combination with Gemcitabine/Cisplatin has received FDA approval in America recently.
Results from the TOPAZ-1 trial are promosing but still only a subset, approximately 30%, of
patients seem to respond14. Biomarkers to predict a response to immuntherapy up to now
fail.

For diagnosis and or prognosis in PDAC, other carbohydrate antigens can be used, but with
less sensitivity then CA19-9, serum levels of CA125, CA72.415 and CEA16 have been
identified as a potential biomarker for an early diagnosis. A solitary diagnostic potential for
these antigens does not exist, therefore their value is more used as a prognostic marker.

PDAC precursor lesions, acinar to ductal metaplasia (ADM) and pancreatic intraepithelial
neoplasia (PanIN) have the potential to develop into an invasive malignancy. These
precursor lesions harbour specific genetic alterations that ultimately lead to the development
of an invasive malignancy17,18.
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Biomarkers to identify these precursor lesions are very much needed, so screening methods
can
discover PDAC in an early stage. Intraductal papillary mucinous neoplasms (IPMNs)
represent
precursor lesions with a special status, since they are detectable on imaging techniques and
therefore can be risk classified based on imaging criteria19. The development of new non-
invasive biomarkers is crucial to improve early diagnosis and surveillance of precursor
lesions of PDAC.

Elevated levels of serum carcinoembryonic antigen (CEA) and CA19-9 in CCA have been
observed in approximately 31% and 59%, respectively. Increased levels were mainly found
in patients with locally advanced disease or metastatic disease. These markers are used in
clinical care when the CCA

diagnosis is suspected. While CA19-9 offers prognostic value as a biomarker, CEA fails to do
so20. Tissue collection can be problematic and if a biopsy is performed for a histological
diagnosis, the tissue is usually sparse. This limits the discovery of tissue related biomarkers
and the ideal biomarker would be detectable in blood or other liquids (bile, stool, or urine).

Ongoing research in these cancer types to identify novel biomarkers and treatment
options

Biomarkers can be based on any biospecimen and ongoing research is focused on multiple
different technologies and different tissues. In tumor tissue research has been done on
molecular alterations and potential prognostic proteins. The potential of liquid biopsies has
been widely investigated and prognostic proteins can be detected in blood samples. Also,
urine and bile samples potentially harbour biomarkers. Recently the development of
artificial intelligence has opened new possibilities to use computer-based models in
combination with neural networks for a diagnosis or prediction of prognosis.

Due to the high importance to find new biomarkers for early diagnosis of occurrence and
recurrence of PDAC and CCA, as well as treatment response in advanced stage tumor
disease, this has been a field of interest over the past years. The clinical need for personalised
care and development of biomarkers to allow treatment stratification is high.

Hypothesis

We hypothesized that nerve fibers in the TME play a dual role and the small nerve fibers are
predictive of a good prognosis for the patients outcome in CCA and PDAC.

Choice of study cohorts, type of material and methodology to investigate the research
question

During this PhD trajectory, research cohorts from the University Hospital RWTH Aachen
were designed. In collaboration with the pathology department and the surgery department
extended databases were created with clinical data and histology slides and FFPE blocks
from the pathology archive were collected. Patients without previous treatment were
included and for CCA only patients with iCCA and pCCA were included, as mentioned
before. For iCCA and pCCA we aimed to select slides with the same surrounding tissue, the
liver parenchyma.

The methods used for our research projects were mainly single immunohistochemistry and
multiplexed immunohistochemistry. Outcomes were correlated with clinical data as overall
survival and disease-free survival. Also, lymph node metastasis was used as a parameter for
a poor outcome and aggressive biology of the disease.

Chapter 2 consists of a review of the literature; this chapter provides a background on the
existing literature in 2019 on nerve fibers in neurotropic cancer.

Summary
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Nerve fibers are a component of the TME in CCA and PDAC and although PNI is a well-
known feature in these cancer types, the role of small nerve fibers is under investigated. PNI
is a known aggressive feature and the large with cancer invaded nerve trunks are located in
and around the tumor. Research on the role of small nerve fibers in the TME in cancer is
evolving. CCA and PDAC both are cancer types with frequent PNI and a large stromal
component. The diagnosis of CCA and PDAC often takes place in advanced stage of the
disease and therefore treatment options are limited. Depending on the performance status,
chemotherapeutical agents alone or in combination are the current standard of care. For both,
treatment is done either before or after surgery. Ongoing research to identify biomarkers,
either for early detection of the disease, prognosis, treatment stratification for personalized
care and the development of new potential therapeutically agents, are of high clinical
importance.

Aims and outline

Nerve fibers are a pivotal component of the TME in CCA as well as PDAC. Nerve
fibers can play a dual role in the TME. Nerve fibers infiltrated with cancer are a sign of an
aggressive tumor biology. Small nerve fibers however have a good prognosis for the patients
outcome.

The aim of this thesis is to gain more in-depth knowledge about the role of nerve
fibers within the TME of CCA and PDAC and to explore new predictive and prognostic
biomarkers. The following aims will be addressed within this thesis. Chapter 2. Nerve fibers
in the tumor microenvironment in neurotropic cancer—pancreatic cancer and
cholangiocarcinoma gives an overview of current knowledge of nerve fibers participating in
the progress of neurotropic cancer. Further, it provides insight in the potential for nerve
fibers to be used as powerful biomarker for prognosis. Also, nerve fibers can be used as a
tool to stratify patients for therapy and/or nerve fibers can be used to target in a
(combination) therapy. Chapter 3. Nerve fibers in the tumor microenvironment are co-
localized with lymphoid aggregates in pancreatic cancer aims to define the role of small
nerve fibers in the TME and their spatial arrangement to immune cells within TME of PDAC.
Chapter 4. Nerve fibers in the tumor microenvironment as a novel biomarker for
oncological outcome in patients undergoing surgery for perihilar cholangiocarcinoma
explores nerve fiber density in correlation to survival of pCCA patients. Chapter 5. The
presence of small nerve fibers in the tumor microenvironment as predictive biomarker of
oncological outcome following partial hepatectomy for intrahepatic cholangiocarcinoma
demonstrate nerve fibers as a novel and important prognostic biomarker in iCCA patients.
Chapter 6. PD1+ T-cells correlate with Nerve Fiber Density as a prognostic biomarker in
patients with resected perihilar cholangiocarcinoma explores differences in immune cell
populations and survival of pCCA patients.

Finally, in Chapter 7. General discussion the key findings and novelty of this thesis
are discussed in the context of these two "neurotropic cancers" along with a perspective view
on its potential application biomarker discovery and potentially therapeutic targets.

Abbreviations

ADM Acinar to ductal metaplasia

AFP α-fetoprotein

CCA Cholangiocarcinoma

DCCA Distal cholangiocarcinomas

ICCA Intrahepatic cholangiocarcinomas

IPMN Intraductal papillary mucinous neoplasm

PanIN Pancreatic intraepithelial neoplasia
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PCA Pancreatic cancer

PCCA Perihilar cholangiocarcinoma

PDAC Pancreatic ductal adenocarcinoma

PNI Perineural Invasion

PNS Peripheral nervous system

TME Tumor microenvironment

Reference
1. Vaes N, Idris M, Boesmans W, Alves MM, Melotte V. Nerves in gastrointestinal cancer: from

mechanism to modulations. Nat Rev Gastroenterol Hepatol 2022.
2. Li D, Hu LN, Zheng SM, et al. High nerve density in breast cancer is associated with poor

patient outcome. FASEB Bioadv 2022; 4(6): 391-401.
3. Amit M, Takahashi H, Dragomir MP, et al. Loss of p53 drives neuron reprogramming in head

and neck cancer. Nature 2020; 578(7795): 449-54.
4. Guillot J, Dominici C, Lucchesi A, et al. Sympathetic axonal sprouting induces changes in

macrophage populations and protects against pancreatic cancer. Nature communications
2022; 13(1): 1985.

5. Faulkner S, Jobling P, March B, Jiang CC, Hondermarck H. Tumor Neurobiology and the War
of Nerves in Cancer. Cancer Discov 2019; 9(6): 702-10.

6. Tan X, Sivakumar S, Bednarsch J, et al. Nerve fibers in the tumor microenvironment in
neurotropic cancer-pancreatic cancer and cholangiocarcinoma. Oncogene 2021; 40(5): 899-
908.

7. Bapat AA, Hostetter G, Von Hoff DD, Han H. Perineural invasion and associated pain in
pancreatic cancer. Nat Rev Cancer 2011; 11(10): 695-707.

8. Wang W, Li L, Chen N, et al. Nerves in the Tumor Microenvironment: Origin and Effects.
Frontiers in Cell and Developmental Biology 2020; 8.

9. Liu H, Ma Q, Xu Q, et al. Therapeutic potential of perineural invasion, hypoxia and
desmoplasia in pancreatic cancer. Curr Pharm Des 2012; 18(17): 2395-403.

10. Yusoff AR, Razak MM, Yoong BK, Vijeyasingam R, Siti ZM. Survival analysis of
cholangiocarcinoma: a 10-year experience in Malaysia. World journal of gastroenterology
2012; 18(5): 458-65.

11. Krishna M. Pathology of Cholangiocarcinoma and Combined Hepatocellular-
Cholangiocarcinoma. Clin Liver Dis (Hoboken) 2021; 17(4): 255-60.

12. Ducreux M, Cuhna AS, Caramella C, et al. Cancer of the pancreas: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann Oncol 2015; 26 Suppl 5: v56-68.

13. Conroy T, Desseigne F, Ychou M, et al. FOLFIRINOX versus gemcitabine for metastatic
pancreatic cancer. N Engl J Med 2011; 364(19): 1817-25.

14. Oh D-Y, He AR, Qin S, et al. Durvalumab plus Gemcitabine and Cisplatin in Advanced Biliary
Tract Cancer. NEJM Evidence; 0(0): EVIDoa2200015.

15. Wang Z, Tian YP. Clinical value of serum tumor markers CA19-9, CA125 and CA72-4 in the
diagnosis of pancreatic carcinoma.Mol Clin Oncol 2014; 2(2): 265-8.

16. Nazli O, Bozdag AD, Tansug T, Kir R, Kaymak E. The diagnostic importance of CEA and CA 19-
9 for the early diagnosis of pancreatic carcinoma. Hepatogastroenterology 2000; 47(36):
1750-2.

17. Ren B, Liu X, Suriawinata AA. Pancreatic Ductal Adenocarcinoma and Its Precursor Lesions:
Histopathology, Cytopathology, and Molecular Pathology. Am J Pathol 2019; 189(1): 9-21.

18. Matthaei H, Schulick RD, Hruban RH, Maitra A. Cystic precursors to invasive pancreatic
cancer. Nat Rev Gastroenterol Hepatol 2011; 8(3): 141-50.

19. Tanaka M, Fernandez-Del Castillo C, Kamisawa T, et al. Revisions of international consensus
Fukuoka guidelines for the management of IPMN of the pancreas. Pancreatology 2017;
17(5): 738-53.

20. Izquierdo-Sanchez L, Lamarca A, La Casta A, et al. Cholangiocarcinoma landscape in Europe:
Diagnostic, prognostic and therapeutic insights from the ENSCCA Registry. Journal of
hepatology 2022; 76(5): 1109-21.



Chapter 1

10

1



Chapter 2

11

2

CHAPTER

Nerve fibers in the Tumor Microenvironment in
neurotropic cancer - Pancreatic Cancer and

Cholangiocarcinoma

2

Xiuxiang Tan, Shivan Sivakumar, Jan Bednarsch, Georg Wiltberger, Jakob Nikolas Kather,
Jan Niehues, Judith de Vos-Geelen, Liselot Valkenburg-van Iersel, Svetlana Kintsler, Anjali
Roeth, Guangshan Hao, Sven Lang, Mariëlle E. Coolsen, Marcel den Dulk, Merel R. Aberle,
Jarne Koolen, Nadine T. Gaisa, Steven W.M. Olde Damink, Ulf Neumann, Lara R. Heij

1ST author
Oncogene, 07 December 2020, 40, pages 899–908 (2021)



Chapter 2

12

2

Abstract

Pancreatic ductal adenocarcinoma (PDAC) and Cholangiocarcinoma (CCA) are both
deadly cancers and they share many biological features besides their close anatomical
location. One of the main histological features is neurotropism, which results in frequent
perineural invasion. The underlying mechanism of cancer cells favoring growth by and
through the nerve fibers is not fully understood.

In this review, we provide knowledge of these cancers with frequent perineural
invasion. We discuss nerve fiber crosstalk with the main different components of the Tumor
Microenvironment (TME), the immune cells and the fibroblasts. Also we discuss the
crosstalk between the nerve fibers and the cancer. We highlight the shared signaling
pathways of the mechanisms behind perineural invasion in PDAC and CCA. Hereby we
have focused on signaling neurotransmitters and neuropeptides which may be a target for
future therapies. Furthermore, we have summarized retrospective results of the previous
literature about nerve fibers in PDAC and CCA patients.

We provide our point of view in the potential for nerve fibers to be used as powerful
biomarker for prognosis, as a tool to stratify patients for therapy or as a target in a
(combination)therapy. Taking the presence of nerves into account can potentially change the
field of personalized care in these neurotropic cancers.

Keywords: perineural invasion, immune cells, cancer-related neurogenesis, tumor
microenvironment, pancreatic ductal adenocarcinoma, cholangiocarcinoma, cancer
associated stroma, nerve fibers.

List of abbreviations

Ach Acetylcholine

AJCC American Joint Committee on Cancer

ANS Autonomic nervous system

CAFs Cancer-associated fibroblasts

cAMP Cyclic 3’-5’ AdenosineMonophosphate

CCA Cholangiocarcinoma

CHRM1 Muscarinic type 1 receptor

DFS Disease Free Survival

EGF Epidermal growth factor signalling

GAP-43 Growth-associated protein-43

H&E Hematoxylin and Eosin

JAK2 Janus kinase2

M3 Acetylcholine receptor 3

MMP Matrix metalloproteases

nAChRs Nicotinic acetylcholine receptors

NE Norepinephrine

NGF Nerve growth factor

NICUs Neuro-immune cell units

OS Overall Survival

p75NTR p75 neurotrophin receptor

PDAC Pancreatic ductal adenocarcinoma
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PGP9.5 Protein gene product 9.5

PKA Protein kinaseA

PLCγ Phospholipase Cγ

PNI Perineural invasion

PSNS Parasympathetic nervous system

SNS Sympathetic nervous system

TME Tumor Microenvironment

TRKA Tropomyosin receptor kinase A

Introduction

Pancreatic ductal adenocarcinoma (PDAC) and cholangiocarcinoma (CCA) are
aggressive cancers with only a limited response to chemotherapy. PDAC mortality is
estimated to exceed the total breast, prostate, and colorectal cancer deaths and be the second
leading cancer-related death by 20301,2. PDAC and CCA share many clinical characteristics,
which include high mortality rates and low treatment efficacy3. Unfortunately, survival rates
have not improved even from recent novel therapeutic targets such as immune checkpoints3-
7. Biologically PDAC and CCA are characterized by desmoplastic stroma and this stromal
compartment is thought to be held responsible for the poor efficacy of chemotherapy. Today,
surgery combined with chemotherapy is the only chance of cure8.

The tumor microenvironment (TME) is a fervent area of research interest as it contains a
host of non-malignant cells that play an important role in carcinogenesis such as fibroblasts,
immune cells, blood- and lymphatic vessels and nerve fibers. In this review, we will focus on
the pathways involved in neurogenesis and the interaction between nerve fibers and the
other components of the TME.

Internal organs are innervated by the autonomic nervous system (ANS), which is
composed of two components: the sympathetic nervous system (SNS) and the
parasympathetic nervous system (PSNS). Increasing evidence shows that not only the
internal organs are innervated by the PSNS, but solid tumors also depend on the
development of nerves in the TME for growth and invasion in adjacent tissue 9-11.

Besides the aggressive behaviour and poor response to treatment, another shared
feature of these two cancer types is perineural invasion (PNI), which is defined as cancer
cells surrounding at least 33% of the epineurial, perineural and endoneurial space of the
nerve sheath12. Perineural invasion describes the process of cancer cells invading the nerve,
crossing all layers of the nerve sheath. Once the cancer cells are invaded in the nerve, they
have reached a favourable environment to travel intraneural and contribute to progression
of the disease. Over time different definitions for perineural invasion have been used. It has
been described as cancer cells located in the endoneurium associated with the Schwann
cells13 or later on as the presence of cancer cells along one of the layers of the nerve
sheath12,14-16. For pathologists invasion in one of these nerve sheath layers is used to report
perineural invasion and often a mixture of invasion in different layers is seen in one
histological slide. Intraneural invasion in PDAC has been associated with higher frequency
of local/distant recurrence when compared to cases with PNI but without intraneural
invasion17. This provides some evidence that defining the level of perineural invasion
matters clinically but up to now this is not recommended in the guidelines for the
pathologists. The exact underlying mechanism of PNI remains unknown 12,18. A hypothesis is
that the nerve fibers choose the path of "least resistance" and the cancer cells move along this
low resistance path14,15. A recent insight showed that PNI was activating signaling pathways
when cancer cells attacked the perineural spaces of the surrounding nerves12. Even though
PNI commonly occurs in many solid tumors19-22, PDAC and CCA are "neurotropic cancers"
and have a high frequency of perineural invasion23. It has been reported that almost all
PDAC lesions contain PNI and about 75% of CCA lesions showed PNI23-25 (Figure 1 presents
the classical PNI pathological characteristics of PDAC and CCA).
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Fig. 1: Histology of perineural invasion in neurotropic cancer. Histology slide of PDAC (a)
and CCA (b) in Hematoxylin and Eosin (H&E) showing PNI, which is one of the shared
pathological characteristics of both cancers. a PDAC slide with extended PNI and an almost
identical histomorphology as CCA. (b) CCA with tumor cells massively invading the
perineural space, surrounded by desmoplastic stroma and few small tumor glands in the
stroma.

A novel biological phenomenon is the cancer-related neurogenesis, which is described
in prostate cancer. The nerve fiber density is increased in paraneoplastic and neoplastic
prostate lesions26. It is not known whether this cancer-related neurogenesis also occurs in
PDAC or CCA. Exploring the role of alterations in nerve fibers in PDAC and CCA has the
potential to be of importance in developing
personalised medicine and finding an effective novel treatment strategy.

In this review, we aim to provide an overview of the current knowledge about nerve
fiber crosstalk with cancer, and other components of the TME in PDAC and CCA.

Innervation and neurotransmitters

There is a complex nerve fiber network distributed around the pancreas,
retroperitoneum and the biliary tree. Nerve fibers in the PDAC TME include axons
originating from the sympathetic, parasympathetic, enteropancreatic or hepatic plexus,
afferent nerve fibers and newly developed nerve fibers27. The nerve fibers of the SNS are
derived from the lateral horn of the spinal cord whilst PSNS fibers originate from the
brainstem (Figure 2)28-31. A rich nerve network facilitates peripheral nerve invasion by cancer
cells. Direct contact between cancer cells and nerves leads to a fertile ground for perineural
invasion. In addition, numerous signal transduction pathways, neurotransmitters, and
neuropeptides regulate the pathophysiology of cancer cells32-34. Neurotransmitters can
interact with cancer cells and in exchange the cancer cells can also release neurotransmitters
which can activate receptors on nerve fibers. This stimulation possibly causes dysregulation
of the nerve fiber network and acceleration of PNI35.
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Fig. 2: A schematic overview of normal pancreas and liver innervation by the PSNS (in
purple) and the SNS (in pink). SNS innervation of the liver and pancreas is derived from the
lateral horn of the spinal cord (liverT7-T12, pancreas C8-L3) across through sympathetic
chain primarily via the splanchnic nerve to prevertebral ganglia including the celia and
superior ganglion entering hepatic plexus. The PSNS supporting the liver and pancreas
originates from the brainstem (dorsal motor nucleus of the n. vagus in the medulla) and
activates parasympathetic postganglionic neurons in the liver or the pancreatic ganglia
[28,29,30,31].

Norepinephrine (NE)
NE is an indispensable neurotransmitter released by the postganglionic sympathetic

neurons that is involved in cell migration activity36. The migration of tumor cells is needed
for the development of cancer metastases37. Migration activity mediated by norepinephrine
occurs via acting on β-2 adrenergic receptors and this can be influenced by using β-blockers
38. A study in mice demonstrated that when NE is induced in development, the secretion of
neurotrophins is accelerated. The inhibition of neurotrophins receptors improved the effect
of gemcitabine’s treatment (gemcitabine is a chemotherapy commonly used in pancreatic
cancer)39. In CCA cell lines (Mz-ChA-1 cells), using immunocytochemistry and
immunoblotting α-2-adrenergic receptor was stimulated by NE, causing an upregulation of
cAMP. cAMP stimulates or inhibits mitosis depending on the cell type. By prolonged EGF
stimulation, by NE or cAMP, an increase of RAF-1 and B-RAF was achieved. This opens new
possible therapeutic targets because the inhibition of growth occurred downstream of RAS40.
The study demonstrated that β-2 and α-2 adrenergic receptors were significantly down-
regulated in a differentiation signature involved in the above process and promote cancer
progression. Thereby, p53 mutation was linked to poor survival. Deficiency of p53 can lead
to cancer associated neurogenesis with an adrenergic phenotype and a poor survival in head
and neck cancer41.
Acetylcholine (Ach)
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Ach and its ligands nicotinic acetylcholine receptors (nAChRs) participate as functional
neurotransmitters in the cholinergic system and they play a stimulating role in progression
of PDAC and CCA42-44. In CD18/HPAF pancreatic cell implantation in mice, nicotine
treatment stimulated the α7 subunit of nicotinic acetylcholine receptor (7-nAChR) and
enhanced cancer metastasis. This stimulation of 7-nAChR resulted in an activation of Janus
kinase2 (JAK2)/STAT3 signalling cascade together with the protein kinase
(Ras/Raf/MEK/ERK1/2) pathway45. Also, higher densities of muscarinic acetylcholine
receptor 3 (M3) showed an association with high grade differentiation of PDAC, more
lymph node metastasis and a shorter patient overall survival44. In CCA, the presence of the
cholinergic system plays a role in CCA cell proliferation and growth46,47.
Nerve growth factor (NGF)

NGF has been extensively studied and it has been shown that NGF not only acts
directly on the peripheral and central nervous system, but also on the components of the
TME48. NGF treatment can trigger the cancer cells to stay in a more differentiated cell
phenotype and thus reduce tumor growth48,49. Besides the effect on the cancer cell phenotype
there is a possible interaction between the immune cells in the TME. NGF is able to act on
immune cell activities and this enables NGF to play an important role in the immunity
against cancer. Two important cell surface receptors on neurotrophins have been described:
tropomyosin receptor kinase A (TRKA) and p75 neurotrophin receptor (p75NTR)50-52. In
CCA patients, high levels of NGF and high levels of TRKA have been shown to be a marker
for poor prognosis53. In PDAC, overexpression of NGF promoted pancreatic cell
proliferation and invasiveness and was associated with poor prognosis of PDAC54. Saloman
et al. injected NGF antibodies in a xenograft mouse model of PDAC. It appeared that anti-
NGF treatment reduced neural inflammation, neural invasion, and metastasis in this model
only after recent onset of the disease. This indicates that the timing of treatment would be
critical55. Furthermore, in the biliary system in rats it was shown that cholangiocytes secrete
NGF and express NGF receptors. NGF promoted cholangiocyte proliferation in synergy
with estrogen56. It has been shown in human cholangiocarcinoma cell lines (QBC939) that
NGF-β induced progression of disease57. Other studies also confirmed that the role of NGF-β
in human hilar cholangiocarcinoma was associated with lymph node metastasis and nerve
infiltration58.

Crosstalk between neural systems and cancer

Two recent reviews reveal the importance of nerves in cancer and describe the
bidirectional crosstalk of the nervous system. The nerves are able to control cancer initiation,
growth and metastasis, whereas the cancer induces functional alterations of the nervous
system (Figure 3 shows an overview of the bidirectional crosstalk)49,59. Nerves often travel
together with blood vessels, mainly arterioles and capillaries, and share the same
distribution60. In addition, adrenergic nerves can activate and initiate angiogenesis in the
early stage of cancer9. For the tissue to make the transition from hyperplasia to neoplasia
there is a need for angiogenic activity and neovascularization61. Evidence showed that
adrenergic nerves, through the ß-adrenergic receptor pathway, are important in facilitating
tumor growth and cancer cell dissemination in prostate cancer62,63. Hence pharmacological
blockade of adrenergic-ß-blockers can improve survival62. Previous work suggests that a ß-
blocker therapy could show lower recurrence and lower mortality in many types of cancer
including PDAC63-66. Nerves contribute to the development of a new vascular network and
they help in supplying the TME for oxygen, nutrients and removal of waste products9.
Neurogenesis is driven by neural progenitors in the TME which are strongly associated with
tumor infiltration and dissemination67. An increased density of nerve fibers in the tumor
lesion is correlated with high-grade disease and increased pathological stage, including for
cancers of head and neck68, breast69, lung70, stomach71, prostate26,62, colon and rectum72. For
PDAC it is suggested to be the other way around: a low nerve fiber density correlates with a
poorer survival73. In another study, a high nerve fiber density of the parasympathetic nerve
fibers correlated with tumor budding and a poor survival74.
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Fig. 3: A bidirectional crosstalk between nerves and cancer in pancreas and liver. Nerve
fibers as branches of neuron infiltrate the TME and control cancer cells initiation, growth and
metastasis mainly through three interactions pathways: a Direct contact in a synapse
pathway, neuron as presynaptic cell via secretion of neurotransmitters and neuropeptides
such as acetylcholin act on neurotransmitter receptors such as acetylcholin receptors on
postsynaptic cell to regulate epithelial proliferation, stem cell activity, both nerve and liver or
pancreatic cancer cells can be as pre- or post-synaptic cells in this communication. b
Paracrine pathway, within TME, addition to direct influence, nerves communication with
cancer can be mediated by regulation of tumor-related stroma cells. And the paracrine
signals (neurotrophic growth factors) derived by cancer cell promote nerve axonogenesis or
neurogenesis in TME. c Systemic pathway, nervous system can influence cancer cells
activities through regulation the function of immune system mediated by elevated systemic
circulating catecholamines. PNI can also be a consequence of circulating signals from cancer
cells [42, 59].

Nerve fibers from different origins have a different influence and can be indicative of a
protective or aggressive role. Previous work has investigated the role of adrenergic nerves in
prostate cancer, this work illustrates that the adrenergic nerve fibers are important in the
"angiogenic switch", which activates endothelial cells to support exponential tumor growth9.
Analysis of clinical outcome in 43 prostate cancer patients showed that parasympathetic
nerve fibers are involved in early tumor development and the parasympathetic nerve fibers
play a role in the tumor progression and more disseminated disease62. A retrospective study
of PDAC specimens found consistent results and in PDAC the parasympathetic
neurogenesis is highly associated with a poor prognosis74. PDAC mouse model experiments
have investigated the role of nerves in the TME, multiple studies have shown that targeting
the nerves in the TME could contribute to the prevention of paraneoplastic lesions to
develop into cancer 75-77.

In one of these experiments, xenograft mouse models and genetically engineered mouse
models of PDAC are used to investigate the role of peripheral nerves in the paraneoplastic
lesion, where neonatal capsaicin is administered to ablate the sensory innervation of the
pancreas. The results show that in the early stage of cancer, denervation of the pancreas
slows pancreatic intraepithelial neoplasia progression and ultimately increases survival76.
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Denervation treatment has been shown to be effective in early stages of cancer. However, in
a metastatic PDAC mouse model, mice with vagotomy (with a part of the PSNS) have an
accelerated tumorigenesis. Systemic administration of a muscarinic agonist reduced this
effect in the mice that underwent vagotomy7. These results indicate that denervation
treatment combined with another therapy can be effective.

During the tumor formation process, tumor cells may attract neural progenitors which
induce neurogenesis to support their growth and metastasis. Adrenergic nerve fibers and
newly formed neural networks develop and infiltrate into the cancer-related stroma,
providing signals to regulate tumor progression78. Previous studies have presented that
newly formed adrenergic nerve fibers are participators involved in prostate carcinogenesis
and progression and this was associated with a poor clinical outcome9,26,62. Recently it was
shown that p53 mutation status in head and neck cancer was related with a adrenergic
transdifferentiating of the nerves in the tumor and this was associated with a poor clinical
outcome78.

Crosstalk between nerves and immune cells

Previous literature shows that communication and interaction between the nervous
system and the immune system exists. The autonomic nervous system has a regulatory effect
on the inflammatory response79. The peripheral nervous system interacts by efferent and
afferent nerves which innervate primary and secondary lymphoid organs such as the spleen
and lymph nodes. T cells originate in the thymus and then spread to peripheral organs80.
During the process of T cell development and differentiation, neuro-immune
communications in the thymus play a key role81. A current study reveals the distribution of
nerve fibers in mouse thymus venules: there is a dense network of nerve fibers present in all
thymic compartments. Inside the thymus, nerve fibers are closely associated with the blood
vessels including postcapillary venules. This indicates that neural regulation may be
involved in lymphocyte transport since T cell precursors and mature lymphocytes enter the
peripheral organs through postcapillary venules82. In our own recent study, we show in our
cohort of PDAC patients, that nerve fibers are co-localized with clusters of lymphocytes.
These clusters are mainly CD20 positive B cells, CD4+CD8+ T cells and CD21+ follicular
dendritic cells (unpublished data).

Besides the co-localization of nerve fibers with immune cells, the patients with a high
nerve fiber density show a better survival. This phenomenon is described as neuro-immune
cell units (NICUs), in other studies: immune cell and nerve fiber co-localization and their
interaction can drive tissue protection and can play a critical immune-regulatory role83,84.
NICUs are present in many tissues around the body and are shown to be important in many
physiological processes such as tissue repair, inflammation and organogenesis85,86. However,
the current knowledge of NICUs is limited. In conclusion, exploring this prominent novel
field in cancer research will unravel future pathways for a better response to novel therapy
strategies and may make PDAC and CCA patients more primed for a better response to
immunotherapy.

Crosstalk between nerves and fibroblasts

Within the TME, cancer-associated fibroblasts (CAFs) are the major stromal cell type
(up to 80% of the tumor mass in PDAC). The remodelling of the stromal compartment
contributes to cancer growth and progression by activation of secretion of cytokines87,88.
PDAC and CCA are typically characterized by a significant desmoplastic reaction. The
desmoplastic stroma creates a physical and chemical barrier to prevent therapeutics and
immune cells to infiltrate and reach the cancer. This results in an immune cell depleted TME
and could be an explanation for failure of response to immunotherapy89. In addition, during
the ECM remodelling, a type I collagen predominate phenotype, tends to stimulate
angiogenesis and neurogenesis facilitating neo-vessel formation, which is beneficial for
tumor dissemination49. In PDAC and CCA, CAFs are differentiated from stellate cells, these
stellate cells play an essential role in the desmoplastic reaction through the expression of
alpha-smooth muscle actin (α-SMA) and co-localization with procollagen, contributing to
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ECM remodelling3. Furthermore, stellate cells favor nerve outgrowth during tumor
development by supporting growth and elongation of neurons and communicate via Ach
signaling pathways90. A few studies have described that hepatic stellate cells regulate nerve
growth via the alteration of ECM composition and up-expression of several factors such as
tumor growth factor beta, which stimulates angiogenesis and with this influences axons in
the TME91. Abundant ECM components such as hyaluronic acid, fibronectin and collagen are
predominately present within the TME in PDAC and CCA. Those ECM components
influence neuron growth92,93. Hence, stellate cells regulate the composition of ECM
components and therefore affect nerve growth in PDAC and CCA90.

CAFs can secrete matrix metalloproteases (MMPs), the MMP family is an ECM protein
and they are reported to be regulators of neural development94. It was described that some
MMPs (MT1-MMP) are shown to degrade the ECM and promote pancreatic cancer
expansion, invasion and progression to an advanced stage95,96. It is reported that MMP9 is
associated with more lymph node metastasis and a poorer survival in breast cancer97. PDAC
cells in vivo undergoing chronic stress, were sensitive to neural signaling and pancreatic
stromal cells were increased. This promoted tumor metastasis and cancer progression, β-
adrenergic receptor blockade intervention therapy can block this neural signaling and be
part of a combination therapy for PDAC63.

Pathological features of nerve fibers in pdac and cca

PNI is considered as an important factor for poor prognosis in PDAC and CCA24,98. It
has been shown that PNI can be the reason for curative resection failure (shown in table 1).
Chatterjee al showed by examination of 212 PDAC slides, that the presence of PNI was
directly correlated with tumor size, margin status, lymph node metastasis and AJCC stages
and inversely associated with disease free survival (DFS) and overall survival (OS)17.
Shimada et al found that the degree of intrapancreatic nerve invasion can be used as a
predictor for recurrence of disease after surgery99. A phenomenon termed as "neural
remodelling" is postulated in PDAC, characterized by the alterations in morphology of the
nerve18,100-102. It was shown that nerve fiber alterations including hypertrophic nerves,
increased nerve fiber density and pancreatic neuritis were strongly associated with GAP-43
overexpression and abdominal pain103. In the perineural space, PNI induces reactive
alterations in the morphology and function of the nerves. Morphological changes include
changes of the nerve trunk and thickness102. The aggressiveness of PNI is related to neural
remodelling, desmoplasia and cancer pain. Severe and enduring pain was strongly
associated with poor survival in PDAC patients. However, these neural alterations did not
have a significant association with survival103. NGF and Artemin play a fundamental role in
neural modelling in pancreatic adenocarcinoma.
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Table 1 Summary of current research neural remodeling in PDAC and
CCA.

Interestingly, lower intrapancreatic neural density in the tumor area was linked to
shorter OS with multivariate analysis73. Related research in cholangiocarcinoma mainly
focused on PNI prevalence and patient survival45,99,104. In summary, these studies
consistently showed that the presence of PNI was linked to shorter survival in patients with
PDAC or CCA. The significance that PNI is an independent prognostic factor of poor
outcome has been demonstrated. However, the influence of nerve remodelling especially the
new outgrown small nerve fibers has not been fully explained.

Conclusions and future directions

With its frequent PNI, PDAC and CCA are two neurotropic cancers. The neurotropism
of these cancers could be an explanation of their aggressiveness and poor response to
treatment. In this review, the progress of recent research in the mechanism of PNI in PDAC
and CCA is discussed. However, the crosstalk between the nervous system in PDAC and
CCA is undiscovered. Different nerve fibers have a different function and the interaction
with the components of the TME and the cancer are important to investigate.

In PDAC, the role of nerve fibers is divergent and nerves from the PSNS and SNS have
a cancer stimulating and cancer inhibiting effect. To our current knowledge, detailed
understanding of the underlying mechanisms of tumor and nerve fiber interaction is critical
for the development of innovative therapeutic strategies for patients with these highly lethal
cancers. The nerve outgrowth is part of the TME, in which cancer to stroma crosstalk takes
place. It is likely that other components of the TME also influence the nerve outgrowth and
immune cells and fibroblasts are key components in this process. Targeting nerves has the
potential to be a new strategy for therapy for PDAC and CCA patients by influencing the
TME, immune cells and fibroblasts, potentially influencing sensitivity to therapeutics. The
newly formed nerve fibers are different from the more commonly used PNI. From our
perspective, PNI originates in the pre-existing nerve fiber networks and the cancer uses the
distribution network for cancer growth. This is a well-known sign of aggressive disease and
is associated with poor survival. Small nerve fiber outgrowth can be used as a biomarker for
a better survival, as a tool to stratify patients for treatment and as a target for therapeutics.
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More research is needed to investigate whether sensitivity to already existing
immunotherapy can be achieved by targeting nerves.
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Abstract: B cells and tertiary lymphoid structures (TLS) are reported to be important in survival in
cancer. Pancreatic Cancer (PDAC) is one of the most lethal cancer types and currently it is the seventh
leading cause of cancer-related death worldwide1. A better understanding of the tumor biology is
pivotal to improve clinical outcome. The desmoplastic stroma is a complex system in which crosstalk
takes place between cancer-associated fibroblasts, immune cells and the cancer cells. Indirect and
direct cellular interactions within the tumor microenviroment (TME) drive key processes such as
tumor progression, metastasis formation and treatment resistance. In order to understand the
aggressiveness of PDAC and its resistance to therapeutics the TME needs to be further unraveled.
There is some limited data about the influence of nerve fibers on cancer progression. Here we show
that small nerve fibers are located at lymphoid aggregates in PDAC. This unravels future pathways
and has potential to improve clinical outcome by a rational development of new therapeutic strategies.

Keywords: Tumor Microenvironment; Machine Learning; Nerve Fiber Density; Spatial Arrangements;
Tertiary Lymphoid Structures; Pancreatic Cancer

Abbreviations

LA Lymphoid aggregates
NFD Nerve fiber density
PDAC Pancreatic cancer
ROI Region of Interest
TC Tumor cellularity
TIL-B Tumor-infiltrating lymphocytic B cell
TLS Tertiary lymphoid structures
TME Tumor microenvironment
WHO World health organization

Introduction
In order to understand the aggressiveness of Pancreatic Ductal Adenocarcinoma

(PDAC) and its resistance to therapeutics, the components within the cancer stroma need to
be further unraveled. PDAC arises in a tumor microenvironment (TME) that is characterized
by extensive communication between tumor cells and non-malignant cells. Specifically,
stromal components have been mechanistically implied in immune evasion in the context of
cancer therapy, including immunotherapy2,3. The role of nerve fibers within the cancer-
associated stroma has not really been investigated. The aim of this study was to define the
role of small nerve fibers in the cancer stroma and their spatial arrangement to immune cells.
We hypothesized that small nerve fibers are one of the key components in cancer
progression.

Recent publications show that B cells play an important role in survival of cancer
patients and response to immunotherapy4-8 and this is not limited to T cells only9-11.
Furthermore, B cells play an important role in the tumor formation of PDAC12. Tertiary
lymphoid structures (TLS) have been recognized as ectopic lymphoid organs that reside in
inflamed tissue and also in cancer13,14. These structures show differences in maturation stage
and sometimes results in formation of a germinal center14-16. The different maturation stages
of TLS show expression of different cells: early-TLS without the formation of a germinal
center, primary follicle-TLS with CD21 positive follicular dendritic cells without the
formation of a germinal center and secondary follicle-TLS with presence of a germinal center
(also CD23 positive)17. TLS presence is described in multiple cancer types and is variably
present in cancer types and patients and is a favorable prognostic factor18,19.

Methods
Ethics statement
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All experiments were conducted in accordance with the Declaration of Helsinki and the
International Ethical Guidelines for Biomedical Research Involving Human Subjects.
Pathology blocks from the University Hospital of Aachen (RWTH Aachen) were retrieved
(institutional ethics EK 106/18). Written human patient consent was not necessary, because
this study was based on retrospective chart review and archived pathology material.
Nevertheless most patients have signed informed consent, in some cases informed consent
was waived due to the lack of risk for the patient and the fact that those patients were unable
to provide informed consent. Images from tissue specimens are entirely unidentifiable and
no details on individuals are reported within the manuscript.

Patient Cohort
Histological slides from 166 patients with PDAC were selected and used to cut tissue

sections for the immunostaining Protein Gene Product 9.5 (PGP9.5).
Of the 188 patients included in the cohort 15 were excluded due to in hospital-mortality,

3 due to a loss to follow up, and 4 were excluded due to poor quality pathology slides.
Analysis was performed on 166 cases. Clinical data for this cohort are listed in Table 1.

Table 1. Resul ts from univariate and multivariate Cox regression analysis adjusted for age,
genderandBMIof prognostic factors associated with overall survival.

Univariate analyses

(adjusted for age, gender, BMI)

Multivariate analysis

(adjusted for age, gender, BMI)

Variable
Mean (SD) or

Frequency (%)
Hazard ratio [95%-C]) p-value Hazard ratio (95%-CI) p-value

Age 66 (10)
1.024

[1.002; 1.047]
0.0356

Gender

female 80 (48.19) 1.173

[0.789; 1.745]
0.4297

male 86 (51.81)

BMI 25.7 (4.3)
0.996

[0.954; 1.040]
0.8547

ASA

< 3 62 (37.35) 0.909

[0.607, 1.362] 0.6449
≥ 3 104 (62.65)

Tumour grade

G2 94 (56.63) 1.954

[1.342, 2.844] 0.0005
G3 72 (56.63)

Extent of tumour

T1/T2 26 (15.66) 2.116

[1.015, 4.410]

0.0455

T3/T4 140 (84.34)
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Perineural invasion

Absent 28 (16.87)
2.239

[1.265, 3.961]
0.0056

2.409

[1.337; 4.340]
0.0034

Present
138 (83.13)

Lymph node metastasis

Absent 39 (23.49)
2.322

[1.407, 3.834]
0.0010

Present
127 (76.51)

Lymphatic invasion

Absent 114 (68.67)
2.080

[0.418, 3.050]
0.0002

1.763

[1.173; 2.651]
0.0064

Present
52 (31.33)

Venous invasion

Absent 136 (81.93)
1.452

[0.923, 2.284]
0.1068

Present
30 (81.93)

Surgical margin status

Negative 106 (63.86)
1.962

[1.342, 2.868]
0.0005

Positive
60 (36.14)

Nerve fiber density

High 72 (43.37) 1.597

[1.093, 2.336]
0.0155

1.676

[1.126, 2.495]
0.0109

Low 94 (56.63)

Lymphoid Aggregates

< 5 95 (57.23) 1.084

[0.745, 1.577]
0.6723

≥ 5 71 (42.77)

Tumor cellularity
0.36 (0.20)

5.280

[1.952, 14.282]
0.0010

4.287

[1.460; 12.589]
0.0081

Interaction between Lymph
node metastasis and surgical

margin status
0.0053

lymph node metastasis
present at surgical margin

status positive

0.587

[0.272; 1.266]

lymph node metastasis
present at surgical margin

status negative

2.618

[1.260; 5.437]
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Pathological Examination
The clinic-pathological parameters, including tumor size, differentiation, positive

lymph node status, R0/R1, were carefully reviewed in the original report. All PDAC lesions
were pathologically examined and classified according to World Health Organization (WHO)
classification using the 8th edition of the TNM Classification for Malignant Tumors.

Nerve fiber density (NFD)
Immunohistochemistry was performed on formalin-fixed, paraffin embedded tissue

sections. Sections (2.5μm thick) were cut, deparaffinized in xylene and rehydrated in graded
alcohols. Slides were boiled in citrate buffer (pH 6.0) at 95 - 100°C for 5 minutes and were
cooled for 20 minutes. Endogenous peroxide in methanol for 10 minutes. Sections were
incubated with rabbit anti-human PGP 9.5 (DAKO 1:100) overnight at 4°C.

A single digital image was uploaded in Qupath 0.1.6 which is a flexible software
platform suitable for a range of digital pathology applications. NFD was evaluated by
counting the number of nerve fascicles with diameters of <100 μm in 20 continuous fields at
x 200 magnification.

Nerve fiber density results were grouped into 3 categories: 1) negative, no nerve fibers,
2) weak expression, 1-10 nerve fibers and 3) moderate/strong expression >10 nerve fibers,
according to existing literature on breast cancer20.

Tumor Cellularity (TC)
Every immunostained slide was scanned and on whole slide imaging the tumor glands,

normal pancreatic tissue and atrophic pancreatic tissue were manually annotated in QuPath
0.1.6 by a senior pathologist[18]. Stromal area was measured by following formula: total
tissue - (normal tissue + atrophic pancreas+ tumor) = stroma surface. Tumor cellularity was
measured as (tumor surface / (tumor surface + stroma surface).

Phenotyping of Immune Cells
Based on H&E the pre-dominant type of immune cells was judged manually by the PhD
student and the senior pathologist. The H&E slide and the slide used for immunostaining
were cut directly after each other. The dominant type of immune cells was determined and
manually scored into three categories: 1) lymphocyte predominant, 2) neutrophil
predominant or 3) no immune cells.

Single Immunohistochemistry
To further define the type of immune cell, we performed immunohistochemistry on 10

patients with histologically confirmed lymphoid aggregates on HE staining and a high NFD
based on the PGP9.5 staining. We used CD20 (B cells), CD4, CD8 (T cell markers), FOXP3
(which can be expressed by T cells), according to previous literature that CD20+ B cells were
located in the TLS and were colocalized with CD4+, CD8+, and FOXP3+ T cells6. To illustrate
the presence of follicular dendritic cells we also stained for CD21. These staining’s were
compared to the H&E routine staining and PGP9.5 nerve fiber staining.

Sections were stained with mouse or rabbit anti-human monoclonal antibodies against
CD20 (Dako, L26, 1:200), CD21 DAKO, 1:25, CD23 (Leica, CD23-1B12, 1:50), CD4 (DAKO,
4B12 1:50), CD8 (DAKO, C8/144B, 1:50), FOXP3 (DAKO, PCH101, 1:50). All sections were
counterstained with hematoxylin, dehydrated and mounted. All sections were cover slipped
using Vectashield Hardset 1500 mounting medium with DAPI and slides were scanned and
digitalized using the Roche Ventana scanner. Immunohistochemistry staining was
interpreted in conjunction with H&E stained sections.

Multiplex immunofluorescence assay and analysis
For immunofluorescence multiplex staining, we followed the staining method for the

following markers: CD20 (Dako, L26, 1:500) with subsequent visualization using fluorescein
Cy3 (1:100); FOXP3 (DAKO, PCH101, 1:300) with subsequent visualization using fluorescein
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FITC (1:100); PGP9.5 (DAKO 1:300) with subsequent visualization using fluorescein TEX
RED (1:100) and nuclei visualized with DAPI.

The slides were scanned using the TissueFAXS slide scanner (supplier TissueGnostics).
For each marker, the mean fluorescent intensity per case was then determined as a base
point from which positive cells could be established. For multispectral analysis, each of the
individually stained sections was used to establish the spectral library of the fluorophores.
The senior pathologist selected the Region of Interest (ROI) at 20× magnification.

Lymphoid aggregate count using Machine Learning
By using the annotations on the immunostained slide (PGP9.5), the distance from each

immune cell to tumor gland was measured. The spatial arrangement of the immune cells
was determined by a semi-automated machine learning workflow, which comprised cell
segmentation, feature computation and stroma- and immune cell identification. To facilitate
high trough put of thousands of immune cells on multiple images, QuPath enables
interactive training of cell classification, after which the classifier can be saved and run over
multiple slides. The senior pathologist trained a cell detection classifier to recognize immune
cells and fibroblasts in a certain Region of Interest (ROI). This ROI was annotated by the
senior pathologist and contained tumor glands and stroma only, it was avoided to include
normal tissue and/or atrophic tissue in order to achieve the best detection results.
Application of this workflow resulted in both fine grained cell-by-cell analysis and overall
summary scores of the spatial arrangements of the immune cells within the ROI in relation
to the annotated tumor glands. The results are visualized via color-coded markup images.

To obtain estimates for immune cell densities a kernel-density estimate using Gaussian
kernels as implemented in the gaussian_kde class from SciPy is applied. First kernels are
fitted from immune cells positions and calculated for points on a 100x100 grid for each slide.
Subsequently the results are displayed as a heat map together with the slides tumor
annotations (see Figure 3). From this heat map regions of high immune cell density can be
identified manually that correspond to a lymphoid aggregate.

Statistics
Continuous variables were summarized by means and corresponding standard

deviations (SD). Categorical data were presented by frequencies and percentages. Cox
regression models were used to analyze the joint relation between clinical variables (coded
by 0 and 1 for binary variables) on overall mortality. All exploratory variables were studied
in an univariate Cox regression model adjusted for age, gender and BMI. Exploratory
variables were assessed as relevant to be mutually included in our final model if the p-value
was below 0.05. Relevant variables were studied further for pairwise interaction. In doing so,
we used again the significance margin of 5%. Then a multivariate Cox regression model
adjusted for age, gender and BMI with backward selection was fitted to the previously
identified variables and interactions. During this final step, the significance level for
removing a variable or interaction from the model was set to 0.05. For the final Cox model,
graphical and numerical methods according to Lin et al. were performed to establish the
validity of the proportionality assumption 21. No deviation from model assumption could be
observed. We report our results by hazard ratios, corresponding 95% confidence limits and
p-values, where a p-value of less or equal than 0.05 could be interpreted as statistically
significant test results. Forest plots were chosen for graphical visualization and Kaplan-
Meier plots for comparison of subgroups. All analyses were performed using SAS®statistical
software, V9.4 (SAS Institute, Cary, NC, USA).

Results
High Nerve Fiber Density is associated with a better survival in Pancreatic Cancer

To gain deeper insight of the influence of nerve fibers on survival we used the neuronal
immunohistochemistry staining PGP9.5 on our cohort of patients with pancreatic cancer
(n=166). A multivariate Cox regression model adjusting for age, gender and BMI, revealed
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high Nerve Fiber Density (NFD) (more than 10 positive nerve fibers with diameters of <100
μm in 20 continuous fields at x 200 magnification) to be associated significantly with
prolonged overall survival (HR 1.676 (95%CI 1.126,2.495) for low vs. high NFD, p-value
0.0109) as compared to low NFD. We have used small nerve fiber innervation of the blood
vessels in the normal tissue as an internal positive control in case of a low NFD tumor. (see
Supplementary Figure S1 en S2).

The lymphocyte predominant immunophenotype mainly in a low cellular tumor
To further understand to which extent immune cells and nerve fibers may interact, each

routine H&E slide was scored manually into a lymphocyte predominant, neutrophil
predominant or immune cell depleted phenotype22. The scoring was done by a senior
pathologist and the PhD and based on the most dominant immune cell on one tumor slide
only by viewing the histology on HE staining. In this evaluation, abundant stromal
phenotype, so a low cellular tumor, was associated with lymphocyte predominant
phenotype. High tumor cellularity was significantly associated with poor survival (HR 4.287
(95%CI 1.460,12.589), p-value 0.0081 for one unit increase). All results are summarized in
Table 1.

Immune cells located at the nerve fibers are mainly B cells
Single immunohistochemistry was used to define which immune cells are co-localized

with the nerve fibers. The immune cells that presented in the direct surroundings of the
nerve fibers were mainly CD20 positive. Definition of TLS differs based on maturation stage
but commonly accepted is that TLS are composed of a B cell zone and a T cell zone and may
show the presence of a germinal center. To evaluate the maturity of the TLS we used CD21
to define follicular dendritic cells. In our cohort we found clusters of B lymphocytes with
and without a T cell zone and follicular dendritic cells corresponding to different maturation
stages of TLS. Multiplex immunofluorescence shows the architecture of a TLS in Pancreatic
Cancer (see Figure 1) and this image provides an overview of the distribution of the immune
cell aggregates at the edge of the tumor.

Figure 1. Overview of a TLS in Pancreatic Cancer. A. Overview of a CD20 staining (B cells) in a PDAC
patient, The red annotated area indicates the tumor region and the black box indicates the area of magnification
for image 1B-D. B. Nerve fiber staining PGP9.5 which is a pan-neuronal marker. This image shows the presence
of nerve fibers at the edge of a lymphoid aggregate. C. Routine HE staining, containing B cells (CD20), T cells
(here mostly CD8 and CD4), and follicular dendritic cells (CD21). Treg cells (FOXP3) are mostly absent , just
as CD4 in this image. CD8 shows a few positive cells at the border of this structure. D. Multiplex imaging: T
cells (FOXP3 green), B cells (CD20 yellow), Nerves (PGP9.5 red) and nucleus (DAPI blue).

Machine learning for quantification of lymphoid aggregates
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To gain insight in the spatial arrangements of the immune cells we used machine
learning to further measure the distance from the immune cells to the tumor glands. The
slides were scanned first and annotations were made in QuPath 0.1.6. A cell detection
classifier was trained to recognize immune cells within a region of interest and separate the
immune cells from fibroblasts (See Figure 2). To obtain estimates for immune cell densities a
kernel-density was applied. The results are displayed as a heat map together with the slides
tumor annotations (see Figure 3). To examine the predictive power of the number of
lymphoid aggregates (LA) in combination with nerve fiber density and tumor cellularity on
overall survival, an additional exploratory Cox regression model with LA, NFD and TC as
well as the interaction between LA and NFD or TC respectively was evaluated. As the
interaction between LA and TC was non-significant at a 5% level, the interaction was
removed from the model. Thus, the exploratory model contains LA, NFD, TC and the
interaction between LA and NFD as explanatory factors. The significant NFD*LA interaction
(p-value 0.0220) suggests that the effect of NFD is different by LA. For LA number greater or
equal to 5 mortality is significantly lower in patients with high NFD compared to patients
with low NFD (20% (n=14) vs. 10% (n=7); HR 0.388 (95%CI 0.218, 0.689)). Whereas for LA
number less than 5 no significant difference between patients with high or low NFD could
be shown (14% (n=13) vs. 19% (n=18); HR 0.959 (95%CI 0.573, 1.604)) which is also apparent
in the corresponding Kaplan-Meier plot (See Figure 3).

Figure 2. Process using Machine Learning to determine Immune Cell spatiality. A.Step 1. Defining
the ROI (yellow line). Every scanned slide was annotated in: total tissue (dark blue), normal pancreas
(purple), atrophic pancreas (pink), normal duodenum (green) and tumor (red). For the machine
learning classifier a Region of Interest (ROI) was also annotated (yellow). In this area only the cell
detection classifier was used to detect the stromal cells in fibroblasts and immune cells. B+C. Step 2.
The cell classifier was trained by the pathologist to recognize fibroblasts (blue annotations) and
immune cells (yellow annotations). The tumor glands were all annotated manually gland by gland
and are shown in red annotation. D+E. Step 3. Measurement of distance of Immune Cell to Tumor
gland. From each slide a plot was made with amount of immune cells (y-axis) and the distance to
nearest tumor gland (x-axis). These plots were used to measure the mean distance from immune cell
to tumor gland in micrometer. Some slides showed immune cells at a greater distance from the tumor
and some slides showed immune cells nearby the tumor. With this technique we could identify
immune cell aggregates; so groups of immune cells located close to each other.
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Figure 3. Counting the number of lymphoid aggregates in patients with Pancreatic Cancer. A. Step
1 all immune cells are plotted by using the x- and y coordinates. Tumor glands annotated in red.
Three patients are shown with a different distribution pattern of the immune cells. PGP 174 is
immune cell rich and shows aggregates at the edge and in between the tumor glands. PGP 140 only
shows a few immune cell aggregates at the edge of the tumor. PGP 155 shows a few immune cell
aggregates mainly located at the edge of the tumor. B. Step 2 A heat map is created by using a 2D
Kernel Density. The color blue was used because of the already red annotations for tumor glands.
Dark blue areas show a high density of immune cells. C. Step 3 The heat map clusters with a dark
blue and light blue color were interpreted as lymphoid aggregates and counted manually. D. Left:
Kaplan-Meier plot for patients with less than 5 lymphoid aggregates show no significance in survival.
Right: Kaplan-Meier plot for patients with 5 or more Lymphoid Aggregates and a high NFD show a
significantly better survival.

Discussion
PDAC is known for its significant cancer associated stroma or so-called tumor

microenvironment. The large stromal component is a significant area of investigation and it
is held responsible for poor treatment response. In this study we show that nerve fibers also
play a role in the TME. Nerves are emerging regulators of cancer initiation, progression, and
metastasis23. Previous data described by Renz et al. suggest that cholinergic signaling by the
parasympathetic nerves can suppress the growth of pancreatic cancer cells, where the
sympathetic nerves stimulate the growth of pancreatic cells. Therefore, in pancreatic cancer
cells there is a balance of neural influence24. Immune cells also play a role in nerves in cancer
and are a potential target. There are many levels of neuroimmune interactions, including
regulation of inflammation, that play a role in cancer growth and dissemination25.
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Neural invasion by tumor cells is one of the most striking characteristics of PDAC and
is a sign of aggressive behavior. Surprisingly in this study we found that a high NFD is
associated with a better survival in patients with PDAC. We observed perineural tumor
invasion of the bigger nerve trunks, also staining positive in PGP9.5 but these nerves were
not counted due to exclusion based on their size. The smaller nerve fibers were not
associated with tumor invasion and these nerve fibers were included in the counting method
for NFD. So NFD is determined as the amount of small nerve fibers not to be confused by
nerves invaded by tumor cells. We found that these small nerve fibers are located around
lymphoid aggregates and predict a better survival in patients with 5 or more lymphoid
aggregates and a high NFD. The definition of TLS differs in the literature depending on the
maturation stage. The presence or absence of a germinal center shows different maturation
stages of the TLS15. Mature TLS show the presence of germinal centers with expression of
CD21 and CD23. With the use of machine learning we could only be certain of the presence
of lymphoid aggregates and to specify these aggregates as real TLS further
immunohistochemistry is needed.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1: title.

Figure S1: Kaplan-Meier plot of the survival probabilities of patients with high and low NFD



Chapter 3

37

3

Figure S2: Forest plot of hazard ratios and corresponding 95% confidence limits

Code availability: Source codes are available at https://github.com/janniehues/PGP-
pancreas/
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Abstract: Introduction: Perihilar cholangiocarcinoma (pCCA) is a biliary tract cancer with a
dismal prognosis, with surgery being the only chance of cure. A characteristic aggressive
biological feature of pCCA is perineural growth which is defined by the invasion of cancers
cells to nerves and nerve fibers. Recently, nerve fiber density (NFD) was linked to
oncological outcomes in various malignancies, however, its prognostic role in pCCA
remains to be elucidated. Material and Methods: Data of 101 pCCA patients who underwent
curative intent surgery between 2010 and 2019 were included in this study. Extensive group
comparisons between patients with high and low NFD were carried out and the association
of cancer-specific survival (CSS), recurrence-free survival (RFS) with NFD and other clinico-
pathological characteristics were assessed using univariate and multivariable cox regression
models. Results: Patients with high NFD showed a median CSS of 90 months (95% CI: 48-
132, 3-year-CSS=77%, 5-year-CSS=72%) compared to 33 months (95% CI: 19-47, 3-year-
CSS=46%, 5-year-CSS=32%) in patients with low NFD (p=0.006 log rank). Further, N1
category (HR=2.84, p=0.001) and high NFD (HR=0.41, p=0.024) were identified as
independent predictors of CSS in multivariable analysis. Patients with high NFD and
negative lymph nodes, showed a median CSS of 90 months (3-year-CSS=88%, 5-year-
CSS=80%), while patients either positive lymph nodes or low NFD displayed a median CSS
of 51 months (3-year-CSS=59%, 5-year-CSS=45%) and patients with both positive lymph
nodes and low NFD a median CSS of 24 months (3-year-CSS=26%, 5-year-CSS=16%, p=0.001
log rank). Conclusion: NFD has been identified as an important novel prognostic biomarker
in pCCA patients. NFD alone and in combination with nodal status in particular, allow to
stratify pCCA patients based on their risk for inferior oncological outcomes after curative-
intent surgery.

Abbreviations
ALPPS Associating liver partition and portal vein ligation for staged hepatectomy

ALT Alanine aminotransferase

AP Alkaline phosphatase

ASA American society of anesthesiologists

AST Aspartate aminotransferase

BMI Body mass index

CA 19-9 Carbohydrate antigen 19-9

CAF Cancer-associated fibroblasts

CCA Cholangiocellular carcinoma

CCI Comprehensive complication index

CI Confidence interval

CRP C reactive protein

CSS Cancer-specific survival

CT Computed tomography

EBD Endoscopic biliary drainage

ECM Extracellular matrix

ERCP Endoscopic retrograde cholangiopancreatography

FFP Fresh frozen plasma

FFPE Formalin-fixed paraffin-embedded
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FLR Future liver remnant

GGT Gamma glutamyltransferase

H&E Hematoxylin and Eosin

INR International normalized ratio

LiMAx Maximum liver function capacity

MRCP Magnetic resonance cholangiopancreatography

MRI Magnetic resonance imaging

NFD Nerve fiber density

NPY Neuropeptide Y

OS Overall Survival

PBD Percutaneous biliary drainage

PDAC Pancreatic ductal adenocarcinoma

PET-CTPositron emission tomography–computed tomography

pCCA Perihilar cholangiocarcinoma

RFS Recurrence-free survival

RWTH Rheinisch-Westfälische Technische Hochschule

VIP Vasoactive intestinal peptide

Introduction

Perihilar cholangiocarcinoma (pCCA) is the commonest subtype among biliary tract
tumors and is associated with a poor prognosis 1-3. Liver resection with vascular
reconstructions and radical lymphadenectomy emerged as the gold standard of therapy in
resectable disease, this yielded improved survival rates in selected cohorts. 3-9. Despite these
encouraging outcomes, surgical therapy remains challenging and often displays significant
perioperative mortality rates exceeding 10% due to the distinct anatomic location of the
tumor and the close proximity to major vascular structures 8-11.

As the prognosis spans from poor prognosis to good prognosis, there is significant
value in being able to identify prognostic features 3. Tumor differentiation, R0 status and
lymph node status have been previously reported as important prognostic factors by Nagino
et al. 12. Our group and others have confirmed perioperative blood transfusion, serum
albumin and lymphovascular invasion (LVI) as independent variables predicting adverse
outcomes following surgery for pCCA 3,13,14.

PCCA is characterized by a large desmoplastic stroma component which might explain
systemic therapy resistance 15. Nerve fibers are a component of the tumor microenvironment
(TME) and a significant proportion of cholangiocarcinoma patients display a tumor
infiltration of the epineural, perineural and endoneural space of the neural sheath 16,17. These
features are termed perineural infiltration (PNI). PNI can be recognized on Hematoxylin and
Eosin (H&E) staining and appears to be an independent predictor of prognosis in
cholangiocarcinoma (CCA). In contrast, the prognostic role of nerve fiber density (NFD)
referring to small nerve fibers in the TME which are usually not visible on H&E staining and
do not show invasion of cancer cells remains to be determined in pCCA patients 18,19.
Therefore, we aimed to investigate NFD as a prognostic marker in a large European cohort
of pCCA patients undergoing surgical resection.

Material and Methods
Patients

All consecutive patients with pCCA who underwent surgical resection at the University
Hospital RWTH Aachen (UH-RWTH) between 2010 and 2019 were eligible for this study. Of
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these patients (n=127), 20 individuals were excluded (n=14 perioperative mortality; n=6 with
missing NFD data). Subsequently, a cohort of 101 patients were included in this analysis
(Figure 1B). The study was conducted in accordance with the requirements of the
Institutional Review Board of the RWTH-Aachen University (EK 106/18), the Declaration of
Helsinki, and good clinical practice guidelines (ICH-GCP). A written informed consent was
obtained from all patients.

Staging and surgical technique
All patients who were referred for surgical treatment for pCCA to our institution

underwent a detailed clinical work-up as previously described 9,20. In brief, tumor anatomy
and localization were assessed by endoscopic retrograde cholangiopancreatography (ERCP)
or magnetic resonance cholangiopancreatography (MRCP), while the presence of distant
metastases was ruled out by multiphase computed tomography (CT). Additionally, the
vascular anatomy as well as the potential invasion of major vessels at the liver hilum were
also assessed by multiphase CT.

Our preoperative work-up included a unilateral stenting strategy as standard of care to
relieve the future liver remnant (FLR) from cholestasis and bilateral stenting in cases with
persisting cholangitis. Endoscopic biliary drainage (EBD) was generally preferred over
percutaneous biliary drainage (PBD). In patients with insufficient FLR scheduled for right-
sided hepatectomy, a right portal vein embolization (PVE) was conducted 2 to 4 weeks
before surgery. The decision for surgery as primary treatment for the cancer was made by an
experienced hepatobiliary surgeon and approved by the local multidisciplinary tumor board
in all cases.

The surgical procedure was carried out as previously described by Neuhaus et al.
3,8,9,21,22. Briefly, a "no-touch" hilar en-bloc resection approach, as defined by liver resection
with mandatory portal vein resection and reconstruction, was carried out in all cases.
Additional arterial resection and reconstruction as well as the concomitant resection of the
pancreatic head (hepatoduodenopancreatectomy) was necessary in selected cases (table 1).
Lymphadenectomy comprising the pericholedochal, the periportal, the common hepatic
lymph nodes, the posterior pancreaticoduodenal and the celiac lymph nodes was routinely
performed. All surgical specimens were evaluated by an experienced staff pathologist.
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Figure 1: Workflow and study cohort. A: Overview of all steps from tissue to biomarker. FFPE,
formalin-fixed paraffin-embedded. B: Study cohort. CSS, cancer-specific survival; NFD, nerve fiber
density; pCCA, perihilar cholangiocarcinoma.

Follow-up
Adjuvant therapy was recommended for patients displaying high risk features (e.g.

positive nodal status or R1 resection) from 2010 to 2017 and later in every individual in
accordance to the results of the BILCAP trial 23. Each patient underwent a regular follow-up
including clinical examinations, standard laboratory blood tests with tumor markers (CA 19-
9) and cross-sectional imaging by the referring oncologist or the local outpatient clinic. If
tumor recurrence was suspected, additional imaging and/or biopsy was performed to
confirm the diagnosis.
Assessment of nerve fiber density

Immunohistochemistry was performed on formalin-fixed, paraffin embedded (FFPE)
tissue sections as previously described 19. Briefly, sections (2.5μm thick) were cut,
deparaffinized in xylene and rehydrated in graded alcohols. Slides were boiled in citrate
buffer (pH 6.0) at 95 - 100°C for 5 minutes and were cooled for 20 minutes. Endogenous
peroxide in methanol for 10 minutes. Sections were incubated with rabbit anti-human PGP
9.5 (DAKO 1:100) overnight at 4°C. A single digital image was uploaded in Qupath 0.1.6. As
previously described, all slides were assessed by a trained pathologist who was blinded to
the clinical outcomes of the individual patients and NFD was evaluated by manually
counting the number of nerve fascicles with diameters of <100 μm in 20 continuous visual
fields at x200 magnification 19. An overview of the workflow is presented in figure 1A. Based
on NFD results, patients were categorized into a low NFD group (<10 nerve fibers) and a
high NFD group (≥10 nerve fibers).
Assessment of origin of the small nerve fibers

Immunohistochemistry was performed on formalin-fixed, paraffin embedded tissue
sections as previously described. Sections were incubated with NPY (Abcam 1:200) and VIP
(Abcam 1:50) overnight at 4°C.
Statistical analysis
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The primary endpoint of this study was cancer-specific survival (CSS), which was
defined from the date of resection to the date of tumor specific death. Deaths not associated
with the tumor, e.g. cardiovascular events etc. were censored at the time of death. The
secondary endpoint was recurrence-free survival (RFS), which was defined as the period
from surgery to the date of first recurrence. Patients without tumor recurrence were
censored at the time of death or at the last follow-up. Perioperative mortality was defined as
in-hospital mortality. The cut-off level for NFD categorization was determined by the
receiver operating characteristic (ROC)-analysis of CCS with respect to NFD as previously
described 19. Group comparisons were conducted by the Mann-Whitney-U-Test in case of
continuous variables, while the chi-squared test, fisher’s exact test or linear-by-linear
association in accordance to scale and number count were used in case of categorical
variables. The associations of CSS and RFS with clinico-pathological characteristics were
assessed using univariate and multivariable Cox regression analyses in a backward selection
model. Survival curves were generated by the Kaplan-Meier method and compared with the
log-rank test. Median follow up was assessed with the reverse Kaplan-Meier method. The
level of significance was set to p < 0.05 and p-values were given for two-sided testing.
Analyses were performed using SPSS Statistics 24 (IBM Corp., Armonk, NY, USA)).

Results
Patient cohort

The study cohort consisted of 68 men (67%) and 33 women (33%) with a median age of
68 years. The majority of patients presented with Bismuth Type III (55%, 55/101) or IV (32%,
32/101) tumors and were assessed as ASA (American Society of Anesthesiologists
classification) III or higher (53%, 53/101). Neoadjuvant therapy was applied in a small
number of patients (4%, 4/101), while preoperative portal vein embolization (PVE) was
carried out in a significant proportion of patients (43%, 43/101). Mandatory portal vein
resection and reconstruction was carried out in every patient (101/101), while additional
arterial reconstruction was necessary in 7% (7/101). Also, the concomitant resection of the
pancreatic head was needed in 6% (6/101) of the patients to achieve clear tumor margins.
Accordingly, R1 resection was confirmed in 12% (12/101) of the overall cohort. Major
complications after surgery were frequently observed with 33% (33/101) of the patients
presenting with complications ≥ Clavien-Dindo IIIb. Cases with perioperative mortality
were excluded from the analysis as stated above. Further demographic and clinico-
pathological details of the cohort are outlined in table 1.
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Table 1. Patients’ characteristics

Group categorization and comparative analysis with respect to nerve fiber density
A receiver operating characteristic analysis evaluating the total number of nerve fibers
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for patients who survived at least 4 years versus patients who died during follow-up was
conducted. The corresponding area under the curve was 0.618 (95% confidence interval [CI]:
0.480–0.756). A cutoff value for NFD was determined with respect to optimized accuracy
and equal weight for sensitivity and specificity errors (<10 nerve fibers and ≥10 nerve fibers).
Using the established cutoff value, the median CSS was 90 months in patients with high
NFD (≥10 nerve fibers) and 33 months in patients with low NFD (<10 nerve fibers, p = 0.006
log rank)

A comparative group analysis regarding NFD was further carried out between patients
with high NFD (n=31) and low NFD (n=70). Extensive group comparisons revealed no
significant differences in clinical characteristics expect a longer median hospitalization time
in the low NFD group (14 vs. 21 days, p=0.017). Of note, no statistical differences in pT
category (p=0.678), pN category (p=0.383), tumor grading (p=0.099), lymphovascular
invasion (LVI, p=0.938), microvascular invasion (MVI, p=0.100) and perineural invasion (PNI,
p=0.854) were observed between the groups. However, the median CSS (90 months (95% CI:
48- 132) vs. 33 months (95% CI: 19-47), p=0.006 log rank) and the median RFS (83 months
(95% CI: 34-132) vs. to 24 months (95% CI: 13-35), p=0.004 log rank) were significantly longer
in patients with high NFD compared to patients with low NFD. More details regarding the
group comparisons are presented in table 1.
Survival analysis
After a median follow-up of 53 months, the median CSS of the whole cohort was 49

months (95% CI: 29-69), the median OS 33 months (95% CI: 19-47) and the median RFS 37
months (95% CI: 18-56, Figure 2A and 2B). A Kaplan-Meier analysis with respect to NFD
showed a median CSS of 90 months (95% CI: 48-132, 3-year-CSS=77%, 5-year-CSS=72%) in
patients with high NFD compared to 33 months (95% CI: 19-47, 3-year-CSS=46%, 5-year-
CSS=32%) in patients with low NFD (p=0.006 log rank, Figure 2C). Further, RFS was
significantly lower in patients with low NFD (24 months (95% CI: 13-35)) compared to
patients with high NFD (83 months (95% CI: 34-132), p=0.004 log rank, Figure 2D).
Interestingly, in a subsequent Kaplan-Meier analysis the combination of NFD with nodal
status resulted in a median CSS of 90 months (95% CI: 57-123, 3-year-CSS=88%, 5-year-
CSS=80%) in patients with high NFD and negative lymph nodes, 51 months (95% CI: 38-64,
3-year-CSS=59%, 5-year-CSS=45%) in patients with either positive lymph nodes or low NFD
but not both and 24 months (95% CI: 14-32, 3-year-CSS=26%, 5-year-CSS=16%) in patients
with both positive lymph nodes and low NFD (p=0.001 log rank, Figure 2E). Accordingly,
the median RFS was 83 months (95% CI: 42-124) in patients with high NFD and negative
lymph nodes, 45 months (95% CI: 8-82) in patients with either positive lymph nodes or low
NFD and 10 months (95% CI: 0-21) in patients with both positive lymph nodes and low NFD
(p=0.001 log rank, Figure 2F).
Cox regression analysis
In univariate analysis, intraoperative blood (p=0.011) and FFP transfusion (p=0.010), R1

resection (p=0.019), nodal status (p=0.002), tumor grading (p=0.004), MVI (p=0.022), LVI
(p=0.026) and NFD (p=0.009) were significantly associated with CSS. All variables showing
p-value <0.05 were included in a multivariable Cox regression model. Here, intraoperative
FFP transfusion (HR=2.90, p=0.004), nodal status (HR=2.84, p=0.001) and NFD (HR=0.41,
p=0.024) were identified as independent predictors of CSS (Table 2).
In univariate analysis, intraoperative blood (p = 0.034) and FFP transfusion (p = 0.009), R1

resection (p = 0.006), nodal status (p = 0.003), tumor grading (p = 0.001), MVI (p = 0.008), LVI
(p = 0.022), NFD (p = 0.007), and adjuvant therapy (p = 0.028) showed significant associations
with RFS. In the corresponding multivariable Cox regression model, intraoperative FFP
transfusion (HR = 3.10, p = 0.002), nodal status (HR = 2.92, p = 0.001), MVI (HR = 1.98, p =
0.048) and NFD (HR = 0.42, p = 0.031) were identified as independent predictors of RFS
(Table 3).
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Table 2 Univariate and multivariable analysis of CSS in pCCA
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Table 3 Univariate and multivariable analysis of RFS in pCCA
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Figure 2. Oncological survival in pCCA. a CSS and OS in pCCA. The median CSS was 49 months
(95% CI: 29–69) and the median OS 33 months (95% CI: 19–47), respectively. b RFS in pCCA.
The median RFS was 37 months (95% CI: 18–56). c PGP staining of pCCA with high NFD.
Zoomed in image of the tumor with a lot of small nerves in the stroma between the tumor
glands (blue arrows). On the zoomed in image of the routine HE staining, these small nerve
fibers are not visible. These results occur in patients corresponding to the blue line in the
Kaplan-Meier curve in d and f (high NFD). d CSS in pCCA stratified by NFD. The median CSS
was 90 months (95% CI: 48–132) in patients with high NFD compared to 33 months (95% CI: 19–
47) in patients with low NFD (p = 0.006 log rank). e PGP staining of pCCA with low NFD.
Zoomed in image of the tumor without any small nerves in the stroma between the tumor
glands. The zoomed in image of PGP shows a positive bigger nerve trunk with perineural
invasion. These big nerve fibers are also easily recognized on the zoomed in routine HE staining.
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f RFS in pCCA stratified by NFD. The median RFS was 83 months (95% CI: 34–132) in patients
with high NFD compared to 24 months (95% CI: 13–35) in patients with low NFD (p = 0.004 log
rank). g CSS in pCCA stratified by NFD and pN category. The median CSS was 90 months (95%
CI: 57–123) in patients with high NFD and negative lymph nodes, 51 months (95% CI: 38–64) in
patients with either positive lymph nodes or low NFD but not both, and 24 months (95% CI: 14–
32) in patients with both positive lymph nodes and low NFD (p = 0.001 log rank). h RFS in
pCCA stratified by NFD and pN category. The median RFS was 83 months (95% CI: 42–124) in
patients with high NFD and negative lymph nodes, 45 months (95% CI: 8–82) in patients with
either positive lymph nodes or low NFD but not both, and 10 months (95% CI: 0–21) in patients
with both positive lymph nodes and low NFD (p = 0.001 log rank). CI, confidence interval; CSS,
cancer-specific survival; RFS, recurrence-free survival; OS, overall survival; pCCA, perihilar
cholangiocarcinoma; PGP, protein gene product 9.5; NFD, nerve fiber density.

Analysis of nerve fiber origin
To further investigate the origin of the counted NFD, immunohistochemistry was carried

out in a representative subset of patients (n=20). Here, small nerve fibers counted to assess
NFD were stained positive for vasoactive intestinal peptide (VIP; to indicate
parasympathetic origin) but negative for neuropeptide Y (NPY; to indicate sympathetic
origin). The larger pre-existing nerve fibers which also stain positive in the PGP marker,
showed expression of the NPY marker and those nerve fibers were observed to be invaded
by tumor cells (Figure 3).

Discussion and conclusion

Radical surgery with lymphadenectomy represents the current gold standard therapy of
resectable pCCA 15. However, oncological outcome remains heterogeneous after curative-
intent surgery with some patients displaying long-term survival while other individuals
suffer from early tumor recurrence 3. Therefore, the identification of prognostic factors is of
clinical and academic significance as it provides implications for clinical management and
may give insights in the underlying tumor biology of the disease 24. In this large European
cohort of pCCA patients, we identified NFD as a novel and important prognostic biomarker
for oncological outcome in these patients. The combination of NFD and nodal status
demonstrated an excellent ability to stratify pCCA regarding their oncological prognosis
after curative-intent surgery for pCCA.
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Figure 3. Origin of the nerve fibers. Schematic overview of tissue with cancers cells invading the
nerve. a Routine HE staining showing perineural invasion of cancer cells invading a large
nerve trunk (red arrow). b PGP immunohistochemistry staining being expressed in this
cancer-invaded nerve (yellow arrow). NPY immunohistochemistry (sympathetic origin) is
expressed (c), and VIP immunohistochemistry (parasympathetic) is not expressed in this large
nerve trunk (d). Schematic overview of tissue with cancer cells not invading the
nerve. e Routine HE staining showing the yellow arrow to the localization of the small nerve
fibers that are not visible on the HE staining. f Those small nerve fibers stain positive in the
PGP immunohistochemistry. g Negative staining of these small nerve fibers in the VPN
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immunohistochemistry. h Yellow arrow points to the positive staining in the VIP
immunohistochemistry of these small nerve fibers. NPY, neuropeptide Y; VIP, vasoactive
intestinal peptide.
CCA is considered to be a "neurotopic" cancer with a high frequency of PNI which is

associated with impaired outcomes 17,25. The biliary tree is surrounded by a complex nerve
fiber network being the basis for an intense crosstalk between nerve fibers and tumor cells as
well as other parts of the TME e.g. immune cells or cancer-associated fibroblasts (CAF) 26-28.
Neurotransmitters are known to directly interact with the cancer cells and conversely, cancer
cells release neurotransmitters activating receptors on the nerve fibers 29-32. Intra-tumor CAFs
are remodeling the extracellular matrix (ECM) and leading to a production of hyaluronic
acid, fibronectin and collagen. Those ECM components are known to influence neuron
growth 26,27. Also, the co-localization and interaction of immune cells and nerve fibers drive
tissue protection and play a critical immune-regulatory role 28. In this study, we have further
identified the origin of these nerve fibers to be parasympathetic and specifically those nerve
fibers predict a better outcome. Of note, from a clinical point of view NFD has already been
investigated in various other malignancies e.g. gastric and colorectal carcinomas 33,34. Here,
high NFD has been associated with a higher pathological staging and subsequently
decreased survival. Interestingly, Iwasaki et al. have recently reported on the role of NFD in
PDAC and found an inverse relationship with low NFD being independently associated
with reduced survival after surgical resection 19. This observation is in line with our present
findings, identifying low NFD as an important predictor of inferior CSS in pCCA. In our
study, we were able to demonstrate a 5-year-CSS of 72% in patients with high NFD
compared to a 5-year-CSS of 32% in patients with low NFD (figure 2C).

Figure 2: Overview of study workflow. 2A The formalin-fixed paraffin-embedded (FFPE) blocks
were collected from the pathology archives. The slides were cut and stained with DAPI and 5
antibodies. The immunofluorescence-stained slides were scanned. 2B The digital scans were
annotated for different regions: Tumor and Tumor-free. Cells were subsequently counted in these
separate regions. For the NFD patients, the slides were selected based on the small nerve fiber
count from previous work and the cell counting was done in the tumor region. 2C In total we
included 47 patients in this study. From 45 patients we were able to analyze the digital scans.
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DAPI, diamidino-2-phenylindole, FFPE; formalin-fixed paraffin-embedded
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Abstract: The oncological role of the density of nerve fibers (NFs) in the tumor microenvironment
(TME) in intrahepatic cholangiocarcinoma (iCCA) remains to be determined. Therefore, data of 95
iCCA patients who underwent hepatectomy between 2010 and 2019 was analyzed regarding NFs and
long-term outcome. Extensive group comparisons were carried out and the association of cancer-
specific survival (CSS) and recurrence-free survival (RFS) with NFs were assessed using Cox regression
models. Patients with iCCA and NFs showed a median CSS of 51 months (5-year-CSS = 47%) compared
to 27 months (5-year-CSS = 21%) in patients without NFs (p = 0.043 log rank). Further, NFs (hazard
ratio(HR) = 0.39, p = 0.002) and N-category (HR = 2.36, p = 0.010) were identified as independent
predictors of CSS. Patients with NFs and without nodal metastases displayed a mean CSS of 89 months
(5-year-CSS = 62%), while patients without NFs or with nodal metastases but not both showed a
median CCS of 27 months (5-year-CSS = 25%) and patients with both positive lymph nodes and
without NFs showed a median CCS of 10 months (5-year-CSS = 0%, p = 0.001 log rank). NFs in the TME
are, therefore, a novel and important prognostic biomarker in iCCA patients. NFs alone and in
combination with nodal status is suitable to identify iCCA patients at risk of poor oncological
outcomes following curative-intent surgery.

Keywords: intrahepatic cholangiocarcinoma; nerve fibers; tumor microenvironment; oncological
outcome; biomarker

Abbreviations

ALPPS Associating Liver Partition and Portal Vein Ligation for Staged Hepatectomy
AUC area under the curve
BILCAP Capecitabine compared with observation in resected biliary tract cancer

CA carbohydrate antigen
CCA cholangiocarcinoma
CI confidence interval

CSS cancer-specific survival
CT computed tomography
dCCA distal CCA
FFPE Formalin fixed paraffin embedded
FLR future liver remnant
H&E hematoxylin and eosin
HR hazard ratio
iCCA intrahepatic cholangiocarcinoma
MRI magnetic resonance imaging
NFs nerve fibers
pCCA perihilar CCA
PDAC pancreatic ductal adenocarcinoma
PNI perineural invasion
PVE portal vein embolization
PVE portal vein embolization
RFS recurrence-free survival
ROC receiver operating characteristic
TME tumor microenvironment

1. Introduction
Based on the anatomical localization of the primary tumor, cholangiocellular carcinomas

(CCA) can be devided into intrahepatic CCA (iCCA), perihilar CCA (pCCA) and distal CCA
(dCCA) 1. Even though iCCA is the least common subtype of CCA, it still comprises about
15% of all primary liver tumors 2. The ever-increasing global incidence of iCCA underlines
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the oncological significance of this disease 3,4. Although, in some cases, the etiology of CCA
remains unclear, cholestatic conditions and diseases associated with chronic inflammation
are considered to be the major traditional risk factors in the oncogenesis of CCA 5. In iCCA
patients in particular, etiological factors such as parenchymal disease related to hepatic
cirrhosis, viral hepatitis or chronic alcohol consumption may play a pronounced role,
illustrating distinct differences compared to the extrahepatic subtypes of CCA 5. Irrespective
of the CCA subentity, radical surgery with lymphadenectomy followed by adjuvant
chemotherapy is considered as the current gold-standard approach as it provides improved
long-term outcomes in comparison to merely medical or interventional treatment 6-8.
Radical resection of iCCA often requires extended liver resections as iCCA is often

diagnosed in advanced disease stages. This may often result in increased perioperative
morbidity and mortality 9. Over the past decades, new surgical techniques have entered the
clinical arena (e.g., Associating Liver Partition and Portal Vein Ligation for Staged
Hepatectomy (ALPPS), preoperative portal vein embolization (PVE)), allowing surgery in
patients even with a large tumor burden. Furthermore, as modern perioperative
management facilitated surgery in elderly or patients with multiple comorbidities, more
patients become candidates for radical surgical therapy [7,10,11]. Despite these
advancements, the overall oncological prognosis in iCCA remains poor even after "curative-
intent" surgery, with early tumor recurrence in many patients 10-13. Identifying patients with
particularly favorable oncological prognosis may allow individualized post-resection
surveillance and therapy and is, therefore, of upmost clinical and scientific importance.
Our group has recently reported the significant prognostic value of nerve fibers (NFs) in

the tumor microenvironment (TME) in a cohort pCCA patients 14 (Figure 1). CCAs often
show perineural invasion (PNI), which can be recognized on routine H&E staining.
Nevertheless, there is an important difference between traditional PNI and NFs concerning
the size of the nerve fibers. The nerve fibers included in the NF count have a smaller
diameter and are usually not visible on H&E routine staining and require additional
immunohistochemical staining (Figure 2). Although NFs, as prognostic biomarkers, have
also been investigated not just in pCCA but also in other malignancies, e.g., colorectal or
gastric cancer and pancreatic ductal adenocarcinoma (PDAC) 15-18, their role in iCCA remains
to be determined. Therefore, in the present study, we aimed to investigate NFs as a
prognostic marker in a European cohort of iCCA patients undergoing curative-intent
surgery.
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Figure 1. (A): Nerve fibers in the tumor microenvironment in intrahepatic cholangiocarcinoma
(iCCA). The small nerve fibers are mainly distributed at the edge of the tumor. (B): Nerve fibers
in the tumor microenvironment in perihilar cholangiocarcinoma (pCCA). The small nerve fibers
are growing in between the tumor glands and not just at the edge of the tumor as in iCCA. (C):
Localization of iCCA and pCCA tumors. ICCA is located centrally in the liver and usually
presents with a big tumor mass. PCCA are located at the liver hilum and usually present as
smaller tumors. (D): Architecture of the normal liver lobule. The normal innervation of the liver
lobule can possibly explain the observation of the presence of the small nerve fibers at the edge
of the tumor in iCCA and the pattern of mixed distribution of small nerve fibers in pCCA.

Figure 2. The difference between nerve fiber density and perineural invasion (PNI). (A):
Graphical overview of perineural invasion. The cancer cells invade the endoneurial or
epineurial sheeth of a larger nerve fiber. The immunohistochemical PGP9.5 staining illustrates
the nerve fiber with cancer tissue around it. (B): Graphical overview of nerve fiber density. The
small nerve fibers grow in the tumor microenvironment but are usually not invaded by cancer
cells. The immunohistochemical PGP9.5 staining shows small positive (red) dots.

2. Materials and Methods
2.1. Patient Cohort

All consecutive patients scheduled for surgical resection for iCCA at the University
Hospital RWTH Aachen (UH-RWTH) between 2010 and 2019 were considered for inclusion
in this study. Out of the complete cohort of patients (n = 120), a subset of individuals (n = 24)
were excluded (n = 10 cases of perioperative mortality; n = 14 with missing NF data).
Subsequently, a final cohort of 96 patients was analyzed. The study was evaluated and
approved by the Institutional Review Board of the Medical Faculty of the RWTH-Aachen
University (EK 106/18) and conducted in accordance with the principles of the Declaration of
Helsinki, and good clinical practice guidelines (ICH-GCP).

2.2. Oncological Staging and Surgical Technique
All patients included in this study underwent a detailed clinical work-up as previously

described [7,15,16]. Briefly, resection planning was carried out, and the presence of distant
metastases was ruled out using magnetic resonance imaging (MRI) and/or multiphase
computed tomography imaging (CT). Further, the preoperative work-up comprised liver
volumetry and portal vein embolization (PVE) in patients with insufficient future liver
remnant (FLR) scheduled for right-sided hepatectomy. The indication for surgical resection
as the primary treatment was based on the final clinical evaluation by one of the senior
hepatobiliary staff surgeons and approved by the local multidisciplinary tumor board in all
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cases. Surgery was carried out as previously described 7,13. Depending on the local tumor
extent, surgical procedures ranged from limited atypical resections to extended liver
resections as well as vascular resections and reconstructions in cases with tumors extending
to the liver hilum and ALPPS or PVE in individuals with insufficient FLR (Table 1). A
systematic lymphadenectomy including the celiac, the posterior pancreaticoduodenal, the
common hepatic, the periportal and pericholedochal lymph nodes was routinely carried out
in all cases. All specimens were routinely evaluated by a trained pathologist.

Table 1. Patients’ characteristics. Data presented as median and interquartile range if not noted
otherwise. ALT, alanine aminotransferase; ASA, American society of anesthesiologists classification;
AST, aspartate aminotransferase; BMI, body mass index; CSS, cancer-specific survival; GGT, gamma
glutamyltransferase; INR, international normalized ratio; LVI, lympho-vascular invasion; MVI,
microvascular invasion; NF, nerve fibers; PNI, perineural invasion, RFS, disease-free survival.

Overall Cohort
(n = 96)

NF Positive
(n = 45)

NF Negative
(n = 51) p Value

Demographics

Gender, m/f (%) 41 (43)/55 (57) 18 (40)/27 (60) 23 (45)/28 (55) 0.614

Age (years) 65 (58–73) 66 (60–75) 62 (56–72) 0.330

BMI (kg/m2) 25 (22–29) 25 (22–29) 25 (23–29) 0.733

ASA, n (%) 0.230

I 3 (3) 1 (2) 2 (4)

II 42 (44) 21 (47) 21 (41)

III 48 (50) 20 (44) 28 (55)

IV 3 (3) 3 (7) 0

V 0 0 0

Clinical chemistry

Albumin (g/dL) 44 (41–46) 43 (40–46) 44 (41–46) 0.314

AST (U/L) 34 (26–47) 32 (24–44) 37 (29–53) 0.077

ALT (U/L) 29 (20–53) 25 (17–50) 31 (22–57) 0.169

GGT (U/L) 114 (65–304) 88 (65–501) 118 (62–265) 0.876

Total bilirubin (mg/dL) 0.5 (0.4–0.7) 0.5 (0.4–0.7) 0.6 (0.4–0.8) 0.117

Platelet count (/nL) 245 (197–307) 251 (194–303) 238 (198–315) 0.925

Alkaline Phosphatase (U/L) 117 (90–258) 108 (78–301) 125 (91–246) 0.628

Prothrombin time (%) 100 (95–109) 100 (96–111) 102 (94–108) 0.942

INR 0.98 (0.95–1.03) 0.97 (0.93–1.03) 0.99 (0.96–1.03) 0.386

Hemoglobin (g/dL) 13 (12–14) 13 (12–14) 13 (12–14) 0.248

Operative Data

Operative time (minutes) 285 (221–345) 285 (227–338) 285 (212–345) 0.895

Operative procedure, n (%) 0.410

Monosegmentectomy/atypical 9 (9) 6 (13) 3 (6)
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Bisegmentectomy 7 (7) 4 (9) 3 (6)

Right/left hepatectomy 31 (32) 17 (38) 14 (28)

Ext. right/left hepatectomy 20 (21) 7 (16) 13 (26)

Right/left trisectionectomy 13 (14) 4 (9) 9 (18)

Others 16 (17) 7 (16) 9 (18)

Intraoperative blood
transfusion 0 (0–2) 0 (0–2) 0 (0–2) 0.750

Pathological examination

R0 resection, n (%) 88 (93) 41 (93) 47 (92) 0.849

pT category, n (%) 0.400

1 38 (40) 23 (51) 15 (29)

2 41 (42) 15 (34) 26 (51)

3 12 (13) 5 (11) 7 (14)

4 5 (5) 2 (4) 3 (6)

pN category 0.854

N0 63 (70) 29 (69) 34 (71)

N1 27 (30) 13 (31) 14 (29)

Tumor grading, n (%) 0.114

G1 0 0 0

G2 66 (76) 35 (83) 31 (69)

G3 21 (24) 7 (17) 14 (31)

G4 0 0 0

MVI, n (%) 32 (35) 12 (28.6) 20 (40) 0.252

LVI, n (%) 17 (19) 7 (17) 10 (21) 0.618

PNI, n (%) 22 (46) 11 (58) 11 (38) 0.175

Postoperative Data

Intensive care, days 1 (1–2) 1 (1–1) 1 (1–2) 0.114

Hospitalization, days 13 (8–24) 14 (8–26) 12 (8–22) 0.769

Postoperative complications, n
(%)

0.898

No complications 36 (38) 15 (33) 21 (41)

Clavien–Dindo I 2 (2) 1 (2) 1 (2)

Clavien–Dindo II 24 (25) 13 (29) 11 (22)

Clavien–Dindo IIIa 19 (20) 10 (22) 9 (18)

Clavien–Dindo IIIb 9 (9) 4 (9) 5 (10)

Clavien–Dindo IVa 6 (6) 2 (4) 4 (8)
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Clavien–Dindo IVb 0 0 0

Clavien–Dindo V 0 0 0

Oncologic Data

Adjuvant therapy 30 (31) 10 (22) 20 (39) 0.073

Neoadjuvant therapy, n (%) 8 (8) 3 (7) 5 (10) 0.579

Median RFS, months (95% CI) 12 (8–16) 20 (0–41) 8 (5–11) 0.006

Median CSS, months (95% CI) 30 (23–37) 51 (12–90) 27 (19–35) 0.043

2.3. Adjuvant Therapy and Patient Follow-Up
Adjuvant therapy was advised by the multidisciplinary tumor board for patients

diagnosed with high-risk characteristics (e.g., R1 resection or positive nodal status) from
2010 to 2017. From 2017 on, adjuvant therapy was recommended in every case in accordance
with findings of the (Capecitabine compared with observation in resected biliary tract cancer)
BILCAP trial 8. Each patient underwent a regular follow-up by the referring oncologist or the
local outpatient clinic including standard laboratory blood tests with tumor markers
(carbohydrate antigen (CA) 19–9), clinical examinations and cross-sectional imaging.
Additional diagnostics, e.g., imaging and/or biopsy, were performed if tumor recurrence
was suspected, as described previously 14.

2.4. Assessment of Nerve Fibers
Formalin fixed paraffin embedded (FFPE) blocks were retrieved from the archive of the

local institute of pathology and slides were cut to perform immunohistochemistry staining
with the neuronal marker PGP9.5. For this, we used sections (2.5 μm) deparaffinized in
xylene and rehydrated in graded alcohols. The tissue was heated in citrate buffer (Agilent,
Santa Clara, CA, USA) (pH 6.0) at 95–100 °C for 5 min and colled down for 20 min. The
immunostaining anti-rabbit PGP9.5 (Dako antibody 1:100, (Agilent, Santa Clara, CA, USA))
was incubated overnight at 4 °C. All slides contained tumor tissue and the peritumoral
region and were scanned with a Ventana digital slide scanner (Roche, Rotkreuz,
Switzerland). A single digital image was uploaded in Qupath 0.1.6 (Centre for Cancer
Research & Cell Biology at Queen’s University Belfast, United Kingdom). As previously
described, nerve fiber count was analyzed by a trained pathologist who was blinded to the
clinical outcomes of the individual patients. The presence of nerve fascicles at the invasive
tumor margin with diameters of <100 μm was determined in 20 continuous visual fields at
×200 magnification by manual counting without the utilization of computer methods 14,17.

2.5. Statistical Analysis
The statistical endpoint of this study was cancer-specific survival (CSS), which was

defined from the date of resection to the date of tumor-specific death. Deaths not associated
with the tumor, e.g., cardiovascular events etc., were censored at the time of death. The
secondary endpoint was recurrence-free survival (RFS), which was defined as the period
from surgery to the date of first recurrence. Patients without tumor recurrence were
censored at the time of death or at the last follow-up. Perioperative mortality was defined as
in-hospital mortality. For NF categorization, a cut-off level was calculated by the receiver
operating characteristic (ROC)-analysis of CCS with respect to NFs, as previously described
14,17. Differences between the groups were evaluated by the Mann–Whitney-U-Test in case of
continuous variables, while the chi-squared test, fisher’s exact test or linear-by-linear
association in accordance with scale and number count were used in case of categorical
variables. The associations of CSS and RFS with clinico-pathological variables were
determined using univariate and multivariable Cox regression analyses in a backward
selection model. Survival curves were generated by the Kaplan–Meier method and
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compared with the log-rank test. Median follow up was calculated with the reverse Kaplan–
Meier method. p-values were given for two-sided testing and the level of significance was
set to p < 0.05. All analyses were performed using SPSS Statistics 24 (IBM Corp., Armonk,
NY, USA)).

3. Results
3.1. Patient Cohort

The patient cohort consisted of 55 women (57%) and 41 men (43%) with a median age of
65 years and the majority being assessed as ASA (American Society of Anesthesiologists
classification) III or higher (53%, 51/96). Neoadjuvant therapy was applied in a small number
of patients (8%, 8/96). Most of the patients underwent major liver surgery (66%, 64/96) to
achieve R0 resections. Accordingly, an R0 status was observed in 93% (88/96) of the cohort.
Further, nodal metastases were present in 30% of the patients (27/90). Major complications,
as defined by Clavien–Dindo ≥ IIIa, were observed in 35% (34/96) of the cases. Patients
displaying perioperative mortality were excluded from the analysis, as stated above. Further
general demographic and clinico-pathological characteristics of the study cohort are
presented in Table 1.

3.2. Group Categorization and Comparative Analysis with Respect to Nerve Fiber Density
A ROC analysis evaluating the total number of NFs (median number NFs in the cohort:

0 (range: 0–35)) for patients who survived at least 3 years versus patients who died during
follow up was conducted. The corresponding area under the curve (AUC) was 0.618 (95%
confidence interval (CI): 0.502–0.775). A cut-off value for NFs was determined with respect
to optimized accuracy and equal weight for sensitivity and specificity errors (0 NF and ≥1
NF). Using the established cut-off value, the median CSS was 51 months in patients with
NFs and 27 months in patients without NFs (p = 0.043 log rank).
A comparative group analysis regarding NFs was further carried out between patients with
NFs (n = 45) and without NFs (n = 51). Here, no clinical differences were observed. Of note,
no statistical differences in pathological characteristics, e.g., pT category (p = 0.400), pN
category (p = 0.854), tumor grading (p = 0.114), lymphovascular invasion (LVI, p = 0.618),
microvascular invasion (MVI, p = 0.252) and PNI (p = 0.175), were detected between the
groups. However, the median CSS (51 months (95% CI: 12–90) vs. 27 months (95% CI: 19–35),
p = 0.043 log rank) and the median RFS (20 months (95% CI: 0–41) vs. 8 months (95% CI: 5–
11), p = 0.043 log rank) were significantly longer in patients with NFs compared to patients
without NFs. A detailed overview of the cohort and both subgroups is outlined in Table 1.

3.3. Cox Regression Analysis
To investigate predictors of CSS and RFS in the overall cohort, univariate and

multivariable Cox regressions were carried out. Here, in univariate analysis, postoperative
complications (p = 0.007), N-category (p = 0.001), tumor grading (p = 0.014), LVI (p = 0.001),
PNI (p = 0.011) and NFs (p = 0.048) were significantly associated with CSS. All variables
showing p-value <0.10 were included in a multivariable Cox regression model. Here,
preoperative hemoglobin (hazard ratio (HR)= 0.51, p = 0.024), N-category (HR = 4.78, p =
0.001), NFs (HR = 0.47, p = 0.024) and neoadjuvant therapy (HR = 8.84, p = 0.002) were
identified as independent predictors of CSS (Table 2).
In univariate analysis, postoperative complications (p = 0.028), intraoperative blood
transfusions (p = 0.034), duration of hospitalization (p = 0.031), N-category (p = 0.001),
microvascular invasion (MVI, p = 0.012), LVI (p = 0.013) and NFs (p = 0.009) showed
significant associations with RFS. In the following multivariable Cox regression model,
duration of hospitalization (HR = 1.78, p = 0.049), N-category (HR = 2.36, p = 0.010) and NFs
(HR = 0.39, p = 0.002) were identified as independent predictors of RFS (Table 3).

Table 2. Univariate and multivariable analysis of cancer-specific survival in intrahepatic
cholangiocarcinoma. Various parameters are associated with cancer-specific survival. ALT, alanine
aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate
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aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international
normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI,
perineural invasion.

Univariate Analysis Multivariable Analysis
HR (95% CI) p Value HR (95% CI) p Value

Demographics
Sex (male = 1) 0.76 (0.45–1.27) 0.297

Age (≤65 years = 1) 1.30 (0.77–2.15) 0.330
BMI (≤25 kg/m2 = 1) 1.17 (0.67–1.96) 0.549
ASA (I/II = 1) 1.31 (0.79–2.19) 0.299

Clinical chemistry

Albumin (≤45 g/L = 1) 0.86 (0.52–1.43) 0.560
AST (≤35 U/L = 1) 1.15 (0.69–1.93) 0.588
ALT (≤30 U/L = 1) 1.38 (0.82–2.35) 0.228
GGT (≤120 U/L = 1) 1.39 (0.83–2.34) 0.214

Bilirubin (≤0.5 mg/dL = 1) 1.53 (0.91–2.57) 0.105
Alkaline phosphatase

(≤115 U/L = 1) 1.69 (0.99–2.89) 0.054 excluded

Platelet count (≤250/nL = 1) 0.82 (0.49–1.37) 0.445
INR (≤1 = 1) 1.54 (0.91–2.61) 0.107

Hemoglobin (≤13 g/dL = 1) 0.61 (0.37–1.03) 0.063 0.51 (0.27–0.93) 0.024
Operative data

Operative time (≤300 min = 1) 1.11 (0.68–1.80) 0.682
Type of hepatectomy 0.935
Right/left hepatectomy 1

Others 0.92 (0.541–1.62)
Blood transfusion (no = 1) 1.52 (0.91–2.57) 0.113
Postoperative data
Clavien–Dindo Score

(CD I/II = 1) 2.05 (1.22–3.47) 0.007 exlcuded

Intensive care (≤1 day = 1) 1.49 (0.85–2.62) 0.168
Hospitalization (≤13 days = 1) 1.52 (0.91–2.54) 0.106

Pathological data
R1 resection (no = 1) 1.58 (0.63–3.96) 0.329
pT category (T1/T2 = 1) 1.49 (0.81–2.77) 0.203
pN category (N0 = 1) 4.32 (2.48–7.52) 0.001 4.78 (2.54–9.01) 0.001

Tumor grading (G1/G2 = 1) 2.13 (1.16–3.89) 0.014 excluded
MVI (no = 1) 1.59 (0.95–2.68) 0.078 excluded
LVI (no = 1) 3.60 (1.92–6.76) 0.001 excluded
PNI (no = 1) 2.49 (1.23–5.01) 0.011
NF (no = 1) 0.58 (0.34–0.99) 0.048 0.47 (0.24–0.90) 0.024

Oncological data
Neoadjuvant therapy (no = 1) 2.18 (0.87–5.50) 0.098 8.84 (2.20–35.49) 0.002
Adjuvant therapy (no = 1) 1.17 (0.67–2.04) 0.587

Table 3. Univariate and multivariable analysis of recurrence-free survival in intrahepatic
cholangiocarcinoma. Various parameters are associated with recurrence-free survival. ALT, alanine
aminotransferase; ASA, American society of anesthesiologists classification; AST, aspartate
aminotransferase; BMI, body mass index; GGT, gamma glutamyltransferase; INR, international
normalized ratio; LVI, lympho-vascular invasion; MVI, microvascular invasion; NF, nerve fibers; PNI,
perineural invasion.

Univariate Analysis Multivariable Analysis
HR (95% CI) p Value HR (95% CI) p Value

Demographics
Sex (male = 1) 1.00 (0.60–1.66) 0.993

Age (≤65 years = 1) 0.92 (0.56–1.52) 0.755
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BMI (≤25 kg/m2 = 1) 0.84 (0.51–1.38) 0.486
ASA (I/II = 1) 1.25 (0.76–2.05) 0.383

Clinical chemistry

Albumin (≤45 g/L = 1) 0.96 (0.59–1.58) 0.872
AST (≤35 U/L = 1) 0.97 (0.59–1.60) 0.916
ALT (≤30 U/L = 1) 1.34 (0.81–2.24) 0.258
GGT (≤120 U/L = 1) 1.47 (0.89–2.45) 0.137

Bilirubin (≤0.5 mg/dL = 1) 1.31 (0.79–2.17) 0.302
Alkaline phosphatase

(≤115 U/L = 1)
Platelet count (≤250/nL = 1) 0.79 (0.48–1.32) 0.373

INR (≤1 = 1) 1.56 (0.92–2.65) 0.099 excluded
Hemoglobin (≤13 g/dL = 1) 0.67 (0.40–1.10) 0.112

Operative data
Operative time (≤300 min = 1) 1.05 (0.64–1.74) 0.837

Type of hepatectomy 0.538
Right/left hepatectomy 1

Others 1.18 (0.68–2.03)
Blood transfusion (no = 1) 1.74 (1.04–2.90) 0.034 excluded
Postoperative data
Clavien–Dindo Score

(CD I/II = 1)
1.78 (1.06–2.99) 0.028 excluded

Intensive care (≤1 day = 1) 1.27 (0.73–2.21) 0.410
Hospitalization (≤13 days = 1) 1.73 (1.05–2.85) 0.031 1.78 (1.00–3.15) 0.049

Pathological data
R1 resection (no = 1) 1.62 (0.64–4.07) 0.310
pT category (T1/T2 = 1) 0.98 (0.48–1.98) 0.943
pN category (N0 = 1) 2.84 (1.61–5.03) 0.001 2.36 (1.23–4.52) 0.010

Tumor grading (G1/G2 = 1) 1.32 (0.71–2.47) 0.386
MVI (no = 1) 1.93 (1.15–3.21) 0.012 excluded
LVI (no = 1) 2.22 (1.19–4.17) 0.013 excluded
PNI (no = 1) 1.38 (0.69–2.87) 0.382
NF (no = 1) 1.98 (1.19–3.31) 0.009 0.39 (0.21–0.71) 0.002

Oncological data
Neoadjuvant therapy (no = 1) 1.96 (0.84–4.60) 0.121
Adjuvant therapy (no = 1) 1.15 (0.68–1.95) 0.597

3.4. Suvival Analysis
After a median follow-up of 67 months, the median CSS of the whole cohort was 30

months (95% CI: 23–37), the median OS 28 months (95% CI: 20–36) and the median RFS 12
months (95% CI: 8–16, Figure 3A,B). A Kaplan–Meier analysis with respect to NFs showed a
median CSS of 51 months (95% CI: 48–132, 3-year-CSS = 54%, 5-year-CSS = 47%) in patients
with NFs compared to 27 months (95% CI: 19–47, 3-year-CSS = 35%, 5-year-CSS = 21%) in
patients without NFs (p = 0.043 log rank, Figure 3C). Further, RFS was significantly lower in
patients without NFs (8 months (95% CI: 5–11)) compared to patients with NFs (20 months
(95% CI: 0–41), p = 0.006 log rank, Figure 3D). As both NF and N-category were independent
predictors of CCS in the multivariable Cox regressions, a combined Kaplan–Meier analysis
was conducted and showed a mean CSS of 89 months (95% CI: 65–111, 3-year-CSS = 73%, 5-
year-CSS = 62%) in patients with NFs and negative lymph nodes, a median CCS of 27
months (95% CI: 17–37, 3-year-CSS = 36%, 5-year-CSS = 25%) in patients with either positive
lymph nodes or no NFs but not both, and 10 months (95% CI: 6–14, 3-year-CSS = 0%, 5-year-
CSS = 0%) in patients with both positive lymph nodes and no NFs (p = 0.001 log rank, Figure
3E). Accordingly, the median RFS was 36 months (95% CI: 24–48) in patients with NFs and
negative lymph nodes, 10 months (95% CI: 6–15) in patients with either positive lymph
nodes or no NFs but not both, and 5 months (95% CI: 3–6) in patients with both positive
lymph nodes and no NFs (p = 0.001 log rank, Figure 3F).
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Figure 3. Oncological survival in intrahepatic cholangiocarcinoma (A): Cancer-specific and
overall survival. The median CSS was 30 months and the median OS 28 months,
respectively. (B): Recurrence-free survival. The median RFS was 12 months. (C): Cancer-
specific survival stratified by nerve fibers. The median CSS was 51 months in patients with
NF compared to 27 months (p = 0.043 log rank). (D): Recurrence-free survival stratified by
nerve fibers. The median RFS was 20 months in patients with NF compared to 8 months in
patients without NF (p = 0.006 log rank). (E): Cancer-specific survival stratified by nerve
fibers and pN category. The mean CSS was 89 months in patients with NF and negative
lymph nodes, while the median CCS was 27 months (95% CI: 38–64) in patients with either
positive lymph nodes or without NF but not both, and 10 months in patients with both
positive lymph nodes and low NF (p = 0.001 log rank). (F): Recurrence-free survival
stratified by nerve fibers and pN category. The median RFS was 36 months in patients with
NF and negative lymph nodes, 10 months (95% CI: 8–82) in patients with either positive
lymph nodes or no NF but not both, and 5 months in patients with both positive lymph
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nodes and no NF (p = 0.001 log rank). CI, confidence interval; CSS, cancer-specific survival;
RFS, recurrence-free survival; OS, overall survival.

3.5. Histological Characteristics
Scanned images of the H&E and PGP9.5 were descriptively analyzed. The region

marked as tumor on the H&E staining was identified on the PGP immunostaining as well.
Nerve fibers in the TME were observed and counted according to the previously described
method. We observed that the small nerve fibers were mainly located at the periphery of the
tumor and not in the center (Figure 4).

Figure 4. Histology overview of iCCA. (A): Whole slide H&E image of an iCCA. At the edge of the
slide, normal liver parenchyma is displayed. More centrally, a lesion is shown with a rim of vital tumor
cells, and centrally, a pale area corresponding with necrosis. (B): Zoomed in image of the black marked
box in A. This H&E image shows small tumor glands in abundant stroma marked with red arrows.
The black arrow points to a nerve fiber, which is not easily visible on this HE staining. (C): Black box
area in the immunohistochemical PGP9.5 staining. This staining makes it easier to recognize the small
nerve fibers (red in the PGP9.5 immunohistochemistry and marked with a black arrow). The red arrow
is pointed at the tumor. (D): Zoomed in image of a portal tract. The portal tract illustrates the bile duct
(marked in green), the hepatic artery (marked in red) and the portal vein (marked in blue). (E):
Zoomed in image of a portal tract with PGP9.5 staining. In this zoomed in image, the small nerve fiber
is nicely illustrated in red (positive immunohistochemical staining) and marked in yellow.

4. Discussion
ICCA is commonly diagnosed in advanced disease stages and associated with dismal
oncological survival 1. Despite recent advances in diagnosis, operative and systemic therapy,
the 5-year-survival has not substantially improved and rarely reaches over 20%, with high



Chapter 5

71

5

rates of tumor recurrence being the main reason for these discouraging results [1,21,22].
Based on this, the identification of novel prognostic (bio)markers may provide insight into
the underlying tumor biology of the disease and has the potential to further improve
individualized medical management of these complex patients 13. In this translational
retrospective study, we identified NFs as a powerful novel prognostic biomarker for long-
term oncological outcome in iCCA patients. Further, we could also demonstrate that the
combination of NFs and traditional nodal status shows an excellent ability to stratify these
patients regarding the overall prognosis after curative-intent liver resection.
NFs are believed to play an essential role in the crosstalk between tumor cells and other
components of the TME such as immune cells or cancer-associated fibroblasts (CAF) 19-22.
This inter-cellular cross talk is partly based on neurotransmitters from NFs interacting with
tumor cells, or ones that are released from cancer cells binding to receptors located on NFs 23-
26.
From a clinical-oncological point of view, our results are in line with previous findings. The
analyzed cohort of iCCA patients showed a 5-year-CCS of 34% and 5-year-OS of 29%. In a
systematic review of 57 studies including more than 4500 patients undergoing liver resection
for iCCA, 5-year-OS ranged from 5% to 56% depending on the frequency of typical risk
factors, e.g., age, pathological characteristics or lymph node metastases 27. In our cohort,
absence of NFs, nodal metastases, low preoperative hemoglobin and neoadjuvant therapy
were independent predictors of inferior CCS. In fact, neoadjuvant therapy (HR = 8.84) had
the most pronounced impact on survival followed by lymph node metastases (HR = 4.78)
and NFs (HR = 0.47). The role of neoadjuvant therapy in iCCA is a matter of an ongoing
debate and its role remains to be defined. In a large multicentric analysis, no difference in
oncological survival between patients undergoing upfront surgery versus patients who
underwent preoperative chemotherapy was observed; however, patients scheduled for
neoadjuvant therapy displayed significantly more advanced tumors in this study 28. This
reflects common international standards and also the clinical routine in our center
proceeding with upfront surgery in patients with
resectable disease 1,29. Neoadjuvant therapy in our study cohort was, therefore, applied to a
small subset of patients (n = 8) presenting with a large tumor mass and/or major vascular
involvement. The biased selection of this high-risk subgroup of patients does certainly
explain the high hazard ratio in our analysis.
The presence of NFs, in particular, resulted in a prominent division of our cohort according
to long-term outcome, with a median CCS of 51 months (5-year-CSS = 47%) in patients with
NFs in the TME and a median CCS of 27 months (5-year-CSS = 21%) in patients without NFs
in the TME, indicating an important predictive value of this histological marker. This large
difference in survival can be attributed to the good predictive value of NFs in terms of tumor
recurrence. Here, the absence of NFs among lymph node metastases and long duration of
hospitalization were associated with inferior RFS. The median RFS was 20 months (3-year-
RFS 38%) in patients with NFs and 8 months (3-year-RFS 15%) in patients without NFs. This
well-illustrates that tumor recurrence remains the major problem in iCCA patients. Repeated
liver resections which provide appropriate long-term outcome are unfortunately only
applicable for the minority of patients experiencing tumor recurrence 30,31. Most patients still
undergo systemic therapy, which is characterized by limited response and resistance to
chemotherapy, thus resulting in early disease progression 6.
The prognostic role of nodal status in iCCA is abundantly discussed elsewhere [15,48,49]. As
nodal status was not associated with the presence of NFs in the TME in our group
comparison (Table 1) and both variables showed significant risks in our multivariable Cox
regression models for RFS and CCS, we created subgroups based on NFs and the N status to
stratify patients regarding long-term outcome. Here, patients with low oncological risk
(presence of NFs and negative lymph nodes) displayed a compelling outcome with a 5-year-
CCS of 62%, while patients with medium risk (absence of NFs or positive lymph nodes but
not both) showed an "average" outcome with a 5-year-CCS of 25%, followed by patients with
high risk (absence of NFs and positive lymph nodes) yielding a dismal long-term outcome
with a 3-year-CCS of 0%. This observation is novel and interesting with a potential impact
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on the clinical management of these patients. Surgical resection in patients with positive
lymph nodes alone is usually associated with inferior outcome and the survival benefit
appears marginally to systemic therapy alone in some previous reports 32,33. Therefore, some
authors suggest a very critical approach to surgery in iCCA with nodal metastases 1. Our
department strategy comprises a radical approach to iCCA that does not deny patients the
possibility of radical surgery even in cases where lymph node positivity is confirmed in
intraoperative frozen sections 7,13. However, it has to be acknowledged that our high-risk
subgroup (absence of NFs and positive lymph nodes) showed a median CCS of 10 months,
which is indeed inferior to the results of systemic therapy, as shown in the ABC-02 trial
evaluating Gemcitabine and Cisplatin in the palliative setting displaying a median OS of 12
months 6. As iCCA does usually present with a notable tumor mass at the time of diagnosis,
tissue for preoperative histological analysis is more easily obtainable by biopsy compared to
pCCA 14. If the absence NFs is, therefore, known preoperatively and other oncological risk
factors are present in the individual patient, e.g., positive lymph nodes determined by
preoperative endoscopic ultrasound-guided fine-needle biopsy, staging laparoscopy or by
intraoperative frozen sections, liver resection should be carefully evaluated in these patients
as the oncological benefit might not justify the perioperative risks of surgery. This statement
represents one of the most important clinical messages of this study.
As with other retrospective translational studies, our analysis has some potential limitations.
First, all patients of this study underwent surgery in a single center in accordance with the
authors’ individual approach to iCCA, and all clinical data were obtained in a retrospective
fashion. Second, the retrospective nature of our study resulted in some missing data, which
would have been interesting to report in the context of the oncological analysis, e.g., CA19-9.
Third, the limited sample size did not allow the division of the cohort into a training and
validation set, which would have strengthened our statistical analysis. Further, our data and
the resulting observations would certainly require confirmation within a large independent
and, optimally, multi-center dataset to reduce the risk of bias, and no amount of reanalysis
of the current cohort can eliminate this need. Fourth, it is not possible to deeply investigate
the associations of NFs with tumor characteristics using our data. Such investigations
focusing on the underlying pathophysiological mechanisms may include extensive
radiologic and biological data (e.g., tumor genetics) which were not available for this study
but should be the topic of further investigations.

5. Conclusions
Notwithstanding the above-mentioned limitations, we have identified NFs as a novel and
important prognostic biomarker in iCCA patients. The presence of NFs alone and in
combination with nodal status allow for stratification of iCCA patients in terms of
oncological outcome after curative-intent surgery. These findings have the potential to be
clinically implemented since the NF count requires only one simple immunohistochemical
staining and the nodal status is a routine characteristic in the pathology report. Larger,
multi-center studies are needed to confirm and validate our findings.
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List of abbreviations
CCA Cholangiocarcinoma
CHCC-CCA Combined hepatocellular-cholangiocarcinoma
DCCA Distal cholangiocarcinoma
FFPE Formalin fixed paraffin embedded
HCC Hepatocellular carcinoma
ICCA Intrahepatic cholangiocarcinoma
MIF Multiplex Immune Fluorescence
NFD Nerve fiber density
OS Overall survival
PCCA Perihilar cholangiocarcinoma
PD-1 Programmed Death receptor
PD-L1 Programmed Death Ligand 1
PD-L2 Programmed Death Ligand 2
PGP 9.5 Protein gene-product 9.5
PNI Perineural invasion
RFS Recurrence-free survival
ROI Region of interest
TME Tumor microenvironment

Abstract: Background & Aims: Perihilar cholangiocarcinoma (pCCA) is a hepatobiliary malignancy
which a dismal prognosis. Nerve fiber density (NFD) – a novel prognostic biomarker – describes the
density of small nerve fibers without cancer invasion and is categorized into high numbers and low
numbers of small nerve fibers (high vs low NFD). NFD is different than perineural invasion (PNI),
defined as nerve fiber trunks invaded by cancer cells. Here, we aim to explore differences in immune
cell populations and survival between high and low NFD patients. Approach & Results: We applied
multiplex immunofluorescence (mIF) on 47 pCCA patients and investigated immune cell composition
in the tumor microenvironment (TME) of high and low NFD. Group comparison and oncological
outcome analysis was performed. CD8+PD-1 expression was higher in the high NFD than in the low
NFD group (12.24 × 10-6 vs. 1.38 × 10-6 positive cells by overall cell count, p=.017). High CD8+PD-1
expression was further identified as an independent predictor of overall (OS; Hazard ratio (HR)=0.41;
p=.031) and recurrence-free survival (RFS; HR=0.40; p=.039). Correspondingly, the median OS was 83
months (95% confidence interval (CI): 18 – 48) in patients with high CD8+PD-1+ expression compared
to 19 months (95% CI: 5 – 93) in patients with low CD8+PD-1+ expression (p=.018 log rank). Also, RFS
was significantly lower in patients with low CD8+PD-1+ expression (14 months (95% CI: 6 – 22))
compared to patients with high CD8+PD-1+ expression (83 months (95% CI:17 – 149), p=.018 log rank).
Conclusions: PD-1+ T-cells correlate with high NFD as a prognostic biomarker and predict good
survival, the biological pathway needs to be investigated.

Keywords: Perihilar cholangiocarcinoma; nerve fibers; tumor microenvironment; oncological outcome;
biomarker

Introduction

Cholangiocarcinoma (CCA) is a rare and aggressive hepatobiliary malignancy arising
from the biliary tract. Based on the cancer location within the biliary tree, CCA is classified
into 3 subtypes: intrahepatic cholangiocarcinoma (iCCA), perihilar cholangiocarcinoma
(pCCA) and distal cholangiocarcinoma (dCCA). CCA usually has a 5-year overall survival
(OS) of less than 10%1. Surgical resection remains the only curative treatment for these
patients, however, only a minority of patients is eligible for surgery as CCA is often
diagnosed at an advanced stage and resection is no longer an option. For almost all CCA
patients, conventional cytotoxic chemotherapy is the mainstay treatment option2, resulting in
a survival benefit of only months in comparison to best supportive care and causing toxic
side-effects. The upcoming treatment options within personalized medicine has not brought
much for the group of patients with pCCA3. Recent trials have opened the field of
immunotherapy as a treatment option displaying the possibility of long-term survival in
some patients4. For CCA patients this is a developing field and results from phase 3 trials are
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expected 5-7. Based on phase 1 clinical trials there is hope that immunotherapy in
combination with chemotherapy regimens might improve outcomes in CCA patients as well8.

The low success rate of CCA treatment is caused by many factors, and limited
knowledge of its tumor microenvironment (TME) contributes to this problem. CCA has a
high heterogeneity at the genomic, epigenetic and molecular level, hence, primary CCA
contains a diverse range of cell types9-14. Also, the TME is host for many different immune
cells and stimulatory and inhibitory effects take place. PCCA shows abundant desmoplastic
stroma which contains many immune cells, providing either a host protective immune
environment or tumor progression is facilitated15. Immune cell compositions play an
important role in the immune response to the cancer and different phenotypes have been
suggested in combined hepatocellular-cholangiocarcinoma patients (cHCC-CCA)16 and in
iCCA17.

From a histopathological point of view, pCCA characteristically has an extensive
stromal component in which complex microenvironment interactions take place15. In the
past decade, great efforts have been made to explore complexity of the TME and to develop
novel therapies that might help to improve oncological outcomes. However, more needs to
be discovered about the spatial relationship among cells within the complex TME and their
expression patterns of co-stimulatory and inhibitory signals to understand the response to
immune checkpoint blockades in clinical trials. However, not every patient responds equally
and response rates differ from <5% to >40% depending on the cancer type. There is an urgent
need for biomarkers to better predict response to immunotherapy18. Predictors for an anti-
tumour response to ICIs currently are: high PD-L1 expression, microsatellite instable cancers
or microsatellite high (MSI-H) cancers, tumour infiltrating lymphocytes (TILs) at the edge of
the tumour and high mutational burden (TMB). Unfortunately, even in presence of one of
these markers not all patients seem to respond to ICIs14,19-22. Also, new biomarkers to predict
response to checkpoint inhibitors are of urgent need to facilitate patient selection.

We have recently shown that nerve fiber density (NFD) in the TME functions as an
important prognostic biomarker in CCA patients. NFD is associated with clinical outcomes
in pCCA and iCCA patients23 and patients with presence of small nerve fibers in the TME
display a better survival. The underlying mechanisms of this clinical observation are not
discovered yet. Of main importance is the difference of a well-known aggressive feature
perineural invasion (PNI), which shows invasion of cancer cells into the nerve fibers (figure
1). This histological feature is detectable on a routine H&E staining and it is thought that the
perineurium of the nerve fiber is a barrier for the chemotherapy to reach the cancer. Also, the
nerve fiber environment provides a way of least resistance for the tumor to spread and
progress. NFD has an opposite effect on outcome and consists of nerve fibers growing in the
TME. In case of high NFD, small nerve fibers grow into the TME. These nerve fibers are only
visualized by a special staining and the nerve fibers are smaller in diameter and usually
don’t show any tumor invasion.

Given this prognostic value of NFD in pCCA, we hypothesized NFD might also be
associated with different immunophenotypes and therefore used multiplex
immunofluorescence (mIF) to reveal the differences in immune cell composition and
distribution combined with the expression of co-stimulatory and co-inhibitory checkpoint
markers.
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Figure 1: The difference between Perineural Invasion (PNI) and Nerve Fiber Density
(NFD). 1A PNI is defined as tumor cells invading the perineurium of the nerve. In the
neuronal marker (PGP9.5) staining, the nerve fiber in red (red arrow) surrounded and
invaded by tumor cells and glandular structures. 1B NFD shows the presence of small
nerve fibers in the tumor microenvironment (TME). These nerve fibers are small in
diameter (<100 μm) and do not show any invasion of tumor cells. The red arrow points to
the tumor cells and the yellow circles mark the presence of small nerve fibers stained with
the neuronal marker (PGP9.5). 1C Corresponding H&E staining of PNI. PNI is
recognizable for the pathologist. 1D On the H&E, the cancer is recognizable but the small
nerve fibers are not detectable on this routine staining.
H&E, hematoxylin and eosin; NDF, nerve fiber density; PNI, perineural invasion; TME, tumor
microenvironment.

Materials and Methods

Patient Cohort
In total 47 pCCA formalin fixed paraffin embedded (FFPE) tissue blocks were selected

from the archive of the University Hospital RWTH Aachen. All patients were treated and
operated on in our hospital between 2010 and 2019. Of the 47 patients, 2 individuals were
excluded due to poor quality of the slide after staining, resulting in 45 patients being eligible
for this analysis. The study was conducted in accordance with the requirements of the
Institutional Review Board of the RWTH-Aachen University (EK 106/18), the Declaration of
Helsinki, and good clinical practice guidelines (ICH-GCP).

Surgical techniques, adjuvant treatment and follow-up
All patients who were referred for surgical treatment of CCA to our institution

underwent a detailed clinical work-up which included an oncological staging in accordance
with common standards and radical surgery with lymphadenectomy as previously
described23-25 Patients treated between 2010-2017 were recommended for adjuvant therapy in
case of positive lymph nodes or a R1 resection. After 2017 every patient was recommended
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for adjuvant therapy in line with the BILCAP trial26. The postoperative follow up consisted
of clinical follow up at the local hospital or oncologist with laboratory testing (CA19-9) and
imaging. Confirmation of recurrence was performed by histology or radiology.

Whole slide immunohistochemistry (IHC) and nerve fiber counts
All samples were checked for the presence of tumor region by hematoxylin and eosin-

stained sections. Slides were cut in tissue sections (2.5 μm thick) from formalin-fixed blocks,
deparaffinized in xylene and rehydrated in graded alcohols. Slides were boiled in citrate
buffer (pH 6.0) at 95–100°C for 5 min and were cooled for 20 min at room temperature with
endogenous peroxide in methanol for 10 min. Then, these slides were incubated with rabbit
anti-human PGP 9.5 (DAKO 1:100) overnight at 4°C to mark the nerve fibers. Histological
Slides were scanned using the whole-slide scanners Aperio AT2 with ×40 objective (Leica
Biosystems, Wetzlar, Germany), corresponding to a pixel-edge-length of = 0.252. A single
digital image per case was uploaded in Qupath 0.1.6.

NFD nerve fiber counts from our previous study were used for immune cell
phenotyping24. The NFD method was evaluated by manually counting the number of nerve
fascicles with diameters of <100 μm in 20 continuous visual fields at ×200 magnification27.
Based on NFD results, patients were categorized into a low NFD group (<10 nerve fibers)
and a high NFD group (≥10 nerve fibers) as previously described24.

Whole slide multiplex immunofluorescence (mIF)
All FFPE samples were subjected to multiplex immunofluorescence (mIF) in serial 5,0

μm histological tumor sections obtained from representative FFPE tumor blocks. The FFPE
block were carefully selected with presence of the tumor region. The sections were labeled
by using the Opal 7-Color fIHC Kit (PerkinElmer, Waltham, MA). The antibody fluorophores
were grouped into a panel of 5 antibodies. The order of antibodies staining was always kept
constant on all sections and sections were firstly counterstained with DAPI (Vector
Laboratories). The multiplex immunofluorescence panel consisted of CD8, CD68, PD-1, PD-
L1, and PD-L2 (table 1). All antibodies were diluted with Antibody Diluent (with
Background Reducing Components, Dako, Germany). Secondary antibodies were applied
with ImmPRESS™ HRP (Peroxidase) Polymer Detection Kit (Vector Laboratories, US). TSA
reagents were diluted with 1× Plus Amplification Diluent (PerkinElmer/Akoya Biosciences,
US).

Table 1:Monoclonal antibodies in the multiplex immunofluorescence panel
Antibody Marker Dilution Incubation Theme Manufacturer
CD8 Cytotoxic T 1:500 30 min CySO Dako
CD68 Macrophage 1:6000 30 min Cy7E Dako
PD-1/CD279 Checkpoint 1:250 Over night Cy47 Abcam
PD-L1/CD274 Checkpoint 1:200 Over night 46HE Dako
PD-L2/CD273 Checkpoint 1:400 Over night 43HE Abcam

The manual for mIF is described as Edwin R. Parra’s protocol28: in short, the first marker
was incubated after the FFPE sections were deparaffinized in xylene and rehydrated in
graded alcohols. The second marker was applied on the following day. And the third marker
was applied on the third day. After all five sequential reactions, sections were finally cover-
slipped with VECTRASHIELD® HardSet™Antifade Mounting Medium.

The slides were then digitally scanned with the TissueFAXS PLUS system
(TissueGnostics, Austria). Image analysis was performed in 2 regions of interest (ROI) in
each image only if present in the slide: tumor region and tumor free region. The size of the
ROI varying per slide. Immune cell expression was calculated in percentages throughout the
whole project (figure 2).
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Figure 2: Overview of study workflow. 2A The formalin-fixed paraffin-embedded (FFPE)
blocks were collected from the pathology archives. The slides were cut and stained with DAPI
and 5 antibodies. The immunofluorescence-stained slides were scanned. 2B The digital scans
were annotated for different regions: Tumor and Tumor-free. Cells were subsequently counted
in these separate regions. For the NFD patients, the slides were selected based on the small
nerve fiber count from previous work and the cell counting was done in the tumor region. 2C In
total we included 47 patients in this study. From 45 patients we were able to analyze the digital
scans.
DAPI, diamidino-2-phenylindole, FFPE; formalin-fixed paraffin-embedded

Strataquest software was used to analyse the antibody staining and cell counts. The
library information was used to associate each fluorochrome component with a mIF marker.
All immune cell populations were quantified as positive cells divided by overall cell count
using the cell segmentation, thresholds were set manually under supervision of two
pathologists (LH/MC). Positive cell count was categorized based on thresholds, a value
above the threshold was considered as positive. Checks were performed by the pathologists
(LH/MC).

Statistical analysis
Clinical variables and immune cell data and the difference between patients with high

and low NFD were investigated by Mann-Whitney U test for continuous variables and the
χ2 test or Fisher’s exact test in accordance with scale and number count. Further, overall
survival (OS) and recurrence-free survival (RFS) of the cohort were determined by the
Kaplan-Meier method. OS was defined as the date of surgery to the date of death based on
any cause, while RFS was defined as the date of surgery to the date of first tumor recurrence.
Associations between OS or RFS and clinical or multiplex variables were determined by
univariate and multivariate Cox Regression analyses. Survival curves were generated by the
Kaplan-Meier method and compared with the log-rank test. The cut-off level for group
categorization for survival analysis was determined by the receiver operating characteristic
(ROC)-analysis of OS with respect to the analyzed continues variable as previously
described24. The level of significance was set to alpha= 0.05, and p-values were calculated 2-
sided testing.

Results



Chapter 6

6

83

Patients’ characteristics
The study cohort comprised of 45 individuals with 15 patients in the high NFD and 30

patients in the low NFD group. Demographical features e.g. gender (p=.664), age (p=.563)
and American College of Anesthesiologists (ASA) status (p=.850) displayed no difference
between the groups. Also, no statistical differences were observed with respect to basic
pathological features as T category (p=.324), N category (p=.832), vascular invasion (p=.225),
lymphatic invasion (p=.611), perineural invasion (p=.773) and tumor grading (p=.085). More
details on clinicopathological features are displayed in table 2.

Table 2: Comparative analysis surgically treated patients with respect to nerve fiber density

Variables
NFD group

High (n=15) Low (n=30) p-value
Demographics

Gender, m/f (%) 10 (66.7) / 5 (33.3) 18 (60) / 12 (40) .664

Age (years) 70 (58 – 72) 64 (55 – 73) .563
ASA, n (%) .850
I 1 (6.7) 1 (3.3)
II 8 (53.3) 15 (50.0)
III 6 (40.0) 13 (43.3)
IV 0 1 (3.3)

Pathological examination
T category, n (%) .324
T1 0 0
T2 8 (53.4) 20 (66.6)
T3 6 (40.0) 6 (20.0)
T4 1 (6.7) 4 (13.3)
N category .832
N0 7 (46.7) 13 (43.6)
N1 8 (53.3) 17 (56.7)
Vascular invasion, n (%) 2 (13.3) 10 (33.3) .225
Lymphatic invasion, n(%) 5 (33.3) 7 (23.3) .611
Perineural invasion, n (%) 10 (66.7) 21 (87.5) .733
Tumor grading, n (%) .085
G1 0 0
G2 14 (93.3) 20 (71.4)
G3 0 7 (25.0)
G4 0 1 (3.6)

Multiplex Imaging Data
CD8-Panel (× 10-6)
CD8+ 319.04 (131.37 – 448.66) 182.51 (118.95 –

347.54)
.195

CD8+PD-1+ 12.24 (1.04 – 23.06) 1.38 (0.73 – 8.02) .017
CD8+PD-1+PD-L1+ 0.90 (0.03 – 1.97) 0.27 (0.04 – 0.66) .228
CD8+PD-1+PD-L1+PD-L2+ 0.14 (0.00 – 0.52) 0.02 (0.00 – 0.08) .150
CD8+PD-1+PD-L2+ 0.34 (0.03 – 0.79) 0.04 (0.00 – 0.16) .044
CD8+PD-L1+ 6.53 (1.92 – 15.76) 2.83 (1.16 – 10.42) .306
CD8+PD-L1+PD-L2+ 0.58 (0.16 – 5.41) 0.13 (0.05 – 0.80) .091
CD8+PD-L2+ 3.30 (0.81 – 17.37) 2.36 (0.37 – 4.93) .097
CD68-Panel (× 10-6)
CD68+ 709.33 (348.70 – 1475.20) 505.81 (282.94 –

692.45)
.087

CD68+PD-1+ 5.82 (1.22 – 15.16) 2.52 (0.85 – 5.53) .140
CD68+PD-1+PD-L1+ 1.01 (0.06 – 1.90) 0.37 (0.05 – 1.09) .363
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CD68+PD-1+PD-L1+PLD2+ 0.01 (0.00 – 0.47) 0.02 (0.00 – 0.14) .946
CD68+PD-1+PD-L2+ 0.11 (0.02 – 1.39) 0.04 (0.00 – 0.53) .513
CD68+PD-L1+ 15.31 (1.58 – 42.57) 6.64 (3.41 – 13.88) .195
CD68+PD-L1+PD-L2+ 1.18 (0.08 – 4.36) 0.06 (0.34 – 0.97) .120
CD68+PD-L2+ 10.24 (4.03 – 24.87) 4.93 (2.56 – 8.84) .070
Follow-up Data
Recurrence-free survival (months) 70 (48 – 93) 15 (3 – 27) .014
Overall survival (months) 90 (0 – 196) 19 (12 – 27) .037

Data presented as median and interquartile range if not noted otherwise. Multiplex data is
presented as positive cells per overall cell count of the tumor ROI.Follow-up data is presented
as median and 95% CI. Categorical data were compared using the chi-squared test, fisher’s exact
test or linear-by-linear association according to scale and number of cases. Data derived from
continuous variables of different groups were compared by Mann-Whitney-U-Test. Follow-up
data was calculated by the Kaplan-Meier-Method and compared by log rank tests. ASA,
American society of anesthesiologists classification; CI, confidence interval. ROI, region of
interest.

Multiplex data
The 45 slides all included whole slide analysis for the combined for immune cell

markers (CD8 and CD68) and immune checkpoint markers (PD-1, PD-L1 and PD-L2). The
corresponding H&E slide of the same block was used to annotate the tumor region and
positive cells were counted. DAPI nuclei staining was used to generate a total cell count. We
assessed differences in immune cell counts (CD8 and CD68) and expressions of checkpoint
markers (PD-1, PD-L1 and PD-L2). Interestingly, the CD8+ and CD68+ numbers were not
significantly different, but PD-1 expressions were. We note that PD-L1 was not significantly
expressed and this marker is used for patient selection for Pembroluzimab.

While the expression of CD8+ and CD68+ as well as the expression of co-stimulatory
signals appears to be tangentially higher in the high NFD cohort, a pronounced statistical
effect was overserved for CD8+PD-1+ and CD8+PD-1+PD-L2+ cells (figure 3). CD8+PD-1
expression was higher in the high NFD than in the low NFD group (12.24 × 10-6 vs. 1.38 × 10-
6 , p=.017) as was CD8+PD-1+PD-L2+ (0.34 × 10-6 vs. 0.04 × 10-6, p=.044; table 2).

Figure 3: Multiplex immunofluorescence (mIF) digitized images. 3A Zoomed-in image of a
slide with perihilar cholangiocarcinoma, with perihilar presence of many big nerve fibers and
large vessels. 3B The red box visualizes PNI with the tumor glands highlighted with red and the
nerve fiber marked in yellow. For PNI the tumor glands need to be orientated really close to the
nerve and invade the perineurium. 3C The yellow box visualizes a large nerve fiber without
tumor invasion. The increase of small nerve fibers which are counted to assess NFD are not
detectable without a neuronal marker. The positive cell counting was done in the tumor
annotation in a patient with high NFD. 3D For high and low NFD, positive cell counts for CD8
were not significantly different the tumor region. 3E Cell subset comparison. CD8+PD-1+
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(p=.044) and CD8+PD-1PD-L2 cell counts (p=.017) were significantly higher in patients with
high NFD.
NFD, nerve fiber density; PNI, perineural invasion.
Survival analysis
As high expression of CD8+PD-1+ and CD8+PD-1+PD-L2+ were associated with high

NFD, these two variables were further included into a survival analysis for the whole cohort.
For this purpose, a ROC analysis evaluating CD8+PD-1+ and CD8+PD-1+PD-L2+ expression
with respect to OS was carried out and cut-off values for these variables determined with
respect to optimized accuracy and equal weight for sensitivity and specificity errors. By this
approach the cut-off values determined to be <1.4 × 10-6 (=low expression) vs. ≥ 1.4 × 10-6

(=high expression) for CD8+PD-1+ and <0.1 × 10-6 (=low expression) vs. ≥0.1 × 10-6 (=high
expression) for CD8+PD-1+PD-L2+.

After a median follow-up of 70 months, the median OS of the cohort was 28 months
(95%Confidence interval (CI): 12 – 43) and the RFS 24 months (95%CI: 0 – 49; Figure 4A and
B). A Kaplan-Meier analysis with respect to NFD showed a median OS of 90 months (95% CI:
0 – 196) in patients with high NFD compared to 19 months (95% CI: 12 – 27) in patients with
low NFD (p=.037 log rank, Figure 4C). Further, RFS was significantly lower in patients with
low NFD (15 months (95% CI: 3 – 37)) compared to patients with high NFD (70 months (95%
CI: 48 –93), p=.014 log rank, Figure 4D).

A similar survival analysis was conducted for CD8+PD-1+ expression. Here, A Kaplan-
Meier analysis showed a median OS of 83 months (95% CI: 18 – 110) in patients with high
CD8+PD-1+ expression compared to 19 months (95% CI: 5 – 93) in patients with low
CD8+PD-1+ expression (p=.018 log rank, Figure 4E). Also, RFS was significantly lower in
patients with low CD8+PD-1+ expression (14 months (95% CI: 6 – 22)) compared to patients
with high CD8+PD-1+ expression (83 months (95% CI:17 – 149), p=.018 log rank, Figure 4F).

Cox Regression Analysis
To further explore independent prognostic markers of survival in our cohort, Cox

regression analyses were conducted. Here, in univariate analysis, tumor grading (Hazard
ratio (HR)=3.22; p=.010) and high CD8+PD-1+ expression (HR=0.44; p=.029) were
significantly associated with OS. All variables showing p-value <0.10 were included in a
multivariable Cox regression model. Here, tumor grading (HR=3.67; p=.010) and high
CD8+PD-1+ expression (HR=0.42; p=.031) were identified as independent predictors for
improved OS (table 3).

Table 3: Uni- and multivariate analysis of overall survival
Variables Univariate Analysis Multivariate Analysis

HR (95%CI) p-value HR (95%CI) p-value
NFD (low=1) 0.47 (0.21 – 1.06) .070 excluded .595

Gender (male=1) 1.22 (0.60 – 2.49) .576

Age (<65 years=1) 1.22 (0.61 – 2.46) .572
ASA (I/II=1) 1.14 (0.57 – 2.30) .707
T category (T1/T2=1) 1.53 (0.76 – 3.09) .233
N category (N0=1) 1.70 (0.83 – 3.49) .149
Vascular invasion (No=1) 1.75 (0.81 – 3.78) .154
Lymphatic invasion (No=1) 1.43 (0.65 – 3.15) .377
Perineural invasion (No=1) 1.50 (0.44 – 5.08) .515
Tumor grading (G1/G2=1) 3.22 (1.33 – 7.82) .010 3.67 (1.37 – 9.82) .010
CD8+PD-1+ (low=1) 0.44 (0.21 – 0.92) .029 0.42 (0.19 – 0.92) .031
CD8+PD-1+PD-L2+ (low=1) 0.57 (0.26 – 1.22) .145
Variables displaying a p-value <0.1 in the univariate Cox Regression were transferred into a
multivariable Cox regression model.
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Figure 4: Oncological survival in CCA with respect to CD8+PD1+ count and nerve fiber
density.

A Overall survival. The median OS of the cohort was 28 months. B Recurrence-free survival.
The median RFS of the cohort was 24 months. C Overall survival stratified by nerve fiber
density. The median OS of the cohort was 19 months in patients low NFD and 90 months in
patients with high NFD. D Recurrence-free survival stratified by nerve fiber density. The
median RFS of the cohort was 15 months in patients low NFD and 83 months in patients with
high NFD. E Overall survival stratified by CD8+PD1+ count. The median OS of the cohort was
19 months in patients with low CD8+PD1+ expression and 83 months in patients with high
CD8+PD1+≥ expression. F Recurrence-free survival stratified by CD8+PD1+ count. The median
RFS of the cohort was 14 months in patients with low CD8+PD1+ expression and 83 months in
patients with high CD8+PD1+ expression.
NFD, nerve fiber density; OS, overall survival; RFS, recurrence-free survival.

In an analog univariate analysis, high NFD (HR=0.31; p=.021), tumor grading (HR=4.79;
p=.001) and high CD8+PD-1+ expression (HR=0.54; p=.024) showed significant associations
with RFS. In the corresponding multivariable Cox regression model, tumor grading
(HR=5.51; p=.001) and high CD8+PD-1+ expression (HR=0.40; p=.039) were identified as
independent predictors of RFS (table 4).

Table 4: Uni- and multivariate analysis of recurrence-free survival
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Variables Univariate Analysis Multivariate Analysis
HR (95%CI) p-value HR (95%CI) p-value

NFD (low=1) 0.31 (0.12 – 0.84) .021 excluded .307

Gender (male=1) 1.16 (0.54 – 2.49) .714

Age (<65 years=1) 1.03 (0.48 – 2.20) .941
ASA (I/II=1) 1.08 (0.51 – 2.31) .841
T category (T1/T2=1) 1.24 (.57 – 2.73) .589
N category (N0=1) 1.53 (0.71 – 3.31) .277
Vascular invasion (No=1) 2.24 (0.97 – 5.16) .059 excluded .085
Lymphatic invasion (No=1) 1.46 (0.63 – 3.40) .377
Perineural invasion (No=1) 1.68 (0.39 – 7.28) .486
Tumor grading (G1/G2=1) 4.79 (1.90 – 12.04) .001 5.51 (1.98 – 15.33) .001
CD8+PD-1+ (low=1) 0.40 (0.18 – 0.89) .024 0.40 (0.17 – 0.96) .039
CD8+PD-1+PD-L2+ (low=1) 0.54 (0.23 – 1.26) .156
Variables displaying a p-value <0.1 in the univariate Cox Regression were transferred into a
multivariable Cox regression model.

Discussion

PCCA is considered a rare primary biliary tract cancer and therefore it remains
understudied. While the literature is short of large cohorts of patients, reported outcomes are
entirely poor compared to other solid malignancies, especially for those individuals who are
not eligible for a surgical resection.

Immunotherapy remains experimental in the clinical treatment of pCCA and patient
stratification for systemic treatment, especially in the context of immunotherapy, is a subject
of ongoing investigation. For HCC, as the most common primary liver cancer,
immunotherapy in combination with Bevacizumab is already a first line treatment in the
palliative setting 29. First clinical trial results report that pCCA is an immunoresponsive
malignancy indicating a potential role of immunotherapy in improving patients survival.
However, only a subset of patients might respond to immunotherapy and biomarkers to
identify these individuals for immunotherapy are of urgent need30.

The histology of pCCA usually shows characteristic growth pattern of nerves invaded
by cancer cells. Even though most patients have this feature somewhere present in the tumor,
not all patients display poor outcome. In this study, we have shown that patients with high
NFD is associated with a higher PD-1 expression. These patients do further display
significant better oncological outcome survival. The underlying mechanism for this still
needs to be further investigated.

NFD is defined as large numbers of small nerve fibers in the TME, these nerve fibers are
not invaded by cancer cells. A recent study has demonstrated that CD8+ infiltration was
associated with better survival in patients with iCCA31. Hence, we evaluated the clinical
significance of the main immune cells (T cells and macrophages) in pCCA patients. In our
previous publication24, we investigated the role of NFD in a large pCCA cohort and
demonstrated high NFD being independently associated with improved survival after
surgical resection. We subsequently hypothesized that the small nerve fibers attract immune
cells providing a better immune response to the cancer. Patients with a high NFD have
abundant CD8+PD-1+ T-cells.

This finding identifies a subgroup of pCCA patients with a better survival. Further,
these might suggest this subgroup for immunotherapy-based adjuvant treatment.

PD-1 checkpoint therapy unleashes the immune cells blocked by PD-1 expanding the T
cell population at the interface and in the tumor. Potentially the high NFD subgroup of
patients could benefit from immunotherapy, when the CD8+ T-cells blocked with PD-1 are
re-activated. Our data are in line with previous findings on HCC patients, where patients
with high levels of PD-1 expression showed an improved survival32 and low counts of CD8
T-cells were indicative for a poorer outcome33. Previous work on the immune landscape in
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intrahepatic cholangiocarcinoma showed an immunosuppressive environment with low
numbers of CD3 and CD4 to be correlated with reduced long-term outcome 34 and low
expression of PD-1 to be associated with an improved oncological survival 35-37. For
extrahepatic cholangiocarcinoma high numbers of CD3+ T-cells combined with expression of
PD-L1 on the tumor cells was correlated with a more invasive growth38. The prognostic
relevance of the PD-1 marker is therefore diverse, but expression of this checkpoint receptor
usually indicates patients are likely to benefit from immunotherapy39-41. Previous work has
shown that cholangiocarcinoma patients with high densities of tumor infiltrating
lymphocytes also have high expression levels of PD-L142. Besides using the expression of
PD-1 and PD-L1 to predict outcome, different immune responses in biliary tract cancer are
indicative for a better or worse outcome. The presence of tumor infiltrating lymphocytes are
also an important prognostic factor43. The different prognostic values of the PD-1 and PD-L1
expression in cholangiocarcinoma patients suggests that expression of this marker by itself is
not enough to function as a good biomarker.

The TME is host to many different cell types and nerve fibers seem to play a dual role.
The large nerve fiber trunks with tumor invasion are usually a sign of a bad outcome44 and
the small nerve fibers are indicative of a good outcome23. The same phenomenon exists for
immune cells (Tregs are usually bad for prognosis and CD8 cytoxic T cells are protective to
the host45) and fibroblasts46. In the light of this perspective we hypothesized that nerve fibers
have a dual role as well and they potentially can be used to stratify patients for response to
immunotherapy.

In the future our findings need to be validated by external cohorts and underlying
pathways should be identified. Once the pathways behind high NFD are known, the next
step would be to see if high NFD can be influenced by therapeutics. First this needs to be
done in 3D models and hopefully later potentially a nerve fiber targeted therapy could be
included in a clinical trial and be part of a combination (chemo)therapy.

We have started a functional study to validate our findings in 3D models, hopefully this
will be the next step to a clinical implementation.

Our study has limitations, unfortunately our cohort of only 50 surgically resected
perihilar patients makes the sample size limited. The study could be validated in a larger
sample size, using an external validation cohort would strengthen the study. Since perihilar
cholangiocarcinoma (pCCA) is a relatively rare disease we have not managed to achieve this
so far. We will collaborate internationally and gather larger cohorts of pCCA slides which we
can use for further hypothesis and validation. Also our method could be improved by using
a multiplex imaging device with accessibility of a 40-antibody panel, like CODEX or
Hyperion.

To our knowledge, this is a first study in pCCA using a wide multiplex antibody panel
focusing on immune cells in the TME in combination with checkpoint markers in relation to
NFD. PD-1 expression correlates with high NFD patients suggesting NFD can be used as a
simple prognostic biomarker. NFD can be easily integrated in the routine workup of the
pathology report, since only one neuronal antibody is needed to achieve a nerve fiber count.
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General Discussion

In the TME, tumor cells are surrounded by extracellular matrix and various
components of the stroma. Known stromal cells under current investigation are fibroblasts,
blood vessels and inflammatory cells1. Small nerve fibers have not been investigated much
up to now. Some cancer types, amongst PDAC and CCA, are known for their characteristic
aggressive perineural growth pattern.

In this thesis, we hypothesized that different kind of nerve fibers exist. Besides the large
nerve trunks with invasion of cancer cells, small nerve fibers are present in the TME and
these nerve fibers have a positive effect on outcome. This thesis provides insight into the
prognostic role of the small nerve fibers in patients with PDAC and CCA. We aimed to
explore a novel biomarker with prognostic value. In more detail, this thesis starts with the
existent knowledge of the neural functions in neurotropic cancer (PDAC and CCA). In
addition, potential mechanisms of PNI in PDAC and CCA are discussed. It also summarizes
the latest clinical studies that explored the relationship between nerves and patients’
survival with PDAC and CCA, respectively. Based on a review of current clinical and
molecular studies of neurotropic cancer (PDAC and CCA) (Chapter 2), we hypothesized that
nerve fibers can be a novel candidate biomarker to predict patients’ clinical outcomes, such
as cancer-specific survival (CSS) and overall survival (OS). We explored relationships
between the nerve fibers and their spatial distribution in PDAC patients in Chapter 3. The
relationship of nerve fibers in perihilar Cholangiocarcinoma (pCCA) and intrahepatic
Cholangiocarcinoma (iCCA) patients with CSS and OS are demonstrated in Chapter 4 and
Chapter 5, respectively. Furthermore, we examined the potential correlation with immune
cell phenotypes in pCCA patients in Chapter 6. We hope to provide some clues for future
nerve fiber-cancer-research.

Origin of small nerve fibers in the TME

As presented in Chapter 2, autonomic nerves are widely distributed in the TME of
PDAC and CCA. It is important to distinguish the phenomenon of PNI and small nerve
fibers. PNI has widely attracted attention in the field of cancer research since it is a known
feature for an aggressive cancer biology. Clinically, PNI is an independent predictor of poor
prognosis and it plays an important role in the development and progression of PDAC.

In recent years, evidence has shown that nerve fibers are a crucial component of the
TME and might play a dual role within the TME. In other words, nerve fibers participate in
the progression of tumor growth in both PDAC and CCA. Literature has shown that the
reactivation of developmental and regenerative pathways allow recruitment of nerves and
this is important for cancer growth2. Nerve fibers originate from the central nervous system.
Depending on the localization of the cancer type from which the malignancy arises as well
as its native innervation pattern, different parts of the nervous system are involved. Certain
branches of the nervous system are critical in a cancer progression. In the pancreas, the
parasympathetic nerves can suppress the growth of pancreatic cancer cells, while the
sympathetic nerves stimulate the growth of pancreatic cells. Therefore, there is a balance of
neural influence for pancreatic cancer cells3 (Chapter 3). If this mechanism also takes place in
CCA remains unknown.

To further investigate the nerve fibers, we conducted immunohistochemistry and
identified the small nerve fibers to be of parasympathetic origin. This finding is novel and
interesting as the role of the parasympathetic nervous system in cancer initiation and
progression is not fully understood. A potential inhibitory effect of the parasympathetic
nervous system on cancer initiation was historically observed in patients who underwent
vagotomy as a treatment for gastric ulcers and subsequently displayed a higher incidence for
gastric cancer4,5. A study investigated the impact of subdiaphragmatic vagotomy in a murine
PDAC model. Here, vagotomy increased tumor growth and impaired survival in this mouse
model which was partly explained by increased expression of tumor necrosis factor alpha in
tumor tissue6. Kamiya et al. introduced an adeno-associated virus vector enabling the
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stimulation or inhibition of parasympathetic and sympathetic nerve fibers localized in the
tumor tissue. In a xenograft model, they observed a decreased progression of the primary
tumors and attenuation of the development of distant metastases after increasing
parasympathetic neurotransmission. Additionally, the vector also showed antitumor activity
in a chemically induced model of breast cancer7,8. While the investigation of the mechanism
of our observation regarding the protective effect of parasympathetic nerve fibers is beyond
the scope of our clinically oriented analysis, these observations provide further evidence for
the significant interaction of the parasympathetic nervous system and cancer cells and
warrants further research. In pancreatic cancer, low NFD indicates a poor survival9.
Observational studies have shown differences in the role of an increased sympathetic
innervation of tumors. For prostate cancer10, breast cancer11, and hepatocellular carcinoma12,
the presence of sympathetic nerve fibers was indicative for cancer progression. For gastric
cancer13 and colorectal cancer14, the opposite has been described. This dual role of nerve
fibers and their exact origin in pCCA are important research questions of ongoing studies of
our group.

At present, the emerging field of targeted therapies is evolving. Many components in
TME are now undergoing investigation and promising targets of drug therapies are ongoing.
Due to the close relationship between nerve fibers and tumor cells, this might provide novel
treatment strategies for highly innervated tissues, such as the pancreas. There is a need to
understand the complex role of nerve fibers within the TME before new treatment strategies
can be tested.

The current knowledge of the origination of nerve fibers in the TME of cancer, in
particular PDAC and CCA, is still under investigation and the mechanism behind the
positive effect on survival of the small nerve fibers in the TME needs to be further
investigated as well. We hope our work contributes to further studies in the field of cancer
and neuroscience.

Small nerve fibers and their potential interaction with B-cells in PDAC

Up to now, in PDAC the research on neural-cancer interactions has been ongoing.
Previous work on the "influence of nerves on PNI" has shown that PNI is thought to be an
indicator of aggressive tumor behavior and this correlates with a poor prognosis of patients
with PDAC15. Iwasaki et al. have reported on the role of neural density in PDAC and found
an inverse relationship with neural density being independently associated with reduced
survival after surgical resection9. It is also known that the neural system provides an
alternative route for PDAC metastatic spread and pain generation in this cancer. The
aggressiveness of PDAC and its resistance to therapeutics possibly can be explained by the
complex role of the TME in this cancer type. We initiated a retrospective cohort study
(Chapter 3), in which we aimed to explore whether the density of nerve fibers was
associated with OS in patients with PDAC. Furthermore, this study was designed to
investigate the co-localization of immune cells and nerve fibers. After a pilot analysis of 166
PDAC patients’, we concluded that a high density of nerve fibers is associated with a better
survival in patients with PDAC. This conclusion is opposite to PNI in PDAC. Nerve fiber
density and PNI are independent of each other, meaning a patient can have both nerve fibers
in one histology slide. Further, we observed that the small nerve fibers were co-localized
with lymphoid aggregates.

This clinical retrospective study in PDAC patients explored the influence of small nerve
fibers on patients’ survival. According to our primary analysis of the location of nerve fibers
and the co-localization of lymphoid aggregates, we hypothesized that an immune cell
interaction plays a role.

PDAC is known for its abundant stroma, and here, crosstalk takes place between the
tumor and the host. The immune environment is influenced by the tumor and the host. The
immune system is known to have a crucial role in cancer, and this is possibly regulated by
genetic and morphological features of the tumor. It is known that PDAC patients with
higher levels of CD4+ and CD8+ T cells have a better survival16. The surrounding stromal
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cells support tumor budding of the cancer cells and promote aggressive behavior; it is
described that this phenotype contains a depletion of tumor-infiltrating lymphocytes (TILs)17.
The presence of TILs is a predictor of a better prognosis. In breast and ovarian cancer, a
major component of TILs are the tumor-infiltrating lymphocytic B cells (TIL-B)18. In our
study, we demonstrated that when lymphoid aggregates were co-localized together with
small nerve fibers these patients demonstrated a better survival. Previous literature has
shown that B cells and tertiary lymphoid structures promote immunotherapy response in
melanoma and sarcoma19,20 and are of main importance for better survival. The role of nerve
fibers in the co-localization with these lymphoid aggregates has the potential to discover
new pathways for a better survival and it paves the way for new possible targets for
(combination) therapy. We expect that these data may be broadly applicable to other
malignancies.

Small nerve fibers used as a prognostic biomarker in CCA

Similar with PDAC, the TME of CCA is characterized by a large desmoplastic stromal
component. We hypothesized that the characteristic large desmoplastic stromal component
might be a reason to explain the poor response to systemic therapy4. The biliary tree is
surrounded by a complex nerve fiber network being the basis for an intense crosstalk
between nerve fibers and tumor cells as well as other parts of the TME (Chapter 5). For
example, immune cells or cancer-associated fibroblasts7,21,22. CCA is also considered to be a
"neurotropic" cancer with a high frequency of PNI which is associated with poor oncological
outcomes23,24. To explore the role of nerve fibers in CCA, we explored the association
between nerve fibers and patients’ clinical outcome in pCCA and iCCA patients. Our studies
identified nerve fiber density to be a potential novel prognostic biomarker in both pCCA
and iCCA patients. Nerve fiber density alone and in combination with nodal status allows to
stratify patients based on their risk for inferior oncological outcome after curative-intent
surgery. We applied the parameters cancer-specific survival (CSS) and recurrence-free
survival (RFS) to value the oncological outcome.

The prognostic role of lymph node metastases in pCCA is abundantly discussed in
other studies25-28. In line with these previous observations, nodal status was also of major
predictive value in our multivariable analysis of oncological outcome. As nodal status was
not associated with the presence of nerve fibers in our pCCA cohort and the combination of
both major oncological predictors, might therefore be of value. An interesting observation
was the compelling outcome of the above mentioned low-risk cohort (high NFD and nodal
negative), while our median-risk group (low NFD or node positive) is in line with previous
reports and the high-risk group (low NFD and nodal positive) below the commonly
reported outcome figures. This underlines the oncological role of nerve fibers in pCCA29-35.
As such, the combination of nerve fibers (which is assessable by immunohistochemistry) and
nodal status (which is routinely provided by the pathology report) does provide an easily
applicable risk stratification for pCCA patients undergoing curative-intent surgery. This
observation is in line with our PDAC cohort, identifying low NFD as an important predictor
of inferior CSS in PDAC patients.

Tumor recurrence remains the major problem in pCCA patients who underwent
surgery with curative-intent36,37. Local recurrence is commonly diagnosed concomitantly
with a stenosis at the surgically performed hepaticojejunostomy resulting in recurrent
cholangitis and life-threatening biliary sepsis35. In contrast, survival after metastatic
recurrence is usually determined by the limited response and resistance to chemotherapy
resulting in early disease progression and associated fatal outcome38. These limitations in the
treatment of tumor relapse were also observed in our cohort with most of the individuals
experiencing tumor recurrence deceasing shortly after the diagnosis. This close relationship
between RFS and CSS also explains our finding that NFD is also associated with RFS in
multivariable analysis.

Interestingly, adjuvant therapy was a risk factor for RFS in univariate analysis. This
might be explained by our historic approach to apply adjuvant therapy in patients with a
high risk for tumor recurrence (e.g., positive nodal status or R1 resection) in the early study
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period39,40. From 2018, patients with adequate performance status were subjected to adjuvant
capecitabine-based therapy or referred for inclusion to the currently recruiting ACCTICA
trial (Adjuvant Chemotherapy with Gemcitabine and Cisplatin Compared to Standard of
Care After Curative Intent Resection of Biliary Tract Cancer, NCT02170090). In all cases if
the patient was willing to participate in a clinical trial41,42 .

Unfortunately, nerve fibers cannot be assessed prior to surgery and is therefore up to
now not available for preoperative patient selection. However, NFD displayed a good
prognostic ability for recurrence and reduced survival after surgery and might therefore be
used for postoperative risk stratification. Adjuvant therapy in biliary tract cancer is
considered the standard of care in Europe after the results of the BILCAP trial42. In other
countries, patients are selected for adjuvant therapy when high-risk features as positive
lymph nodes or residual tumor are present43. In this context, the NFD status could be a high-
risk feature similar to the nodal status.

Limitations

Our analysis has limitations. All patients included in this study were treated at a single
institution reflecting the authors’ individual surgical approach, and all data were collected
and analyzed retrospectively. This retrospective nature of our study resulted in some
missing data which would have been interesting in the context of the oncological analysis,
for example, CA19-9 levels in blood samples. The monocentric approach also results in a
limited sample size, external validation cohorts are still missing.

Notwithstanding the above-mentioned limitations, we have identified small nerve
fibers as a novel and important prognostic biomarker. Nerve fibers alone and in combination
with nodal status allows to stratify CCA patients in terms of oncological outcome after
curative-intent surgery. Larger, multicenter studies are needed to confirm and validate our
findings.

In these three oncological studies investigating the role of nerve fibers, the identification
of low-risk and high-risk cohorts and the selection of nerve fiber cutoffs appears to differ
largely between various tumor entities. In breast cancer, nerve fiber density was categorized
into no nerve fibers, weak expression with 1–10 nerve fibers and moderate/strong expression
with >10 nerve fibers by Zhao et al44. In PDAC, intrapancreatic neural density was defined as
low with ≤7 nerve fibers and as high with >7 nerve fiber9. In our study focusing on pCCA,
we defined nerve density as low in cases with <10 nerve fibers and a high in individuals
with ≥10 nerve fibers 45. The distinct observations made in this iCCA cohort (nerve fibers vs.
no nerve fibers) and in our study analysis regarding pCCA must be discussed critically.
PCCA and iCCA share morphological similarities but these entities are also different. The
histological characteristics of pCCA are basically conventional mucin-producing
adenocarcinomas or papillary tumors46,47. In contrast, iCCA can be divided into several
histological subtypes with a conventional type, cholangiolocarcinomas and rare variants.
Conventional iCCA can be subdivided into large duct type and small duct type cancers.
Large duct iCCA arises from large intrahepatic bile ducts and is histologically a mucin-
producing tumor arranged in a large duct or papillary architecture, similarly to pCCA. Small
duct iCCA, in contrast, is a tubular or acinar adenocarcinoma with a nodular growth and no
or minimal mucin production, which originates from smaller intrahepatic bile ducts7,48.
Notably, these histological differences also reflect the molecular heterogeneity of iCCA49.
Small duct iCCA can often show isocitrate dehydrogenase (IDH1, IDH2) mutations or
fibroblast growth factor receptor 2 (FGFR2) fusions50,51. In contrast, large duct iCCA shows a
high frequency of mutations in Kirsten Rat Sarcoma (KRAS) and/or Tumor Protein 53 (TP53)
genes similar to pCCA52. Given the similarities of one iCCA subtype with pCCA and the
considerable differences of some iCCA subtypes in molecular and histological characteristics
to pCCA, it might lead us to the assumption that the whole entity of iCCA demonstrates a
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heterogeneous population. A specific nerve fiber cut-off to stratify high- and low-risk
patients in the future is needed between the different entities and possibly between subtypes.
Unfortunately, molecular data was not available for analysis in our cohort to correlate the
nerve fibers characteristics with separate genetic subtypes of iCCA.

Main findings

 Nerve fibers can be used as a powerful prognostic biomarker for oncological
outcome in PDAC, iCCA and pCCA.

 This thesis illustrates the co-localization of nerve fibers and lymphoid aggregates in
the TME of PDAC.

 The combination of NFD and nodal status demonstrates an excellent ability to
stratify patients regarding their prognosis after curative-intent surgery for pCCA
and iCCA patients.

 This thesis identifies that small nerve fibers are of parasympathetic origin rather
than sympathetic origin in pCCA.

 This thesis identifies that high NFD is associated with a high CD8_PD-1 expression.
These patients demonstrate a significant better oncological outcome survival.

 NFD can be integrated in the routine workup of the pathology report, since only one
neuronal antibody is needed to achieve a nerve fiber count.

Future perspectives

High nerve fiber density is described in PDAC, pCCA and iCCA patients to be
associated with a better outcome. In this thesis, we conclude that our results provide basic
evidence for exploration of future nerve fiber research in cancer patients. The underlying
pathway still must be identified, and further research is needed. The next step would be to
further unravel the spatial context of the small nerve fibers combined with a spatial genomic
approach. New techniques allow single cell RNA sequencing on FFPE blocks. Using these
methods, it will allow to closely investigate the transcriptomic status of the patients with
high and low NFD within the context of the surrounding structures. Another method would
be to use confocal microscopy and analyze the architecture of the small nerve fibers in a 3D
manner. Increasing knowledge on the role of nerve fibers in cancer is important to improve
personalized medicine for cancer patients.

Abbreviation

CCA Cholangiocarcinoma
CSS Cancer-specific survival
ICCA Intrahepatic Cholangiocarcinoma
NFD Nerve fiber density
OS Overall survival
PCCA Perihilar Cholangiocarcinoma
PDAC Pancreatic cancer
PNI Perineural invasion
TME Tumor microenvironment
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Chapter 8
Summary

The overall aim of this thesis is to study the role of nerve fibers in neurotropic cancer,
pancreatic cancer (PDAC) and Cholangiocarcinoma (CCA), exploring a novel prognostic
biomarker. This thesis provides clinical observational studies focusing on the presence of
nerve fibers in PDAC, pCCA and iCCA patients undergoing curative intend surgery.

The role of nerve fibers in neurotropic cancer

Chapter 2 provides an overview of theoretical knowledge of neural systems in
neurotropic cancer as well as clinical studies that describe the clinical association between
nerves and patients’ oncological outcomes in PDAC and CCA. There are evident indications
of a close relationship between nerves in the TME and patients’ survival in PDAC and CCA.
The existing literature shows that perineural invasion is an independent prognostic factor of
poor outcome in neurotropic cancer. This chapter focuses on the shared signaling pathways
of the mechanisms behind perineural invasion in PDAC and CCA. Hereby we focus on
signaling neurotransmitters and neuropeptides which may be a target for future cancer
therapies. Small nerve fiber crosstalk with other components of the TME, participate in the
interaction of cancer progression.

The role of nerve fibers in PDAC

In Chapter 3, we present our retrospective study about the influence of nerve fibers in
PDAC patients. This study aimed to explore whether NFD is associated with oncological
outcome of PDAC patients after surgery. In this study design, NFD is determined as the
number of small nerve fibers, not to be confused by nerves which are invaded by tumor cells.
We have used single immunohistochemistry to define which immune cells were co-localized
with the nerve fibers. The results demonstrate that high NFD is associated with a better
survival in PDAC patients, while NFD was not associated with tumor invasion into the
nerve fibers. In addition, these small nerve fibers are co-localized with lymphoid aggregates,
mostly containing CD20+ B cells and a small rim of T cells.

The conclusion from Chapter 3 is that small nerve fibers can be a potential biomarker to
improve clinical outcome. Though, more studies are needed to confirm the positive function
of small nerve fibers in PDAC, we expect that these results will provide reference for further
studies, potentially our results may even be broadly applicable to other malignancies.

The role of nerve fibers in pCCA

Chapter 4 presents a retrospective study about the role of nerve fibers in CCA on
survival. Based on the results of our PDAC cohort, we aim to investigate nerve fibers as a
prognostic marker in a large European cohort of pCCA patients undergoing surgical
resection. In this study design, extensive group comparison between patients with high and
low NFD were carried out. The association of cancer-specific survival (CSS) and recurrence-
free survival (RFS) with NFD and other clinic pathological characteristics were assessed
using univariate and multivariable analysis. Results suggest patients with high NFD have
better CSS and RFS. Furthermore, in this study we have conducted immunohistochemistry
to identify the small nerve fibers origin to be parasympathetic. Chapter 4 suggests that nerve
fiber are identified as an important novel prognostic biomarker in pCCA patients. High NFD
is associated with a better outcome. Nerve fibers alone or in combination with nodal status
in particular allows to stratify pCCA patients based on their risk for inferior oncological
outcomes after curative-intent surgery.

The role of nerve fibers in iCCA

In Chapter 5, we aimed to determine the role of nerve fibers in iCCA. Therefore, the
impact of nerve fibers on long term survival is investigated in a large European cohort of
patients with iCCA. All patients were admitted to the University Hospital RWTH Aachen
for curative-intent surgical resection. By univariate and multivariate analysis, the absence of
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nerve fibers is determined to be an independent predictor of impaired long-term survival. A
group comparison between patients with and without the presence of small nerve fibers
demonstrated a better outcome in patients with presence of small nerve fibers compared to
patients without small nerve fibers. In Chapter 5, we suggested the presence of nerve fibers
in the TME of iCCA to be a novel prognostic biomarker.

Based on clinical observational studies, we further aimed to explore differences in
immune cell composition and spatial distribution on survival between high and low NFD
patients. In chapter 6, we applied multiplexed immunofluorescence (mIF) on pCCA patients
and investigated the immune cell composition and distribution in the TME of high and low
NFD patients. Group comparison and oncological outcome analysis was performed. Results
demonstrated high CD8+PD-1 expression is associated with a better OS and RFS. Thus, High
CD8+PD-1 expression is further identified as an independent predictor of OS of pCCA
patients, potentially after validation and further research this can be of importance in patient
selection for PD-1 blockade therapeutics.

Abbreviations

CCA Cholangiocarcinoma

CSS Cancer-specific survival

ICCA Intrahepatic Cholangiocarcinoma

NFD Nerve fiber density

OS Overall Survival

PCCA Perihilar Cholangiocarcinoma

PDAC Pancreatic cancer

RFS Recurrence-free survival

TME Tumor microenvironment
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Chapter 8
胰腺癌和胆管癌都是恶性度极高的侵袭性肿瘤，诊断和治疗困难，预后差。早期诊断和早

期治疗是提高和改善胰腺癌和胆管癌预后的关键。目前，手术并辅以放化疗综合治疗仍然是有

望根治的唯一方法。但由于大多数病人诊断较晚，已经丧失手术根治的机会，还没有一种高效

且可完全应用的有效综合治疗方案。本论文旨在探索神经纤维在胰腺癌和胆管癌的肿瘤微环境

中充当的角色并探讨结合免疫和分子等生物治疗的新方法。评估其作为胰腺癌和胆管癌诊断，

预后的新型生物标记物的潜能。

胰腺癌和胆管癌被认为是噬神经性癌，第二章综述了近年有关神经侵袭和神经纤维在胰腺

癌和胆管癌的实验和临床研究进展，对胰腺癌和胆管癌的周围神经侵袭潜在分子机制中的共同

信号通路进行概述。值得注意的是，在本论文中，我们更关注的是肿瘤微环境中神经纤维在癌

症进程中的作用。在第二章中，我们讨论了胰腺癌和胆管癌肿瘤微环境中神经纤维、免疫细胞、

成纤维细胞以及肿瘤细胞等主要不同成分的串扰，专注于信号传导神经递质和神经肽，这可能

是未来治疗的目标。此外，我们总结了现有关于 胰腺癌和 胆管癌患者神经纤维的临床研究文

献的回顾性结果。

研究表明肿瘤微环境中各种间质成分对胰腺癌的免疫逃逸起作用，而神经纤维在胰腺癌的

相关进展中的作用尚未得到充分研究。我们假设神经纤维在胰腺癌进展中起着关键作用。为了

确定神经纤维在胰腺癌中的作用及其在肿瘤微环境中的空间分布，我们在第三章对 166 例手术

后的胰腺癌病例做了回顾性研究。结果显示高密度神经纤维的病人比低密度神经纤维的病人具

有更长的生存时间，肿瘤微环境中的神经纤维似乎是胰腺癌病人有利的预后因素。同时，这些

神经纤维位于淋巴聚集体周围， 被 B 淋巴细胞包围。 在这项研究表明神经纤维也在肿瘤进展

中发挥作用，神经纤维可能是癌症发生、进展和转移的新兴调节因子。

在胰腺癌回顾性研究中，我们发现神经纤维密度与病人的总生存期相关。然而，其在胆管

癌中的作用未知。第四章 纳入了 2010 年至 2019 年间接受根治性手术的 101 名 肝门部胆管癌

进行回顾性研究，探索神经纤维密度是否与临床预后相关。结果显示高密度神经纤维与病人的

癌症特异性生存期和无复发生存期特异性相关，高密度的神经纤维组病人具有更长的癌症特异

性生存期和无复发生存期。同时，我们用免疫组化方法对神经纤维进行免疫染色，探索其来源，

发现这些神经纤维来源于副交感神经。

基于第四章的结论：在肝门胆管癌中，神经纤维可作为肝门胆管癌患者潜在的新型预后生

物标记物，神经纤维密度和患者临床生存期相关，肿瘤微环境中神经纤维密度高的患者具有更

长的癌症特异性、生存期和无复发生存期，但目前这种临床现象的潜在机制没有研究做出解释。

在第六章我们进一步对其潜在的分子机制进行研究。我们假设神经纤维密度可能与免疫细胞

表型相关。因此使用多重免疫荧光技术来表征不同的免疫细胞表型，及其共刺激和共抑制免疫

检查点，来揭示肝门胆管癌中高神经纤维密度组和低神经纤维密度组的免疫细胞组成和分布的

差异。研究显示 PD-1+ T细胞与高神经纤维相关。PD-1+的表达量可作为免疫疗法预后生物标

志物并以此预测良好的存活率。

我们几项针对胰腺癌，肝门胆管癌的回顾性病例研究，确认了肿瘤微环境中神经纤维与患

者临床预后的关系，但肝内胆管癌肿瘤微环境中神经纤维密度的肿瘤学作用仍有待探索。因此，

本论文第五章对 2010 年至 2019 年期间，接受肝切除术的 95名 肝内胆管癌患者的病理学特征

及生存数据进行了分析。在我们的队列中，无神经纤维，淋巴结转移，术前血红蛋白低这几项

参数都是短期癌症特异性生存期的独立性预测指标。这项研究结果与之前的研究结果一致，肝

内胆管癌患者中低神经纤维密度或无神经纤维组患者的总生存期显著短于高神经纤维组，表明

神经纤维密度在肝内胆管癌中也具有重要的预测价值。高低两组患者生存率的巨大差异显示了

神经纤维密度在肿瘤复发方面的良好预测价值。

在本论文中，我们提出并确认了我们的假设，即神经纤维有可能被用作“神经性”肿瘤－

胰腺癌和胆管癌患者强有力的生存生物标志物。
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Impact paragraph

Societal impact and scientific relevance

Globally, cancer ranks as a leading cause of death and a critical burden of disease. PCA
is the 14th most commonly diagnosed malignancy and the 7th leading cause of cancer
mortality. Furthermore, research shows the incidence and mortality are overall increasing1.
The incidence of PCA shows regional differences in distribution: the regions with high
incidence are developed countries including North America, Europe, Australia and Asia, the
rates in low-income nations are much lower than those in North America and Europe2.

Although the incidence of CCA shows geographical variation worldwide as well, the
global incidence of CCA is < 2/100,000, therefore it is considered a rare cancer globally3. The
highest incidence of iCCA is in Asia (6.1/100,000), while the lowest incidence of iCCA is in
Oceania (1.8/100,000). In general, we need to continue to investigate and improve our
understanding of the basic biology of PDAC and CCA to reach more effective personalized
treatment approaches for CCA and PDAC patients and potentially extend life expectancy
and increase treatment options.

The research field of the TME in cancer is evolving, however we conclude that research
focusing on small nerve fibers in PDAC and CCA is still limited. In the current thesis, we
propose that high nerve fiber density is a potential prognostic biomarker. This is a valuable
finding from a clinical point of view as it might lead to the development of a new reliable
prognostic biomarker for CCA and PDAC patients after surgery. The evaluation of nerve
fiber density can be easily analyzed with one additional immunohistochemical staining and
could be integrated in the routine pathology report.

This thesis provides first steps for further research in neuroscience and PDAC and CCA.
Our target population included PDAC and CCA cohorts from the University Hospital
RWTH Aachen, because these cohorts were available in the archives of the pathology
department. All patients had localized disease and underwent surgical resection with
curative intent. The study design in this thesis was retrospective.

Novelty of the concept

In this thesis, we focused on the density of small nerve fibers in different types of
"neurotropic cancer" rather than the well-known concept “perineural invasion (PNI)”. Nerve
fiber density (NFD) is determined as the number of small nerve fibers in the TME, while
perineural invasion refers to larger nerve fibers with the presence of tumor cells invading the
perineurium.

PDAC and CCA are in close anatomical location but they have some different
histological characteristics. These histological differences reflect the molecular heterogeneity
of cancer entities. We observed that high NFD is predictive for a good outcome and can be
used as a novel prognostic biomarker in both CCA and PDAC patients. In contrast to this,
we could not identify NFD as a prognostic biomarker in Hepatocellular carcinoma (HCC)
(not in this thesis)4.

Nerve fibers are a component of the TME but have not been highlighted much, more is
known about the role of fibroblasts and immune cells in cancer initiation and progression.
PDAC and CCA are known for the PNI growth pattern, associated with a poor outcome.
Here, we presented the novel hypothesis of a dual role of nerve fibers: besides the aggressive
PNI, also protective nerve fibers exist. The underlying pathway behind the presence of NFD
needs to be further investigated. Also, the potential role for new therapeutically targets is
still under investigation.

Future plan
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We described high nerve fiber density in PDAC, pCCA and iCCA patients to be associated
with a better outcome. In this thesis, we conclude that our results provide basic evidence for
exploration of future nerve fiber research in cancer patients. The underlying pathway still
must be identified, and further research is needed. Next steps would be to further unravel
the spatial context of the small nerve fibers combined with a spatial genomic approach. New
techniques allow single cell RNA sequencing on FFPE blocks with the advantage the spatial
context is kept. Using these methods, it will allow to closely investigate the transcriptomic
status of the patients with high and low NFD. Recent work has demonstrated that in a
mouse model axonal sprouting from pre-existent nerve fiber trunks is protective in PDAC5.
Increasing knowledge on the role of nerve fibers in cancer is important to improve
personalized medicine for cancer patients.
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