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ABSTRACT

Cystic Fibrosis (CF) is the most common lethal genetic disease in Caucasians, which results
from mutations in the CFTR gene. Cystic Fibrosis - Related Diabetes (CFRD) affects more
than 50% of adults with CF. The complex etiology of CFRD is poorly understood and differs
from type 1 or type 2 diabetes. The major physiological agonist of the CFTR chloride
channel is the Vasoactive Intestinal Peptide (VIP), a 28-amino acid neuropeptide that
functions as a neuromodulator and neurotransmitter secreted by intrinsic neurons
innervating exocrine glands. VIP has also insulinotropic effects on pancreatic beta cells,
augmenting glucose-dependent insulin secretion. Previous studies from our lab have
demonstrated the molecular role of VIP in CFTR regulation, both in vivo and in vitro.
Interestingly, exocrine glands from CF patients have sparse VIPergic innervation
compared to healthy individuals, but the mechanism behind this phenomenon remains
unknown.

The main goal of my PhD research was to investigate changes in VIP content in exocrine
tissues in F508del/F508del mice, and determine if VIP depletion was related to CF disease
progression. Furthermore, we examined the mechanism of this reduction in neuronal
level. Lastly, we asked if the decreased VIP amount in the pancreas could contribute to
CFRD pathophysiology.

Our data showed a significant decrease in the VIP content throughout all exocrine tissues
that was not linked to inflammation and/or to disease progression but was rather an early
onset of CF disease. This VIP reduction was due to a disruption of the intrinsic innervation
network. Importantly, nerves co-expressing VIP and Acetylcholine were reduced in
density. In the pancreas, we found low levels of VIP due to reduced pancreatic
innervation, starting at an early disease stage, which may initiate the development of
CFRD through down-regulation of insulin and glucagon secretion.

While most of the research is centered on how to cure the basic CFTR defects, the link of
the dysfunctional nervous system to the disease progression is yet a thirst for knowledge.
Our pioneer data provide fundamental knowledge to boost our understanding on

neuronal alterations in CF and how this can affect the pathophysiology of CF and CFRD.
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CHAPTER 1: INTRODUCTION

1. CysTic FiBrosIS (CF)

Cystic fibrosis, is the most common lethal autosomal recessive disorder in the Caucasian
population, affecting one in 2,500 to 3,000 newborns, and approximately 100,000 people
live with this condition worldwide (Middleton et al., 2019). CF arises from the deficiency
or absence of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel from the apical membrane of epithelial cells, caused by mutations in the CFTR
gene that encodes the CFTR protein. This protein controls the flow of salt and fluids in
and out of cells. If CFTR is dysfunctional, it causes a buildup of thick and viscous mucus
that covers the lungs and the gut, leading to malabsorption of nutrients and severe
airway disease with chronic inflammation and bacterial infection (Rey et al., 2019).

In 1938, CF was differentiated from celiac disease and named “cystic fibrosis of the
pancreas” by Andersen (Andersen, 1938; Davis, 2006). At that time, patients with CF did
not live longer than 6 months. Interestingly, while the main reason of death was airway
infection and inflammation, scientists believed that etiology of the disease was mucus
obstruction of the exocrine pancreatic ducts. In 1959, Paul di Sant’ Agnese, discovered
the sweat electrolyte defect, and the standardization of the sweat test shed light on the
belief of CF as a mainly mucus disorder (Gibson et al., 1959; Wine, 2010). Almost thirty
years later, in 1983, the impaired chloride transport was recognized as the basic defect
in CF, with a real milestone, the discovery of the CFTR gene responsible for CF, by Riordan

et al. in 1989 (Riordan et al., 1989).



Since the gene was discovered, more than 2,000 mutations have been reported and the
most common mutation, present in almost 90% of CF patients, is the F508del CFTR
mutation. The era of CFTR gene discovery brought an explosion of basic and clinical
research that led to fundamental therapeutic progress. Nowadays, the median life

expectancy varies from 40 to >52 vyears old (https://www.cysticfibrosis.ca/our-

programs/cf-registry), with the highest in Canada, which is an astonishing improvement

from only 6 months in 1938 (Riordan et al., 1989; Rommens et al., 1989).

As CFTR is expressed in various organs, CF is a multisystem disease affecting the lungs,
the sinuses, the gastrointestinal track, the liver, the pancreas, the hepatobiliary and the
reproductive systems (Figure 1.1). The main cause of morbidity and mortality is
respiratory failure due to thick tenacious mucus accumulation in the airways, leading to
chronic infection and inflammation as well as acute pulmonary exacerbations. The
approval of the first triple-combination therapy, Elexacaftor/Tezacaftor/Ivacaftor
(Trikafta), for CF patients aged 12 and older who have at least one copy of the F508del
mutation, and regardless of their second mutation, was a monumental improvement
targeting almost 90% of the patients. In September of 2020 Vertex Pharmaceuticals
announced positive trials completed in a younger age group, 6-11 years old. Also, more
trials are ongoing for children 6 months and up (Vertex Announces Positive Phase 3 Study
for TRIKAFTA® (Elexacaftor/Tezacaftor/Ivacaftor and Ivacaftor) in Children Ages 6-11
Years With Cystic Fibrosis to Support Submissions for Global Regulatory Approvals |

Vertex Pharmaceuticals, 2020).
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Figure 1.1: Cystic Fibrosis is a multifactorial disease.
As CFTR is expressed in various organs, CF is a multisystem disease affecting the lungs, the
sinuses, the gastrointestinal track, the liver, the pancreas, the hepatobiliary and the reproductive

systems

However, while Trikafta has a great impact on the lung function markers and also
improves the overall quality of life, it is a very expensive therapy and, consequently,

access poses a challenge for many (Middleton et al., 2019). Despite the tremendous



research progress, CF still remains a life threatening complex disease, and with the
increased longevity additional co-morbidities to respiratory failure, such as CF-Related

Diabetes (CFRD), are increasing.

1.1 Types of CFTR Mutations

The CFTR gene is located on the long ‘g’ arm of chromosome 7 at position 31 (7g31),
spanning approximately 230kb of genomic DNA with 27 exons. It encodes a large
glycoprotein of 1,480 amino acids which has a molecular weight of ~170,000 Da. CFTR,
also known as ABCC7, belongs to the ATP-binding cassette membrane transporter
superfamily (ABC) of proteins. It consists of two transmembrane domains (TMD1 and
TMD?2), each containing six transmembrane a-helices, that form the pore of the channel
through which ions travel across the membrane, two nucleotide binding domains (NBD1
and NBD2) that bind and hydrolyze ATP for channel gating and a large cytoplasmic
regulatory (R) domain that regulates channel function by protein kinase A (PKA) and C
(PKC)-dependent phosphorylation. CFTR channel function is directly activated by
phosphorylation of the R domain through PKA phosphorylation which is enhanced by PKC
phosphorylation (Alcolado et al., 2011; Alcolado et al., 2014; Alshafie et al., 2014; Chappe
F.et al., 2008; Chappe et al., 2012; Vankeerberghen et al., 2002).

The CFTR mutations reported in the CFTR gene affect the synthesis of the CFTR protein,
its transport to the apical membrane of epithelial cells, gating of the channel and
conductance of the chloride ions, the amount and the stability of the CFTR protein

present at the cell surface. Depending on their specific impact on the CFTR protein, there



are seven categories of mutations. Class |, nonsense frameshift mutations: no CFTR
protein synthesis which accounts for 10% of disease-causing mutations; Class I,
missense-amino acid or deletion: altered CFTR trafficking/processing defect having
almost 90% prevalence; Class lll, missense-amino acid change: defective channel
regulation/altered gating that represents 4% of CFTR mutations; Class IV, missense-
amino acid change: defective channel conductance having less than 2% prevalence: Class
V, missense-splicing defect: reduced amount of CFTR proteins, Class VI, missense-amino
acid change: diminished CFTR stability at the cell surface, and Class VII: entirely no mRNA
synthesis. recently described by De Boeck (2020). Similar to class I, there is no mRNA
transcription (De Boeck, 2020; Elborn, 2016). Class I, 1l, 1ll and VIl produce more severe
phenotypes due to a lack or very low amount of CFTR proteins, while Class IV, V and VI
are characterized by a milder phenotype as they still permit a residual amount of CFTR

protein synthesis.

1.1.1 AF508 Mutation: The Most Common Mutation in Cystic Fibrosis

Among Class Il mutations, the F508del CFTR mutation is the most frequent in CF patients
worldwide. Approximately 50% of patients with CF are homozygous for the F508del
mutation, and 90% of them are heterozygous, having a single copy of F508del in
combination with another CFTR mutation (Ghelani et al., 2020; Lukacs et al., 2011). Based
on the 2018 Canadian CF registry annual data report, 42.7% of Canadians are

homozygous for the F508del and 40.5% heterozygous



(https://www.cysticfibrosis.ca/about-us/publications-and-financials) (Cystic  Fibrosis

Canada, 2018).

The F508del mutation is a three base-pair deletion in exon 10 of the CFTR gene, resulting
in the absence of a single amino acid phenylalanine (F) at position 508, located in the
Nucleotide Binding Domain 1 (NBD1) of the CFTR protein. This leads to defective
trafficking of newly assembled CFTR proteins, due to misfolding, retention inside the cell
and eventual degradation by the ubiquitin-proteasome machinery. Consequently,
inducing dramatic reduction or absence of mature CFTR protein at the epithelial cell
surface to perform its chloride ion conductance activity (Penque et al., 2000). However,
very few F508del-CFTR proteins escape from the proteosomal degradation, mature and
reach the plasma membrane (Lukacs et al., 2011; Okiyoneda et al., 2010). F508del cell
surface expression and stability is temperature-sensitive and impeded at 37°C. Scientists
have tried to rescue this temperature-sensitive conformational defect of F508del-CFTR
proteins at lower temperature (20°C - 30°C), by chemical chaperons such as glycerol or
other molecules (Alcolado et al., 2011; Chappe et al., 2012; Denning et al., 1992; Kopito,
1999; Lukacs et al., 2011; Rafferty et al., 2009), and with trafficking correctors such as
Lumacaftor and Tezacaftor which are now part of approved CF patients' therapy
(Donaldson et al., 2018; Lopes-Pacheco, 2020; Taylor-Cousar et al., 2017; Van Goor et al.,
2011; Wainwright et al., 2015). In addition to impaired folding and stability, F508del-CFTR
has a gating defect. Its open probability (Po) is very low, approximately one third that of

wild-type CFTR (Cai et al., 2011). The current combination of clinically approved drugs



known as Trikafta, includes two trafficking corrector molecules (Lumacaftor and

Tezacaftor) and a potentiator of CFTR gating (lvacaftor).

1.2 CFTR: A Regulator of Fluid Secretion

Epithelial cells are characterized by two membranes where different proteins are
expressed: (a) the apical membrane that faces the external environment of the tissue or
inward to the lumen, and functions as a physical and chemical barrier preventing
pathogens to get to the blood stream, (b) the basolateral membrane attached to the
serous or mucosal part of the tissues. The basolateral membrane is divided from the
apical membrane by tight junction proteins that play a significant role in maintaining the
polarity of the cell as well as orienting the transepithelial movement of fluid and ions,
from the basolateral to the apical membrane, during secretion/absorption processes.
CFTR functions as a cAMP-dependent chloride channel, and a bicarbonate channel,
expressed at the apical membrane of epithelial and serous cells responsible for fluid and
electrolytes secretion. Other than a chloride channel, CFTR has supplementary functions
as a regulator of other ion channels and transporters such as the outwardly rectifying CI-
channels (ORCCs) and most significantly as a regulator of epithelial sodium channel
(ENaC) (Morales et al., 1999; Peckham et al., 2018).

In secretory epithelia, fluid secretion depends on the active transport of chloride (CI")
mainly regulated by the CFTR chloride channel and other ClI- channels in the apical
membrane. ClI"accumulation inside the cells happens above electrochemical equilibrium,

by the ClI entry across the basolateral membrane of the cell through the Na*K*2CI



(NKCC1) active co-transporter that uses the inward Na* chemical gradient generated by
the activity of the Na*/K*-ATPase at the basolateral membrane. Especially, the NKCC1 co-
transporter brings 1 Na*, 1 K* and 2 CI" ions into the cell, K* is recycled back to the
interstitium via the K* channels located at the basolateral membrane and Na* is
constantly pumped out of the cell through the Na*/K*-ATPase, leading to chloride
accumulation inside the cell. At the apical cell surface, active Cl secretion from the CFTR
channel, into the lumen, initiates the driving force for Na*transport across the epithelium
through the paracellular pathway, generating NaCl (salt) assembling, that in turn moves
water either paracellularly or transcellularly through aquaporins (Frizzell et al., 2012;
Saint-Crig et al., 2017). Recent studies have shown that in some epithelial cells a
basolateral CI'/HCO3 anion exchanger (AE) collaborates with a Na*-bicarbonate co-
transporter (NBC) leading to ClI- accumulation through an alternative route (Saint-Criq et
al., 2017). Lastly, CFTR also regulates bicarbonate (HCO3’) secretion which is critical for
the pH of fluid in the extracellular space. In some tissues (e.g., pancreas), other CI
channels additionally to CFTR, such as calcium activated Cl- channels (CaCC), the solute
carrier family 26 member 9 (SLC26A9) and TMEM16A (also known as anoctamin-1; ANO1)
may be co-present and stimulate Cl secretion (Danahay et al., 2020; Schroeder et al.,
2008).

In the sweat glands, CFTR is expressed in both secretory coil and reabsorptive duct
epithelium (Saint-Criq et al., 2017). ENaC is co-localized with CFTR at the apical
membrane of the reabsorptive duct epithelial cell, and in concert they modulate NaCl

reabsorption from duct lumen into the epithelial cells (Ertongur-Fauth et al., 2014;



Frizzell et al., 2012). Afterwards, the basolateral Na*/K*-ATPase pump drives intracellular
Na* out of the cell and into the bloodstream, generating a transepithelial electrochemical
gradient allowing Cl- absorption. The duct epithelium has a high conductance forions and
low permeability to water, enabling reabsorption of salt in excess of water. As a result,
sweat is diluted allowing body cooling by evaporation, and therefore only a small amount
of salt is lost from the body. In CF, the sweat duct is unable to absorb Cl because of the
dysfunctional CFTR, preventing Na* transport. NaCl reabsorption is very minimal,
resulting in highly increased sweat ClI" concentration (>60 mmol/L vs. <40mmol/L in
healthy subjects) (Baker, 2019; Frizzell et al., 2012; Quinton, 2007).

In the airways, CFTR is expressed in epithelial cells and submucosal glands of the
conducting airways, stimulating fluid secretion, and contributing to the airway surface
liguid (ASL) hydration and pH regulation. Accordingly, keeping airways sterile via an
effective mucociliary clearance that will be described in more detail below (see section
2.1). In CF disease, CFTR channel dysfunction in the airways epithelium leads to an
imbalance between salt and water secretion/absorption mechanism, and thus reduced
ASL volume and pH regulation, accumulation of viscous mucus, favoring bacteria growth
and causing airway obstruction.

In the small intestine, CFTR is highly expressed primarily in epithelial cells of the
duodenum villi, while moderately expressed in the large intestine (colon). Secretion
process is the same as in the airway epithelia: transcellular transport of chloride and
sodium, and movement of water either passively through the paracellular route and/or

by osmosis. CFTR-mediated secretion maintains luminal surface liquid composition that



is important for optimizing nutrition, enzymatic activity, and disposal of non-necessary
luminal products. In CF, altered anion secretion due to abnormal CFTR function causes
meconium ileus, severe intestinal obstruction, and long term constipation (Frizzell et al.,
2012; Saint-Criqg et al., 2017).

In the pancreas, CFTR expression is localized in the exocrine ductal cells. In pancreatic
acinar cells CI" secretion is performed through CACC chloride channels. In ductal cells,
CFTR secretes both CIand HCO3 and works in concert with a CI'/HCOs" apical exchanger
(SLC26A3/A6) to increase HCOs3 accumulation in the ductal lumen, and allowing CI-
transport across the apical membrane. In turn, Na* migrates paracellularly in presence of
transepithelial bicarbonate secretion, generating an osmotic driving force on the luminal
surface, which stimulates water movement outside the cell and makes a HCOs™ -rich
highly alkaline pancreatic juice important for enzyme digestion and overall pancreatic
function. This “juice” migrates to the small intestine where it promotes fat digestion.
Defective CFTR function in the pancreas impairs bicarbonate secretion in the lumen,
consequently inducing an acidic environment, which then evokes viscous mucus
accumulation, and enzymatic precipitation that in turn causes ductal obstruction.
Pancreas is eventually completely destroyed and replaced by fibrous cysts, hence the
original name “Cystic Fibrosis of the pancreas” before the CFTR gene discovery (Davis,
2006; Frizzell et al., 2012; Saint-Criq et al., 2017). Pancreatic insufficiency is one of the

common CF disease manifestations.
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1.2.1 The Sweat Gland and Defective Sweating in CF

The sweat gland plays an important role in thermoregulation, controlling the sweat
production in our body. Sweat is composed of salt and water and under heat conditions,
skin temperature is elevated. Therefore, our body produces diluted sweat, which in turn
evaporates and helps body temperature to cool down. There are approximately 4 million
sweat glands in our body while forehead, palms and feet soles contain the highest
number of glands (Baker, 2019; Cui et al., 2015; Saint-Criqg et al., 2017). In addition to
thermoregulation, sweat glands are important for skin health, maintaining its
homeostasis via secretion of antimicrobial peptides (LL-37, lactoferrin, dermicidin)
(Baker, 2019; Saint-Crig et al., 2017). Increased NaCl reabsorption abnormalities from
sweat in CF patients have been broadly studied and the CI- concentration in the sweat,
evaluated by the Quantitative Pilocarpine lontophoresis Test (QPIT), still constitutes the
most reliable pathophysiological marker for the diagnosis of CF disease. Sweat CI°
concentrations higher than 60 mEq/I define CF disease while in healthy individuals sweat
Cl-values are <40 mEq/I. Sweat glands are excellent for studying CFTR dysfunction as they
are easily accessible and free of inflammation or infection.

CF sweat glands are characterized by dysfunctional Cl- reabsorption and CF patients
sweat 3-5 times more than healthy people (Quinton, 2007). In humans, sweat glands are
controlled by adrenergic, cholinergic, and peptidergic innervation (Heinz-Erian et al.,
1985; Hodge et al., 2018; Wang et al., 2016). Most of the fluid secretion is regulated by
the B-adrenergic stimulation, which is CFTR-dependent while the sympathetic cholinergic

innervation utilizes acetylcholine and is CFTR independent (Cui et al., 2015; Quinton,
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2007; Saint-Criqg et al., 2017).

In CF, the non-CFTR dependent cholinergic and Ca?*-mediated fluid production from the
secretory coil functions normally with sweat secretion rates almost similar between CF
and non-CF individuals (Sato et al., 1984). However, the B-adrenergic and cAMP-
mediated CFTR-dependent sweat secretion is absent, because of the mutated CFTR that
is highly expressed in the apical membrane of sweat ducts regulating salt reabsorption.
This finding was demonstrated by Sato and Sato (1984) when trying to increase salt
absorption in CF glands by triggering them with isoproterenol (a B-adrenergic agonist)
with no success (Sato et al., 1984; Sato et al., 1988). The sweat duct was unable to absorb
Cl which in turn impedes Na* transport and consequently decreased salt absorption that
leads to elevated sweat chloride concentration, the hallmark of CF disease (Quinton,
2007; Sato et al., 1988; Wine et al., 2013). The evaporimeter and bubble imagining assays
methods for quantifying secretion rates from individually sweat glands, have been used
to determine levels of CFTR function by measuring C-sweat rates (the sweat that is
produced in B-adrenergic response) and differentiate CF from carriers and carriers from

healthy subjects (Kim et al., 2016).

1.3 Infection and Inflammation in CF

Defective or absence of the CFTR channel from the apical membrane of epithelial cells in
exocrine tissues leads to defective fluid secretion which in turn causes mucus
accumulation, and thus bacterial infection and/or inflammation, tissue remodeling and

obstruction. Progressive lung disease with respiratory failure is a major clinical concern
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that causes 95% of morbidity and mortality in patients with CF. Lung disease begins very
early in life of patients with CF, and Staphylococcus aureus is the most common lung
pathogen in CF children (Esposito et al., 2019; Filkins et al., 2015; Pittman et al., 2015).
Sputum culture is used to diagnose pathogens in lower respiratory track of CF patients
and especially in the young age, as is less invasive than bronchoalveolar lavage (Burns et
al., 2014). The disease develops over recurrent exacerbations of pulmonary infections
caused by infection with bacterial species including Staphylococcus aureus, Haemophilus
influenza, Pseudomonas aeruginosa and the Burkholderia cepacia complex (Bcc) (Festini
et al,, 2006; Tarran et al., 2001). P. aeruginosa is the most persistent in human lungs with
CF and chronic pulmonary infection is inevitable, despite antibiotic therapies, with
biofilm-forming cells of a mucoid phenotype in more severe advanced infections. It is
hypothesized that since Staphylococcus aureus is detected from a very early age, it is the
one that initiates lung alterations allowing P. aeruginosa to chronically infect the patients
causing severe infiltration and alveolar thickening, severe peribronchial infiltration,
complete lumen diffusion and finally respiratory failure (Bayes et al., 2016; Li et al., 2017).
Recent studies are trying to understand the airway microbiome and utilize it as an
indication of lung disease severity (Caverly et al., 2015; Cuthbertson et al., 2020; O'Toole,
2018). More specifically, Cuthbertson et al. (2020) studied the microbiota in CF patients
with various grades of lung function and diverse antibiotic treatment. The authors
revealed a connection between reduced microbiota diversity with increased persistence
of specific bacterial taxa (P. aeruginosa), and declined lung function. However, airways

of CF patients with a better lung function, were characterized by an increased dominance
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of obligate anaerobes bacterial taxa (e.g. Prevotella, Porphyromonas, and Veillonella)
(Cuthbertson et al., 2020).

In addition, CF lungs are characterized by defective bacterial clearance and high
expression levels of pro-inflammatory cytokines in the sputum of CF patients that induce
inflammation: TNF-a, IL-1a, IL-1B, L-6, IL-8, IL-17, IL-33, GM-CSF, G-CSF, and HMGB-1.
Also, recent studies have shown that hypoxic epithelial necrosis stimulates neutrophilic
inflammation through the IL-1 receptor, suggesting a critical link of IL-1 signaling pathway
between mucus-plugged airways and inflammation in early CF lung disease (Baldzs et al.,
2019). In contrary, the anti-inflammatory cytokine IL-10 is down-regulated in CF. Thus,
airway obstruction is associated with neutrophilic inflammation, that is usually observed
from a young age, yet in the absence of bacterial infection (Balazs et al., 2019; Khan et
al., 2019).

Macrophages were initially described in 1892 by Metchnikoff as the key players in the
primary innate immune response. Macrophages function through phagocytosis of
microorganisms and secretion of pro-inflammatory and antimicrobial mediators. They
are present in all mammalian organs however, the heterogeneous populations of
macrophages with distinct phenotypic specializations are distributed in a tissues-specific
manner. In the lung, macrophages are the most commonly found immune cells that play
a significant role in bacteria clearance from the airways. There are two distinct
macrophage populations: Alveolar Macrophages (AMs) and Interstitial Macrophages
(IMs). Alveolar Macrophages are found in the airway lumen in close contact with

epithelial cells of alveoli. These macrophages are considered as the first line of host
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defense that play a significant role in maintaining lung homeostasis. The second and less
described macrophage population is interstitial macrophages whish reside in the lung
parenchyma and exert immunoregulatory activities (Bruscia et al., 2016; Liegeois et al.,
2018). Based on activation status, Alveolar Macrophages are classified into 2 groups:
classically activated macrophages (M1) involved in initiating and sustaining inflammation
and alternatively activated macrophages (M2) which are associated with anti-
inflammatory, immunoregulatory and tissue-repair properties as well as playing roles in
fibrotic pathology and allergic conditions (Bruscia et al., 2016). Imbalance in the
population of M1 and M2 macrophages has been reported to be involved in the
pathogenesis of CF (Tarique et al., 2017). More specifically, macrophage phenotype in CF
alters during CF development, as a consequence of plasticity, characterized by increased
production of pro-inflammatory cytokines, elastase, and increased concentrations of the
monocyte chemotactic protein 1 (MCP-1). Studies in CF mice have shown that
macrophages are unable to degrade internalized pathogens such as P. geruginosa and
Bcc (Li et al., 2017; Semaniakou et al., 2019). The input of macrophages polarization and
plasticity in CF disease progression is still undefined. Macrophages express CFTR in low
levels and its inhibition in wild-type macrophages leads to a CF-macrophage behaviour,
implying that macrophages alterations in CF could be partially due to dysfunctional CFTR
(Lévéque et al., 2017; Turton et al., 2020).

In the CF intestine, one of the earliest disease manifestation is obstruction of the last part
of ileum or proximal large intestine, named meconium ileus (Ml) appearing in 15—-20% of

CF newborns, and distal intestinal obstruction syndrome (DIOS) seen in 25% of adults
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(Zielenski et al., 1999). As CFTR is highly expressed across the intestinal track, especially
in the duodenum, consequences of defective CFTR are severe intestinal obstruction,
including mucus accumulation, goblet cell hyperplasia, crypt dilatation and elongation.
Also, intestinal inflammation has been described by elevated inflammatory markers such
as the human calcium-binding S100 proteins, calprotectin (S100A8/S100A9), IL-8,
albumin, lactoferrin, IL-1, IgM, 1IgG, neutrophil elastase, TNF-a, eosinophil cationic
protein (ECP), ICAM-1, CD-25, IL-2 and IFN-y (Allali et al., 2012; Enaud et al., 2019; Raia
et al., 2000; Smyth, 2000).

More specifically, the S100 proteins are ideal markers for identifying acute infectious
exacerbations and especially SI00A12 (calgranulin C) which is a serum marker, found in
phagocytes and directly related to inflammation (Allali et al., 2012; Smyth, 2000; Werlin
et al.,, 2010; Xia et al., 2018). S100A8 and S100A9 proteins are expressed in different
immune cell types (e.g., neutrophils, monocytes, macrophages etc.) following their
activation. Accordingly, secretion of IL-1, which is elevated in CF intestine, stimulates
calprotectin release (Allali et al., 2012). While intestinal inflammation has been reported,
the exact mechanism of this intestinal inflammation is not clear yet. A recent study
demonstrated a link between the gut microbiota and the intestinal inflammation in CF
children while the microbiota composition differed based on the inflammation status of
CF subjects (Enaud et al., 2019). CF patients that had higher than normal levels of
calprotectin were characterized by increased bacterial expression such as Staphylococcus
spp., and Streptococcus spp., and decreased expression of others such as Bacteroides

spp., Ruminococcus spp., and Coprococcus spp.
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Gut microbiota is important for the immune response of the entire body during postnatal
development and as CF abnormal luminal environment affects the microbiome of the
gut, it contributes to microbial dysbiosis, that in turn could impact levels of inflammation
in the intestine. Lastly, a study in F508del mice showed altered intestinal structure
compared to the wild-type mice. Some characteristics in the ileum of CF mice were:
increased crypt to villus axis (CVA) height, increased cell density, muscularis externa
thickness, and presence of many goblet cells (Bazett et al., 2015; Semaniakou et al.,
2020).

In the exocrine pancreas, defective anion transport leads to reduced ductal fluid
secretion, and consequently, ducts are dilated by enzyme precipitation and mucus
accumulation with the presence of eosinophilic secretions, neutrophils, and
macrophages. This severe inflammation and fatty infiltration, in turn, causes ductal
plugging, acinar damage and fibrosis, destroys gradually the exocrine pancreas leading to
complete atrophy and pancreatic development (Gibson-Corley et al., 2016; Wilschanski
et al., 2013). The endocrine pancreatic tissue is intact, spared from the surrounding
exocrine destruction with fewer acinar cells and zymogen granules. Insulin-
immunoreactive islets are mostly localized in the intact lobular tissue without alterations
in the amount of produced insulin or glucagon cells (Gibson-Corley et al., 2016). In a
recent study from Hart et al. (2018), was shown increased expression of IL-6, IL-1[,
CXCL10, TNF-a and IFN-y in human CF islets (Hart et al., 2018).

Pancreatic alterations start in utero and after birth the destruction of small ducts, which

leads to large duct dilation, persists (Wilschanski et al., 2013). A study from Abu-El-Haija
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et al. (2012) in fetal and newborn Cftr”/~ and Cftrf508del/FS08del higs that shares many
pathological characteristics with human CF pancreas, demonstrated that tissue damage
starts in utero and pro-inflammatory, complement cascade, pro-apoptotic, and pro-
fibrotic pathways are involved (Abu-El-Haija et al., 2012). They noticed elevated
activation of the apoptotic caspase-3 pathway in the CF pig pancreas whereas the a-
smooth muscle actin, a myofibroblast marker and activator of early fibrosis pathways,
was observed in both fetal and newborn pigs. Tissue remodeling with mucus
accumulation and duct cell proliferation was observed in the neonatal but not in fetal CF
pigs, indicating that these changes do not initiate disease pathogenesis but follow
pancreatic damage over time (Abu-El-Haija et al., 2012). Compared to Cftr7/-,
CftrFo08del/Fs08del  nigs exhibit slightly less severe exocrine pancreatic pathogenesis that
may be attributed to the residual CFTR function as was described by Ostedgaard et al.

(2011) (Abu-El-Haija et al., 2012; Ostedgaard et al., 2011).

2. AIRWAY PHYSIOLOGY AND CHANGES IN CF

2.1 Airway Innate Defense

Airway defense consists of coughing, physical and anatomical barriers, turbulent airflow
and innate immunity. The main lung innate defense mechanism is the mucociliary
clearance (MCC) (Bustamante-Marin et al., 2017). Everyday, we inhale approximately
10,000 litres of air, which in big cities contains close to 5x10'° harmful substances

(Widdicombe et al., 2015). The very tiny particles enter the alveoli and afterwards are

18



cleaned by macrophages of the lower airways, while the largest particles and pathogens
are entrapped by mucus and propelled towards the mouth by the ciliary beating in the
upper airways. Mucociliary clearance is the removal of the mucus, present at the surface
of the airways surface liquid layer (ASL) by the movement of cilia on top of ciliated airway
epithelial cells. The ASL coats the airway epithelium, and is composed of the mucus layer,
and the periciliary layer (PCL). PCL hydrates the airways, enables ciliary beating for proper
mucus clearance, and also has a crucial role in innate immunity and antimicrobial
defense. The simultaneous coordination of all these components produce the effective
mucociliary clearance in healthy airways for maintaining them sterile (Bustamante-Marin
et al., 2017; Smith et al., 2008; Widdicombe et al., 2015).

The volume of the ASL depends on gland secretion and the hydration state of the
produced mucus. Mucus secretion is a physical and pH barrier for the underlying tissues
and protects them from inhaled pathogens found in the external environment. It is
isotonic and composed of 98% of water, and the rest 2% of ions, mucins MUC5B and
MUCSAC, peptides, proteins and other small molecules (Widdicombe et al., 2015; Wine,

2007).

2.2 Submucosal Glands Secretion (SMGs)

Most of the mucus secreted by the airways (95%) is produced by tracheal and bronchial
submucosal glands located down to conducting airways of 1-2 mm diameter, and only
5% of the mucus is secreted by the goblet cells, found on the airways epithelium in the

first 8-10 airway generations of the conducing zone (Widdicombe et al.,, 2015).
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Submucosal glands (SMGs) consist of the ciliated duct where ciliated and goblet cells are
located, the collecting duct that contains non-secretory non-ciliated cells, and the
secretory duct that has mucus cells in mucus tubules and serous cells in acini
(Widdicombe et al., 2015). Serous cells are the predominant defensive cells of the airway
mucosa and need CFTR expression in order to regulate fluid secretion (BéruBé et al.,
2010; May et al., 2015). Constituents of the fluid produced by serous cells are anti-
inflammatory products such as lysozyme and lactoferrin, immunoglobulin A, surfactant
protein A, leukocyte protease inhibitor and mucins MUC2 and MUC7. Instead, mucus
cells produce a gel-like fluid that contains MUC2 and MUC5B while goblets cells have
mainly MUC5AC (Widdicombe et al., 2015; Wine, 2004; Wine, 2007).

The submucosal glands secrete upon synergistic interaction of neurotransmitters,
Acetylcholine (ACh) and Vasoactive Intestinal Peptide (VIP). As mentioned above, fluid
secretion from serous cells is CFTR-dependent while from mucus cells it is CFTR-
independent. Neurotransmitters that increase intracellular Ca?*, for example ACh, trigger
secretion from both serous and mucus cells, while pathways that increase intracellular
cAMP such as VIP, trigger serous cells but not the mucus cell secretion. Glands secrete at
low levels in response of VIP stimulation alone while the co-stimulation of VIP and

acetylcholine that is observed in healthy glands, is lost in CF ( Wine, 2007).
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2.3 Innate Host Defense Defect in CF

When the submucosal glands are not functioning properly, it can result in mucus
overproduction and/or defective mucociliary clearance, involved in the pathogenesis of
four airway diseases: CF, chronic bronchitis (CB), chronic obstructive pulmonary disease
(COPD) and asthma. In CF the synergistic interaction between VIP and ACh is lost. Studies
in healthy single submucosal glands utilizing the bubble method, demonstrated synergy
after stimulation of these glands with low levels of cAMP elevating agents (VIP, forskolin
or isoproterenol) and intracellular Ca?* agents (histamine, carbachol, SP). This synergistic
reaction was absent upon stimulation with high concentration of one or both agents
while glands respond to high synergistic transmitter action in emergency airway defense,
as described above. In CF, glands do not secrete after being stimulated with low doses of
combined VIP and carbachol, which shows that in CF glands are defective and lack the
synergy observed in healthy glands (Jae et al.,, 2007; Widdicombe et al., 2015; Wine,
2007).

Furthermore, CF glands are enlarged and produce thick tenacious mucus even before
signs of infection and inflammation (Widdicombe et al., 2015), and the concentration of
mucins is highly increased in sputum from CF patients, causing an overall impaired
mucociliary clearance due to changes in mucus viscosity and dehydration of the ASL
(Salinas et al., 2005; Verkman et al., 2003). Recent studies in CF pigs revealed that mucus
strands did not separate as under normal conditions but remained attached to
submucosal gland opening (Ermund et al., 2018; Hoegger et al., 2014; Xie et al., 2018).

Due to CFTR defect, fluid secretion in presence of VIP, forskolin or isoproterenol is absent
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while the CACC-dependent secretion is not altered. The CF gland fluid is characterized by
increased acidity, consequently inducing ASL acidification and enabling bacterial
dominance. Eventually, airways mucus plugging that leads to infection and inflammation
of the airways, mainly by P. aeruginosa pathogen (Salinas et al., 2005; Widdicombe et al.,

2015).

2.4 Neuronal Control of Submucosal Glands

The airways are mainly controlled by the peripheral nervous system and more specifically
by the airway intrinsic neuronal network that innervates glands, muscles and blood
vessels. There are two types of gland secretions, one during normal "housekeeping"
control, where a low amount but continuous secretion is produced, and another one
during emergency airway defense. In the housekeeping function, secretion is controlled
by intrinsic airway neuronal signals that rely on non-cholinergic pathways that elevate
cAMP, mainly mediated by VIP and is CFTR-dependent. The low amount of gland
secretion is adequate to maintain proper mucociliary clearance. During emergency
airway defense reaction such as in response to viruses, inhalation of large particles, toxic
aerosols, etc. this "emergency" airway innate defense mechanism secrete in response to
ACh, VIP, substance P (SP) and nitric oxide synthase (NOS) stimulation (Wine, 2004; Wine,
2007).

The emergency airway defense response is primarily mediated through a central reflex
pathway of vagus nerve afferents and efferents. The intrinsic nerves are triggered mainly

by vagal parasympathetic afferents. The neuronal signal, coming from the vagus nerve
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through the cell bodies located in the jugular/nodose ganglia, dispatches its terminal
nerve fibers into the nucleus of the solitary track in the dorsomedial medulla oblongata.
Afterwards, the interneurons mediate signal transduction to the airway vagal
preganglionic neurons (AVPNs). The descending projections of the latter stimulate
neurons in the airway intrinsic nervous system, and therefore, gland secretion
(Widdicombe et al., 2015; Wine, 2007). Hence, during the emergency defense reflex a
strong descending cholinergic signal, mediated by the vagal nerve, produce high rates of
gland secretion that involves pathways which elevate intracellular Ca?* and are CACC-

dependent (CFTR-independent) (Wine, 2007).

3. ENTERIC NERVOUS SYSTEM AND NEURONAL CONTROL OF THE GI IN CF

The gastrointestinal track (Gl) comprises a number of neuronal layers that are all
connected to each other: the myenteric plexus layer, the longitudinal muscle layer, the
mucosa layer, the circular muscle layer, the deep muscular plexus layer, the submucosal
plexus layer and the submucosal artery and lastly the muscularis mucosae (Figure 1.2)
(Furness, 2000). In the small intestine most of the neural cells are found in two
ganglionated plexuses: the myenteric plexus and the submucosal plexus (Costa et al.,
2000; Furness, 2007). Studies from the small intestine of guinea-pig demonstrated that
the myenteric plexus has three components: the primary component that contains the
ganglia and interganglionic connections, the secondary component has thin nerve
strands that are in parallel to the circular muscle layer and the third component, called

tertiary plexus, located in the between of the very thin longitudinal muscle layer (Furness,
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2007). Primary function of the myenteric plexus is to control gut motility of the circular
and longitudinal muscles while the submucosal plexus is responsible for fluid secretion

and absorption as well as secretion of endocrine and paracrine mediators.
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Figure 1.2: Schematic representation of intestinal tissue layers.

From the top to the bottom, villi are located at the mucosa layer followed by thy crypt layer. Next
is the submucosal plexus layer and the circular muscle layer. The last intestinal tissue layer is the
myenteric plexus that consists of three components: the primary (a), the secondary (b) and the

tertiary (c) component (Semaniakou et al., 2020).

The nervous system of mammalian species has two parts, the central nervous system

(CNS) and the peripheral nervous system (PNS). The CNS is formed by the brain
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(cerebrum, cerebellum and brain stem) and the spinal cord, while the PNS has three
subdivisions (the somatic, the autonomic and the enteric) and contains mainly bundles
of neuronal cell bodies (ganglia) that conduct sensory stimulus in the head, neck and
viscera. Nerves that send signal from the brain are named motor or efferent nerves, and
the nerves that transport information from the body to the CNS are named sensory or
afferent. The PNS links the CNS to the different tissues and organs of the body (Yoo et al.,
2017). The autonomic nervous system, one of the PNS subtypes, is controlled by the
sympathetic or parasympathetic innervation, and secrete mainly catecholamines (CChs)
such as norepinephrine, epinephrine and dopamine, or ACh. The ENS nervous system is
connected with the CNS through extrinsic innervation which consists of both sensory and
sympathetic inputs, and vagal cholinergic parasympathetic neural fibers (Anlauf et al.,
2003; Yoo et al., 2017). The intrinsic Gl track innervation contains sets of ganglia and
neurons found in the myenteric and submucosal plexus. The intrinsic enteric nervous
system can communicate with the extrinsic enteric nervous system as well as the
sympathetic and parasympathetic neuronal inputs (gut-brain axis) but it functions
independently (Anlauf et al., 2003; Furness, 2012; Yoo et al., 2017). This elucidates why
parasympathetic nerves stimulate motility and secretion during digestion while the
sympathetic innervation inhibits gut motility and secretion (Furness, 2012; Furness et al.,
2014).

Despite the interconnections of the CNS with the ENS, the enteric nervous system is the
primary regulator of the Gl activity. Both motility and secretion are coordinated mainly

by intrinsic neuronal inputs. More specifically, studies in the guinea pig have revealed
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fourteen neuronal types within the enteric nervous system of the small intestine that are
divided into: sensory neurons, interneurons and motor neurons contributing all together
to the peristaltic reflux that initiates gut motility (Furness, 2000). Sensory neurons are
activated by mechanical and/or chemical stimuli that are accumulated in an
interneuronal matrix. Sensory nerves, in turn, trigger excitatory motor neurons that
innervate the upper part of the gut, and inhibitory motor neurons responsible for
inhibitory innervation reflexes down the gut. Excitatory or inhibitory motor neurons,
found in the myenteric plexus, promote and control motility and secretion. The main
neurotransmitter of the excitatory ascending motor neurons is ACh, while inhibitory
descending motor neurons exhibit inhibitory actions via NOS/VIP/ChAT. Thus, the
excitatory cholinergic innervation enables muscle contraction through muscarinic
receptor activation and ACh secretion, while muscle relaxation is enabled through a non-
adrenergic, non-cholinergic (NANC) pathway via secretion of mainly nitric oxide and/or
VIP. Moreover, the motor neurons mediates local reflexes through ascending or
descending interneurons (Furness, 2000; Furness, 2012; Furness et al., 2014).

Fluid secretion and absorption processes need to be coordinated and maintained in a
state of equilibrium locally and in the entire body. This local innervation is controlled by
the sympathetic neural pathways. Accordingly, while the myenteric plexus contains
motor neurons and interneurons, the submucosal gut plexus controls local secretion and
absorption. It also consists of: non-cholinergic secretomotor vasodilator neurons that
primarily release VIP, cholinergic secretomotor vasodilator neurons and cholinergic

secretomotor non-vasodilator neurons that secrete mainly ACh (Furness, 2000).
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4. PANCREATIC PHYSIOLOGY IN CF AND CF-RELATED DIABETES (CFRD)

Pancreatic insufficiency was one of the very first hallmarks for diagnosis in CF. Depending
on the percentage of pancreatic function and whether CF patients undergo pancreatic
enzyme therapy (PERT) to preserve their nutrition health, they are either characterized
as pancreatic sufficient (PS), ~15% of them, or pancreatic insufficient (PI) (Freeman et al.,
2017; Singh et al., 2017). Almost 85% of CF newborns, are prone to Pl. More specifically,
children that have two of class |, Il, 1l and VI mutations present a higher risk to develop
Pl early in life while children with two mutations of class IV and V, or a combination of
one mild and one severe mutation are generally PS from birth. However, some of CF
patients that are PS may become gradually Pl during their life.

Similar findings were confirmed in pig and ferret models. Newborn Cftr~/~ ferrets exhibit
pancreatic insufficient pathology, similar to CF human infants, and are characterized by
swollen acini and ducts with eosinophilic zymogen material, moderate alterations and
pancreatic lesions observed in approximately 75% of Cftr”/- ferrets (Sun et al., 2014).
Olivier et al. (2012) demonstrated that neonatal CF ferrets exhibited elevated apoptosis
in exocrine ducts and acini suggesting that pancreatic inflammation starts very early in
life. Within the first month of life and before adulthood, the pancreas undergoes rapid
tissue deterioration with destruction of acini, duct dilatation and evidence of
inflammatory cells (neutrophils, macrophages and lymphocytes) (Olivier et al., 2012).
Interestingly, a small percentage of CF ferrets, are born PS with light pancreatic pathology
while they have normal growth and fecal elastase-1 (EL1) levels (Sun et al., 2014). This

finding demonstrates that, in ferrets, modifier genes could be responsible for this small
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percentage of PS, indemnifying for the dysfunctional CFTR in the exocrine pancreas. Islets
are disorganized in adult CF ferrets, characterized by large clusters that contain an
abundance of B and a cells as occurs in the pancreas of CF patients (Olivier et al., 2012).
The exocrine pancreas in newborn Cftr”/~ pigs, as Cftr”/~ ferrets, recapitulates the
pancreatic pathogenesis as in human CF neonates. Consequently, pancreatic dysfunction
starts in utero and deteriorates later on during adulthood, resulting in a complete acinar
obstruction.

In contrast to exocrine pancreas, the endocrine pancreas remains intact during
childhood. However, approximately 50% of CF patients develop CF-related diabetes
(CFRD), which is the second co-morbidity in CF adults. Especially, as the life expectancy
of CF patients has increased due to better therapeutic treatments, CFRD prevalence is
getting higher. Most of CFRD patients are already Pl while the average age of CFRD onset
is about 20 years old (Mackie et al., 2003). CFRD is recognized as a third type of diabetes
(type 3¢, pancreatogenic) that shares characteristics of type | and type Il diabetes (Rickels,
2015). Unlike type | diabetes, CFRD is not an autoimmune condition and is distinguished
by partial insulin deficiency, reduced B-cell function and B-cell mass, as well as impaired
glucagon suppression (Kayani et al., 2018). In addition to reduced insulin secretion and
peripheral insulin resistance, CFRD patients express decreased amount of gastric
inhibitory polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), that play a significant
role in the postprandial glucose regulation (Pozo et al., 2020). CFRD patients also present
elevated random plasma glucose higher that 200mg/dl (11.1mmol/L).

Insulin is secreted by beta cells (islets of Langerhans) after glucose stimulation. Glucose
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is the most effective stimulator of insulin release. Insulin secretion is biphasic: the first
phase insulin secretion within the beta cells, that starts two minutes after the food intake
and lasts for ~10 minutes, is followed by the second phase of insulin secretion, or
postprandial insulin secretion, which reaches a plateau 2-3 hours later and is responsible
for bringing blood glucose levels back to normal. Glucose enters the beta cell through
GLUT2 transporter and the elevated glucose levels into the cell triggers glucose
metabolism, and increases ATP/ADP ratio which in turn closes Kare channels. Closure of
potassium channel leads to depolarization of the cell membrane and activation of
voltage-gated Ca?* channel in the plasma membrane which causes a rapid Ca?*influx into
the cell. This intracellular elevation of Ca?* leads to exocytosis and insulin secretion into
the blood. The amplification of postprandial glucose-induced insulin secretion in the
bloodstream is determined by hormonal signals, gastrointestinal hormones and
neuropeptides (e.g. GLP-1, GIP, VIP, peptide YY, estradiol, leptin etc.), nutrient signals
such as amino acids and fatty acids, and, lastly, neural signals such as the
neurotransmitter acetylcholine (Henquin, 2000). Neuropeptides and neurotransmitters
stimulate insulin secretion through the vagal nerve activation, by binding to a receptor
located at the cell membrane that will next provoke the activation of various signaling
pathways that will eventually increase intracellular Ca** or cAMP. All the above
mentioned signals collaborate with glucose to potentiate insulin release (Figure 1.3)

(Henquin, 2000; Regazzi et al., 2016).
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Figure 1.3: Glucose-dependent insulin secretion from a pancreatic beta cell and stimulus

effectors.

Glucose is transported into the beta cell through the GLUT2 transporter and metabolized via
glycolysis process facilitated by the glucokinase enzyme. Glucolysis elevates ATP/ADP ratio which
in turn closes the ATP-dependent K* channels (Kare). Closure of the Karr channels leads to
depolarization of the cell membrane and activation of the voltage-gated Ca?* channels (VDCC) in
the plasma membrane which cause a rapid Ca? influx into the cell and eventually insulin
exocytosis. Glucose-induced insulin secretion is augmented by: fatty acids, amino acids, incretins
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP), vasoactive
intestinal peptide (VIP), peptide YY (PYY), estradiol, acetylcholine (ACh), cholecystokinin (CCK),
leptin hormone, epidermal growth factor (EGF), prolactin (PRL), placental lactogen (PL) and
growth hormone (GH). VIP augments insulin secretion via coupling to VPAC2 receptor which leads
to cAMP accumulation, and consequently activation of the PKA signaling pathway and/or EPAC

family inducing insulin secretion.



The CFRD etiology is complicated and yet controversial. Studies in human islets and
animal models (rats/ferrets) support that dysfunctional CFTR contributes to B cell
dysfunction through direct CFTR dependent mechanisms, or indirect non-B-cell CFTR
defects on the pancreas (e.g., CFTR expression in other cells types located in the exocrine
pancreas that indirectly affect insulin secretion) that, therefore, cause reduced insulin
secretion and impaired glucagon suppression (Hart et al., 2018; Sun et al., 2017).
Defective CFTR causes elevation of intracellular chloride in B cells which could hinder
their depolarization after glucose stimulation and accordingly reduced insulin release. In
a cells, elevation of intracellular chloride leads to hyperpolarization that in turn causes
excessive glucagon secretion via triggering adenosine triphosphate-sensitive K* channels.
Another hypothesis is that B cell dysfunction is a consequence of inflammation that leads
to reduced B cell mass and islet loss. A recent study from Hart et al. (2019) demonstrated
that CFRD results from intra-islet inflammation and not from intrinsic islet dysfunction
due to CFTR mutations (Hart et al., 2018; Pozo et al., 2020).

Since 2010, insulin is the only effective available and approved treatment for CFRD, which
contributes to the risk of hyperglycemia for patients, almost the same to that observed
in type | diabetes subjects (Moran et al., 2010). Incretins have been used as a therapeutic
option for diabetic patients, especially the dipeptidyl peptidase 4 inhibitors and GLP-1
agonists. The latter, highly improves the pathophysiology of type Il diabetes by increasing
insulin production, reducing glucagon and gastric emptying as well as increasing satiety
(Kayani et al., 2018). However, their therapeutic potential has been poorly studied in the

CFRD population. Geyer et al. (2019) demonstrated that Exenatide ameliorates
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postprandial hyperglycaemia in young people with CFRD (Geyer et al., 2019).
Nonetheless, this group of young patients is less affected and further studies in adult

population are required.

5. VASOACTIVE INTESTINAL PEPTIDE (VIP)

5.1 Historical Background & VIP Discovery

In 1968, Dr. San |. Said observed that individuals with advanced lung injury or severe
pulmonary embolism, experienced vasodilation and hypotension. Therefore, in 1970s
and in collaboration with Viktor Mutt, he decided to isolate, from pig's lung, a vasodilator
peptide. However, lung tissue inadequacy due to the collection difficulty, did not allow
for the extraction of a pure peptide. They next tried to isolate it from duodenal extracts
that were more easily accessible, and with the idea that both lungs and small intestine
have the same embryonic origin, the foregut. Their second trial was successful and
indeed the peptide isolated from the porcine duodenum had vasodilator activity as was
further confirmed in anesthetised dogs (Said et al., 1975, 1970; Said et al., 1972). Dr. Said
named this peptide after the intestinal organ it was isolated and sequenced from as
Vasoactive Intestinal Peptide or VIP (Said et al., 1970; Said et al., 1972).

Later on, Said and Rosenberg in 1976, demonstrated that VIP is expressed in the central,
peripheral and intrinsic nervous systems (Delgado et al., 2004; Said et al., 1976). Since
then, VIP presence as a neurotransmitter and neuromodulator has been identified in

many organs and tissues such as the heart, lung, pancreas, intestine, thyroid gland,
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kidney, immune system, urinary tract, and genital organs (Chappe et al., 2012; Henning

et al., 2001).

5.2 Synthesis of Vasoactive Intestinal Peptide

VIP is a 28-amino acid (3,326 Da molecular weight) peptide (Figure 1.4) which belongs to
the superfamily of secretin/glucagon/pituitary adenylate cyclase-activating peptide
(PACAP) that are closely structurally related. Its amino acid sequence in humans has high
similarity (more than 85%) with that in fish, frogs and mammals, with the exclusion of
guinea pigs and chickens that differ by four amino acids (Dickson et al., 2009; Iwasaki et

al,, 2019).

H-(His |Ser  Asp! Ala)Val | Phe Thr /Asp!Asn! Tyr (Thr (Arg) Leu) Arg(Lys ) Gln/Met/ Ala Val (Lys  Lys Tyr Leu /Asn) Ser) lle LeutAsn-NH,

Created in BioRender.com bio

Figure 1.4: Amino acid sequence of the Vasoactive Intestinal Peptide

The structure of the peptide is related to secretin, glucagon, growth hormone releasing
factor (GHFR), glucagon-like peptide-1 and -2 (GLP1, GLP2), helodermin, gastric inhibitor

peptide (GIP, glucose-dependent insulinotropic peptide), and the mostly related to VIP
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by 68% amino acid homology are PACAP27 and PACAP38 (Chappe et al., 2012; Delgado
et al., 2013; Martinez et al., 2020).

VIP is synthesized from a 170-amino acid precursor molecule (Pro-VIP), its gene is
mapped to chromosomal region 625 of chromosome 6 and contains 7 exons (Gozes et
al., 1987; Tsukada et al., 1985). Post-translational modifications of the precursor yield the
28-amino acid peptide VIP and a 27-amino acid peptide histidine methionine (PHM, N-
terminal histidine and C-terminal methionine amide) in humans, or peptide histidine
isoleucine (PHI- N-terminal histidine and C-terminal isoleucine amide) in rodents. While
PHM/PHI are structurally and biologically related to VIP, they are less potent than VIP
(Delgado et al., 2013; Henning, 2013; Iwasaki et al., 2019). The three-dimensional VIP
conformation alters on different environments. For example, in an anionic lipid bilayer
or liposomes the long a-helix of VIP plays role for its receptor binding (Umetsu et al.,
2011). VIP is degraded by neutral endopeptidase (NEP), an enzyme that is found
throughout the body and cleaves multiple peptides, as well as by tryptases and mast cell
proteases during immediate hypersensitivity conditions such as inflammation (Caughey

et al., 1988; Henning, 2013).

5.3 General Biological Functions of VIP

VIP distribution in various organ systems affect them differently. In the circulatory system
VIP controls heart contraction, increases cardiac output, elevates glycogenolysis and
reduce arterial blood pressure. In the endocrine system, it augments glucose-dependent

insulin secretion and glucagon. In the respiratory system, VIP plays an important role in
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smooth muscle relaxation and causes bronchodilation, and most importantly, it
contributes to local innate defense by stimulating the movement of water and chloride
transport across intestinal and tracheobronchial epithelia. In the immune system, VIP has
strong anti-inflammatory effects while in the digestive system it highly contributes to
muscle motility, fluid secretion and regulation of pancreatic enzymes. Lastly, in the
nervous system, VIP controls circadian rhythm, promotes growth hormone from the
pituitary gland, the secretion of prolactin, luteinizing hormone, analgesia, hyperthermia,
learning and memory, it has neurotrophic effects, and regulates bone metabolism, brain
and embryonic development (Chappe et al., 2012; Delgado et al., 2013; Iwasaki et al.,

2019).

5.4 VIP Receptors

The pleiotropic physiological effects of VIP are provided via binding to a class Il G protein-
coupled receptors (GPCRs) composed of seven-transmembrane domain interconnected
with three extracellular (EC1, EC2, and EC3) and three intracellular (IC1, IC2, and IC3)
loops, a long N-terminal extracellular domain and an intracellular C-terminal domain.
There are three types of VIP receptors: VPAC1, VPAC2 and PAC1. These receptors are the
same for both VIP and PACAP. VIP has the strongest affinity to VPAC1 (EC50<0.1nM), next
to VPAC2 (ECso=10nM), and the lowest affinity to PAC1 (ECso~40nM). PACAP binds with
strong affinity to PAC1 (ECso~0.2nM). Additional PACAP members, such as secretin, can
bind to VPAC receptors, however VIP has the highest affinity. VPAC1 and VPAC2 activate

mainly the adenylate cyclase (AC) pathway, increasing intracellular cAMP, while the PAC1
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triggers both adenylate cyclase and phospholipase C (PLC). The a-helix in the N-terminus
is critical for the VIP being able to recognize and bind to the receptors, as it connects
firstly to the NHz-terminus of its receptor and next to the additional domains, the N-
terminal domain and a poorly described binding domain on the receptor core (Laburthe
et al., 2007).

Distribution and expression of VIP receptors is higher in arteries than in veins, explaining
the vasodilatory capacity of VIP in veins. More specifically, both VPAC1 and VPAC2 are
found in endothelium and smooth muscle of arteries, arterioles and myocardium and
cerebral while VPACL1 is highly expressed in brain (cerebral cortex and hippocampus), and
in various organs such as lungs, intestine, Gl track, liver, thyroid and reproductive organs,
as well as immune cells (lymphocytes, macrophages, monocytes, dendritic cells etc.).
VPAC2 is mostly identified in intrinsic cardiac neurons, in thalamus and suprachiasmic
nucleus of the CNS, and in some exocrine tissues such as pancreas, stomach, kidneys,
testis and in adipose tissue. Lastly, PAC1 is mainly identified in brain (olfactory bulb,
thalamus, hypothalamus, dentate gyrus of the hippocampus and cerebellum) and in the
adrenal medulla.

GPCRs have three subunits (a, B, y). Class Il GPCRs, usually, couple to Gqs and increase
intracellular cAMP through AC activation, which in turn stimulates protein kinase A (PKA)
that induces phosphorylation, and can, therefore, activate or inactivate different
signaling pathways, depending on the cell type. This is the traditional signaling pathway
of VIP receptors through which VIP moderates its functions. Nonetheless, additionally to

the common Ggsand cAMP cascade, some studies have demonstrated that VIP receptors
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can also bind to other G proteins and modify signaling pathway cross-talk through
coupling to Gai/q and activating the PLC signaling cascade (Chappe F. et al., 2008; Chappe
et al., 2012; Dérand et al., 2004; Rafferty et al., 2009).

As mentioned on the fluid secretion section, VIP in collaboration with acetylcholine,
promotes fluid secretion, maintaining airways sterile. VIP binding to the VPAC1 receptor,
on the basolateral membrane of epithelial cells, regulates CFTR-dependent secretion in
the airways. More specifically, in airway epithelial cells, CFTR channel function is
regulated by VIP through PKA- and PKC-dependent signaling pathways (Alcolado et al.,
2011). Research from the Chappe lab have demonstrated that VIP regulates CFTR
membrane stability via the activation of the VPAC1 receptor and the Ggiq signaling
cascade through PKCe-dependent interaction of NHERF1 and P-ERM proteins with CFTR
PDZ domain in a complex that helps stabilizing CFTR at the cell membrane and enhancing
its function (Alshafie et al., 2014) (Figure 1.5). Moreover, in the human nasal epithelial
cell line JME/CF15, derived from a CF patient homozygous for the F508del mutation,
prolonged VIP exposure can rescue trafficking to the cell membrane and increases the
function of F508del-channels (Alcolado et al., 2011) (Figure 1.5). In addition to the
basolateral membrane of epithelial cells, it has been reported that the VPAC1, contrary
to the VPAC2 receptor, is identified in the nucleus of tumor cells (e.g., breast cancer,
human renal carcinoma and glioblastoma) (Barbarin et al., 2014; Vacas et al., 2013;
Valdehita et al., 2010). A recent study from Villanueva-Romero et al. (2019)
demonstrated the presence of VPAC1 on the surface and nuclear membrane of T helper

(Th) cells. However, upon Th cell activation the receptor expression is only found in the
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nucleus (Villanueva-Romero et al., 2019). This nuclear expression of the VPAC1 is due to
a sequence in its C-terminal domain for nuclear translocation to occur via Cys37 which
should be palmitoylated (a reversible, post-translational alteration of a protein with the
insertion of 16-carbon fatty acid, palmitate, to a cysteine residue) (Barbarin et al., 2014;

Yu et al., 2017).
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Figure 1.5: Regulation of CFTR by VIP peptide.

VIP regulates CFTR membrane stability via the activation of the VPAC1 receptor at the basolateral
membrane, and the Gqi/q signaling cascade through PKCe-dependent interaction of NHERF1 and
P-ERM proteins with CFTR PDZ domain stabilizing CFTR at the apical membrane and enhancing
its function. CFTR function is further enhanced by PKC phosphorylation of the regulatory domain.
In parallel, VPAC1 receptor upon coupling to the G/, activates adenylyl cyclase (Ac) which in turn
leads to cAMP production and consequently activation of PKA that directly phosphorylates the R
domain of CFTR stimulating CFTR function. Also, activation of the PKA signaling pathway rescues
CFTR from lysosomal degradation, via impeding CFTR and CAL connection. Based on Alshafie et

al. (2014).
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5.5 VIP Distribution as a Neurotransmitter

VIP is broadly distributed in the central and peripheral nervous systems as well as in the
digestive, respiratory, reproductive, and cardiovascular systems as a neurotransmitter
and neuroendocrine releasing factor. VIP is mainly expressed in cholinergic
parasympathetic neurons and only a small percentage is expressed in sympathetic nerves.
In the heart, intrinsic VIPergic nerves are localized in the sinoatrial node, cardiac
glomeruli, in the nerve terminals of the atria arteries and upward aorta as well as in the
intrinsic cardiac ganglia (Henning, 2013). In the cardiovascular system VIP coexists with
acetylcholine in the parasympathetic nerves.

In the human gastrointestinal track VIPergic nerves are highly dense in the myenteric and
submucosa plexus layers and less in the longitudinal muscle. In a quantitative analysis of
the intrinsic neuronal distribution, Anlauf et al. (2003) reported that the submucosa
layers of the stomach and large intestine contain the greatest amount of VIPergic
ganglionic cells. In the myenteric layer, the stomach has a higher density of VIP-positive
nerve fibers compared to the myenteric layer in the small and large intestine. In the
parasympathetic nervous system, VIP is co-localized with acetylcholine, in order to
promote maximal fluid secretion as was previously described (see section 2.2). This co-
localization was further confirmed at the neuronal level by Anlauf et al. (2003). The
expression of acetylcholine was revealed with the cholinergic VChAT (vesicular
acetylcholine transporter involved in acetylcholine synthesis) antibody. Indeed, co-
expression of VIP and VChAT was shown in both myenteric and submucosal plexuses

throughout the human gut. Their co-existence was also shown in the smooth muscle,
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mucosa and blood vessels (Anlauf et al., 2003). Only the submucosa layer of the colon
was missing the co-localization of VIP and VChAT. Consequently, in the human gut VIP
exerts its biological functions as a cholinergic co-transmitter of the intrinsic gut neuronal
network, contrary to studies in the intestine of the guinea pig and other mammals where
VIP functions as a non-adrenergic, non-cholinergic (NANC) neuropeptide (Anlauf et al.,
2003; Costa et al., 1996). Additionally, VIP is expressed in inhibitory motor neurons and
interneurons of the myenteric circular muscle, enabling intestinal smooth muscle
relaxation, other than promoting fluid secretion (Anlauf et al., 2003; Furness, 2000; Porter
etal., 1996; Porter et al., 1997). As both VIP and acetylcholine are released from the same
intrinsic cholinergic neurons, VIP plays a critical role in the control of cholinergic
neurotransmission. In addition to that, in peripheral ganglia of the mouse intestine,
during embryonic development at stage E16, strong VIPergic innervation has been
identified, suggesting that VIP has a significant role during the development of the
nervous system (Waschek et al., 1996). VIP neuronal effects as a non-cholinergic
transmitter are very minimal, and occur only when it is expressed in the secretomotor
neurons of the intestine which are either cholinergic or non-cholinergic. Intrinsic
secretomotor neurons maintain the balance of absorption and secretion locally, and are
controlled by local reflex circuits which in turn are under the control of central
sympathetic pathways. Some of these neurons are cholinergic secretomotor/non-
vasodilator and utilize acetylcholine as their main transmitter and others are non-

cholinergic secretomotor/vasodilator neurons using VIP (Furness, 2000).
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In the respiratory track, VIP is a potent vasodilator and is distributed in the
tracheobronchial smooth muscle layer of the airways, the inner walls of pulmonary and
bronchial vessels. There is a dense VIPergic innervation around submucosal glands. The
density of VIPergic nerves reduces towards the smaller airways, with only a few VIP
neurones being localized in bronchioles and alveolar space (Barnes et al., 1991; Laifihen
et al.,, 1985; Laitinen et al., 1985; Wu et al.,, 2011). Co-localization of VIP with
acetylcholine has been revealed in all intrinsic nerves surrounding peribronchial ganglia
and following the parasympathetic pathway (Anlauf et al., 2003). The parasympathetic
innervation is of high significance for the development and coordination of ductal
tubologenesis in the submucosal glands and salivary glands, enabling ductal growth, and
lumen enlargement. Pregnant mice that were treated with a VPAC1 receptor antagonist
during the gland developmental stage (E12-E16) showed smaller luminal cavities
compared to control PBS treated embryos. The absence of VIP innervation contributed
to abnormal submucosal gland tubulogenesis with decreased branching and alteration of
lumen development (Nedvetsky et al., 2014).

In the exocrine pancreas, VIP-parasympathetic nerves are identified between acini,
surrounding ducts and blood vessels. In the islets of Langerhans of the endocrine
pancreas VIPergic nerve fibers are distributed in the form of a very dense matrix
throughout the islets. This condensed VIPergic neuronal network of the endocrine
pancreas indicates an important role for VIP in the control and release of pancreatic
hormones such as somatostatin, glucagon, insulin and pancreatic polypeptide (Havel et

al., 1997; lwasaki et al., 2019; Sanlioglu et al., 2012).
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Lastly, the eccrine sweat glands are principally controlled by cholinergic innervation in
addition to adrenergic and peptidergic innervation. Human axillary skin, where the
eccrine sweat glands are abundant, is characterized by a rich intrinsic VIPergic neuronal
network around the secretory sweat gland acini and a less dense VIPegic network in the
re-absorptive ducts (Heinz-Erian et al., 1985; Sato et al., 1984; Sato et al., 1988). Also,
most of the VIP neurons were found to be closely related to glandular cells, duct cells and

myoepithelial cells (Eedy et al., 1990).

5.6 VIP and Cystic Fibrosis

As mentioned above, a rich VIPergic neuronal network innervates all exocrine glands
including the pancreas, sweat and salivary glands, lachrymal, bronchial and intestinal
glands. The link between VIP and cystic fibrosis disease was first reported by Heinz-Erian
et al. (1985) when they revealed sparse or absent VIP-containing nerve fibers around the
eccrine glands of CF patients' skin compared to healthy subjects. VIP peptide is a potent
vasodilator and bronchodilator, and the major physiological agonist of CFTR. In synergy
with acetylcholine, it regulates exocrine gland secretions, contributing to local innate
defense, by stimulating the movement of water and chloride across intestinal and
tracheobronchial epithelium. A demonstration of VIPergic deficiency or neuronal
discontinuation at that time (given that the CFTR gene was discovered four years later,
in 1989) was a very significant finding for the understanding of CF disease development
as it could explain the abnormal secretory activity and high chloride levels in the sweat

(Heinz-Erian et al., 1985). Findings of Heinz-Erian et al. about sparse VIP-innervation in
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CF was also confirmed by Savage et al. five years later, further showing reduced VIPergic
innervation of cutaneous blood vessels (Savage et al., 1990). Moreover, VIPergic
neuronal deficiency was shown in the nasal and intestinal mucosa of CF patients by
Wattchow et al. (1988). The authors also demonstrated that neuropeptide Y (NPY) nerves
were sparse in the CF mucosa layer of the intestine where VIP and NPY are co-expressed
in some of the intestinal neurons.

Human CF SMGs only secrete minimally in response to agonists that increase intracellular
cAMP alone (VIP and FSK) or slightly to agonists that elevate [Ca®*]i (substance P and CCh).
The combination of these two types of agents produce a synergetic response that is lost
in CF (lanowski et al., 2007; Jae et al., 2007).

The fundamental role of VIP in CF was also confirmed by our lab with VIP-KO mice where
the VIP gene was genetically deleted. These mice, developed by the late Said group
(Hamidi et al., 2006), were characterized by goblet cells hyperplasia and inflammatory
cells infiltration in the intestine, alveolar and peribronchial thickening, edema and
inflammation in the lungs while the pancreas presented ductal infiltration with the
presence of inflammatory cells (Alcolado et al., 2014). VIP-KO mice were injected
intraperitoneally with VIP for three weeks and after the treatment, the pathological signs
in the lung and duodenum were corrected with tissue closely resembling the wild-type
phenotype (Alcolado et al., 2014). As VIP regulates CFTR function through the activation
of VPAC receptors, the authors examined the impact of VIP injections on the CFTR protein
expression at the cell membrane. Before treatment, in contrast to wild-type, in VIP-KO

mice, CFTR localization was lost from the apical membrane of lung and duodenum
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epithelial cells. However, the intracellular localization of the CFTR protein was corrected
after the VIP treatment and membrane localization was restored. An Ussing chamber
study of VIP-KO mouse ileum confirmed the absence of a CFTR-dependent chloride
current in VIP-KO mice tissues. This was corrected by the VIP treatment, confirming
membrane expression of the channel. These results were further confirmed in primary
tracheal epithelial cells of VIP-KO mice, where, indeed, the VIP treatment maintained
CFTR at the apical membrane establishing the necessity for chronic VIP stimulation in the
regulation of CFTR localization and function (Alcolado et al., 2014). Similar findings were
also reported in preparations of rectal glands from the spiny dogfish shark that express a
CFTR ortholog with 72% similarity to the human protein. Acute VIP treatment increased
the CFTR apical trafficking (Lehrich et al., 1998). Also, in rat CFTR high expressor cells
(CHE) that are found in the villi of the small intestine, CFTR was restored at the apical
plasma membrane after stimulation of cAMP levels by VIP (Ameen et al., 1999).

VIP treatment can rescue AF508-CFTR trafficking and maintain the channel stable at the
cell membrane, acting through the VPAC1 receptor in airway epithelial cells. In nasal
epithelial cells (JME/CF15) from a AF508 homozygous patient, AF508-CFTR membrane
insertion was stimulated by the PKA-dependent signaling pathway in response to VIP
stimulation, while its stabilization at the cell surface was PKC-dependent and involved
the interaction of CFTR with the RAKC1-NHERF1-pERM complex. Consequently, it is
demonstrated in vivo and in vitro that VIP stimulation contributes to the channel
function, corrects the trafficking of the mutated protein and increases its stability at the

apical cell membrane (Alcolado et al., 2011; Rafferty et al., 2009).
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6. ANIMAL MODELS OF CF — THE Mouse MoDEL IN CF

The figures and text presented in this chapter are from a review manuscript published to
the Journal Frontiers in Pharmacology. Anna Semaniakou, Roger P. Croll, and Valerie
Chappe (2019). Animal models in the pathophysiology of cystic fibrosis.

https://www.frontiersin.org/articles/10.3389/fphar.2018.01475/full.

As the first author on this article, | wrote the manuscript which was edited by Dr. Valerie

Chappe and Dr. Roger P. Croll.
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6.1 Overview

Our understanding of the multiorgan pathology of cystic fibrosis (CF) has improved
impressively during the last decades, but we still lack a full comprehension of the disease
progression. Animal models have greatly contributed to the elucidation of specific
mechanisms involved in CF pathophysiology and the development of new therapies.
Soon after the cloning of the CFTR gene in 1989, the first mouse model was generated
and this model has dominated in vivo CF research ever since. To our knowledge, 14 more
mouse models have been described in the literature to date with different
characteristics, grouping them in two categories. The first category consists of those
models in which the CFTR gene was disrupted using a “replacement strategy” or an
“insertional strategy.” A replacement strategy causes an interruption of the CFTR gene
and generates complete nulls (“knockout”: KO) with no normal CFTR protein production,
while with the “insertional strategy” a low amount (~10%) of normal mouse CFTR mRNA
is produced. Phenotypic differences are observed between the absolute nulls and the
residual function models due to the low amount of normal CFTR expression in the latter.
The second category contains mouse models that replicate known clinical mutations in
CF, such as the Class Il F508del (Cftrtm1&ur Cftrtmikth and Cftrt™2¢am) and Class Ill, G551D
(Cftrtm16551D) ytilizing a replacement-gene targeting strategy or a double homologous
recombination method, also known as a “hit and run” procedure. In this category,
survival rates, disease severity and pathology vary from model to model. The variations

are attributed to different types of mutations, levels of mMRNA expression, environmental
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factors and genetic backgrounds that can be responsible for various levels of activity of

modifier genes in the mouse strains used (Semaniakou et al., 2019).

6.2 Mouse Model for Studying Lung Defects in CF

In 1997, Kent and colleagues designed a model from a single genetic background
(congenic), C57BL/6JCftrmUnc/CftrtmiUnc that under specific pathogen-free conditions,
developed spontaneous and progressive lung disease (Guilbault et al., 2005; Guilbault et
al., 2006; Kent et al., 1997). Loss of mucociliary transport, postbronchiolar hyperinflation
of alveoli, and parenchymal interstitial thickening with indication of fibrosis and
inflammatory cell recruitment characterize the lung disease on this congenic model (Kent
et al., 1997). It also showed reduced control of the P. aeruginosa infection. Acinar and
alveolar over inflation, reflect small airway obstructions that are observed in the early
stages of CF in humans (Guilbault et al. 2005). Later on, more studies boosted our
knowledge with significant observations in CF pulmonary pathology using mice that were
not exposed to pathogens. Thus, excessive inflammation was noticed in Cftri™rHeu mjce,
mucociliary clearance (MCC) dysfunction in Cftrt™Heu and Cftrt™Unc mice, goblet cell
hyperplasia with airway surface liquid (ASL) depletion in the nasal epithelium of Cftrtmiunc
mice, and a distal extension of submucosal glands (SMGs) in Cftrt™H8u gnd Cftrtm16>510
mice (Cowley et al., 1997; Semaniakou et al., 2019; Tarran et al., 2001; Zahm et al., 1997).
The Cftrmi6510 model demonstrated defective pulmonary clearance and a high

sensitivity to P. aeruginosa (McMorran et al., 2001).
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Durie et al. (2004) described a promising long-living congenic Cftr’- model bred in the
C57BI/6 background that displays the human lung pathology with signs of inflammation,
presence of macrophages, tissue damage, and acinar dilation (Durie et al., 2004).
Moreover, Cftr/- mice challenged with P. aeruginosa had increased IL-8, IL-6 and TNF-a
levels and decreased IL-10 level, indicating that the absence of CFTR can cause excessive
lung inflammation (Bruscia et al., 2016). Additionally, the number of both alveolar and
peritoneal macrophages was high in F508del mice infected with lipopolysaccharides
(LPS), illustrating their adaptability in the airway environment (Bruscia et al., 2016). CF
mice may not be able to develop abrupt lung disease as patients with CF do, but they
have been successfully used to demonstrate a defective autophagy mechanism which
can lead to lung hyper-inflammation (Luciani et al., 2010). Lastly, in 2011, Zhou and
colleagues generated a transgenic "B-ENaC" mouse model to recapitulate the
pathophysiology of the CF lung. This model, which over-expresses the B subunit of ENaC
with increased Na* absorption, presented with ASL depletion, reduced MCC with airway
mucus obstruction, goblet cell hyperplasia, chronic lung inflammation, and high mortality

related to lung disease (Zhou et al., 2011).

6.3 Mouse Model for Studying the Intestinal Pathology in CF

CF mice are characterized by severe intestinal obstructions, similar to CF patients. The
severity of the disease and the survival rate differ among genotypes (Semaniakou et al.,
2019). The neonatal death rate is ~60% for CF null mice and only 35% for F508del-CFTR.

However, this percentage of Ml is still high compare to only 10% in the human disease.
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The Cftr'm&r and Cftr'm2HeY models, carrying the F508del and G480C mutations,
respectively, exhibit intestinal alterations that are not as severe as those in the CFTR-KO
mice (De Lisle et al., 2013). The Cftrtm1551D has an approximate 70% survival rate with
less severe pathology than the null models. A murine F508del model was generated with
a replacement-gene targeting method by Colledge et al. (1995) and was suggested to be
an accurate model for testing therapeutic drugs. It demonstrated severe meconium
obstruction, reduced cAMP-stimulated Cl- secretion, and the temperature-dependent
trafficking. defect that is described associated with this mutation in the human disease
(Colledge et al., 1995). Tissue sections of the colon and duodenum revealed huge crypt
dilation with increased mucus accumulation. As previously mentioned, the genetic
background variation and low residual level of expression of normal CFTR have been
proposed to explain dissimilarities between models (Semaniakou et al., 2019).

Studies have shown that the expression of modifier genes may also be responsible for
this intestinal variability. A genetic modifier of Ml was detected in chromosome 19 in
humans and on mouse chromosome 7 and was shown to be involved in the disease
progression in KO mice (Gyémorey et al.,, 2000; Rozmahel et al., 1996; Zielenski et al.,
1999).

Norkima et al. (2004), using a DNA microarray, observed the presence of some gene
expression associated with inflammation and presence of innate immune cells, such as
mast cells and neutrophils, similar to those observed in the intestine of patients with CF
(Norkina et al., 2004). Amelioration of the intestinal obstruction and an increase in the

survival rate was achieved by the expression of human CFTR cDNA in the intestinal track
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of Cftrt™Uncmice, under the control of the rat intestinal fatty-acid-binding protein (iFABP)
gene promoter. This CftrtmiUnc _TgN(FABPCFTR) model enabled long-term studies in the
intestine (De Lisle et al., 2013). Electrophysiological studies have confirmed the ion
transport abnormalities in CF mice with a similar phenotype to that of the human CF

intestine: low or absence of cAMP-mediated Cl transport (Grubb et al., 1997).

6.4 Mouse Model for Studying Pancreatic Disease in CF

In contrast to patients with CF in whom exocrine pancreatic insufficiency (PI) is a major
condition, CF mice exhibit only moderate pancreatic changes (Snouwaert et al., 1992).
Durie et al. (2004) demonstrated that a long-living CF-KO mouse bred into a congenic
C57BI/6 background develops pancreatic pathology similar to humans with presence of
inflammatory cells and macrophages, and increased acinar volume at an older age (Durie
et al., 2004). Surprisingly, mice with the F508del or G551D mutation, do not show any
apparent pancreatic disease (Colledge et al., 1995; Delaney et al., 1996; van Doorninck
et al., 1995). The milder pancreatic disease in mice is attributed first to the lower level of
normal CFTR expression in the murine pancreas, while high CFTR expression level has
been shown in humans (Gray et al. 1995), and second to differences in the CACC channel
expression. The CACC is detected in both WT and CF mice alleviating the pancreatic
disease progression, perhaps explaining the mild murine pancreatic pathology (Clarke et

al., 1994; Gray et al., 1995; Keiser et al., 2011; Marino et al., 1991).
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6.5 Murine Sweat Glands in CF

Murine sweat glands are an underestimated tissue in the field of CF. Sato et al. (1994)
investigated changes in cholinergic and B-adrenergic responsiveness during the postnatal
life and reported that the mouse sweat glands are mainly under cholinergic control and
express CFTR. Sweat secretion can be monitored in response to cAMP elevating agonists
with activation of either K* channels, ClI' channels, or both. The secretion rates are higher
in older animals (over 6-weeks old) but are independent from glandular enlargement
(Sato et al., 1994). Sweat glands remain free of infection, do not exhibit morphological
alterations and are easy to collect, as they are found under the mouse paw (Semaniakou

et al., 2019).
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7. RESEARCH HYPOTHESIS AND OBJECTIVES

VIP is distributed in the central and peripheral nervous systems richly innervating all
exocrine glands. In CF patients it was shown that VIP-positive nerve fibers of the skin and
intestinal mucosa are sparse compared to healthy individuals. Since VIP plays a very
significant role in the local innate defense by stimulating the movement of water and
chloride across intestinal and tracheobronchial epithelium it was hypothesized, that
abnormal VIP innervation may contribute to the CF disease pathogenesis. Nonetheless,
the mechanism behind this phenomenon remained unknown. Consequently, the main
general question of this PhD research was to examine changes in VIP amount.

More specifically, we examined changes in the VIP content in the duodenum, lungs,
sweat glands, endocrine and exocrine pancreas in the 8-week and 17-week-old C57BIl/6
CF mice, homozygous for the AF508 mutation, compared to same age wild-type
littermates. These two different age groups reflect the early and late disease state. Next,
we determined if these changes in VIP peptide were related to tissue inflammation
and/or infection observed in the duodenum and lung tissues. Additionally, we further
investigated the mechanism behind this reduced VIP amount, in neuronal level, studying
the VIP innervation, the general innervation and the co-transmission of VIP with
acetylcholine in CF. Innervation data were focused mainly in the mucosa and myenteric
plexuses as these two layers express the highest density of nerve fibers.

As described above, CFRD is the second co-morbidity in CF, following respiratory failure,
and affecting approximately more than 50% of adult CF patients. CFRD is characterized

by partial insulin insufficiency, impaired glucagon suppression and elevated random
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plasma glucose. Glucose-dependent insulin secretion and glucagon release are
augmented and indirectly regulated by VIP. To ascertain if changes in VIP content can
affect insulin and glucagon secretion as well as glucose levels, and possibly contributing
to CFRD pathogenesis, we investigated the VIP content in the endocrine and exocrine
pancreas as well as the secretion of insulin, glucagon and random plasma glucose
concentration. Furthermore, we examined the general neuronal innervation in the
pancreas and correlated it to the reduced VIP amount.

This study aims to shed light on three broad unanswered questions in the field regarding
the defective VIP innervation: 1) Is this sparse VIP innervation related to disease
progression or due to defective VIP peptide synthesis?, 2) when does VIP reduction start
and what is the connection with the disease development?, 3) what is the impact of VIP

reduction on the pancreas and on the development of CFRD disease?.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Chemicals and Antibodies

Antibodies are shown in Table 2.1; Normal mouse blocking serum was from Santa Cruz
Biotechnology (ImmunoCruz goat ABC Staining System; sc-2023); Normal rabbit blocking
serum was from Santa Cruz Biotechnology (ImmunoCruz goat ABC Staining System; sc-
2018); Normal donkey serum (D9663) was from Sigma (St. Louis, MO); Normal goat
blocking serum was from Vector Laboratories (Cat. No. NC9270494); Avidin-Biotin
complex was from Santa Cruz (ImmunoCruz ABC kit; sc-516216); Triton X-100 (T8532)
was from Sigma; 16% paraformaldehyde aqueous solution (15710) was from Electron
Microscopy Sciences (Hatfield, PA); Collagenase Type |IA was from Sigma (Collagenase
from Clostridium histolyticum; C2674); Glycerol Mounting Medium was from Abcam
(ab188804); DAB (3, 3 -diaminobenzidine) HRP Substrate Kit (ab64238) was from Abcam
(Cambridge, MA); Enzyme-Linked-Immunosorbent Assay kit for VIP was from Cloud-
Clone Corp. (Cat. No. CEA380Mu; Houston-TX); Enzyme-Linked-Immunosorbent Assay kit
for murine Insulin was from Millipore (Cat. No. EZRMI-13K); Cayman’s Glucose
Colorimetric Assay kit was from Cayman Chemical (Cat. No. 10009582); Enzyme-Linked-
Immunosorbent Assay kit for MIP-2 was from Mybiosource (Cat. No. MBS175915; San
Diego-CA); Vectashield Mounting Media for Fluorescence was from Vector Laboratories
(Cat. No. 101098-042); Alcian Blue 8GX solution (A5268) was from Sigma; Albumin Bovine
(BSA) was from Sigma (A2153); Quick Start Bradford 1X Dye Reagent (Cat. No. 5000205)
was from Bio-Rad (California, USA); Protease inhibitor cocktail tablets were from Roche

(cOmplete, Mini; Cat. No. 11 836 153 001). Other chemicals were from Sigma.
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Table 2.1: Summary of Antibodies and their Dilutions.

Polyclonal Primary

Dilution & Application

Secondary Antibodies

Antibodies Dilution

Anti-VIP  (M-19; sc- | 1:75 (IHC) ImmunoCruz goat

7841), Santa  Cruz avidin/biotinylated .

. - As per kit

Biotechnology (Santa complex Staining System | . .

Cruz, CA) (sc-2023), Santa Cruz Instructions
Biotechnology

Anti-VIP (Cat. No. PA5- | 1:100 (IHC) ImmunoCruz rabbit

78224); Thermofisher avidin/biotynilated .

. As per kit

(CA, USA) complex Staining System | . .
(sc-2018), Santa Cruz Instructions
Biotechnology

Anti-Choline 1:100 (IHC) ImmunoCruz goat

Acetyltransferase avidin/biotinylated As per kit

(ChAT; AB144P), EMD complex Staining System | . .

Millipore (Bellerica, (sc-2023), Santa Cruz Instructions

MA) Biotechnology

Anti-PGP 9.5 | 1:200 (IHC) ImmunoCruz rabbit

(ab15503), Abcam avidin/biotynilated

(Cambridge, MA)

complex Staining System

As per kit
instructions

(sc-2018), Santa Cruz
Biotechnology
Anti-VIP (20077), | 1:100 (whole mount
ImmunoStar (Hudson, | immunostaining) Donkey anti-Rabbit IgG
WI) (H+L) (Alexa Fluor 555; A-
31572), Invitrogen
Anti-PGP 9.5 | 1:100 (whole mount | (Carlsbad, CA)
(ab15503), Abcam | immunostaining) 1:500
(Cambridge, MA)
Anti-Choline 1:50 (whole mount | Donkey anti-goat IgG (H+L)
Acetyltransferase immunostaining) (Alexa Fluor 555; A-
(ChAT; AB144P), EMD 21432), Invitrogen
Millipore (Bellerica, (Carlsbad, CA)
MA)
Anti-Insulin (ab7842) Goat anti-guinea pig 1gG,
Abcam (Cambridge, | 1:50 (IHC) Fc fragment specific (Cat.
MA) No. 106-035-008); Jackson
Laboratories
(Pennsylvania, USA)
Anti-Glucagon (sc- Donkey anti-rabbit IgG
13091; FL-180; Lot No. | 1:50 (H+L); Alexa Fluor 594 (Cat.
K0304); Santa Cruz | (Immunofluorescence) | No. 711-585-152); Jackson 1:200
Biotechnology (Santa Laboratories
Cruz, CA) (Pennsylvania, USA)
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2.1.1 RIPA Buffer

For the preparation of 20ml of RIPA lysis buffer we mixed 16mg of 0.08% Deoxycholic
Acid, 0.2ml of 1% Triton X-100, 20mg of 0.1% SDS, 0.175g of 0.15M NacCl, 7.45mg of 1Mm
EDTA, 24.23mg of 10mM Tris and % tablet of the protease inhibitor cocktail from Roche.
The pH was adjusted to 7.5 and the buffer was stored at -20°C. The protease inhibitor
cocktail protects proteins from early degradation as it inhibits serine and cysteine

proteases.

2.2 Mice

Male, 8- and 17-week-old wild-type C57BI/6 mice and C57BI/6 homozygous for the
F508del mutation (C57BI/6 homozygous Cftr™kth AF508) were obtained from Dr. Craig
Hodges at Case Western Reserve University (Ohio, USA). For the 8-weeks age group, wild-
type and CF, we had 5 male mice, while for the 17-weeks we had 5 control mice for the
wild-type category and 3 mice for the CF group. Mice were housed in an Allentown IVC
rack with irradiated corncob bedding, Prolab autoclaved RMH 3500 feed and municipal
(chlorinated tap) water with 3% Colyte. Mice were evaluated daily during routine health
checks. If they showed signs of distress, they were weighed, given SC fluids if needed and
monitored more frequently by lab personnel. If signs of distress did not resolve (e.g.,
obstruction passed), they were humanely euthanized. All experimental procedures were
in accordance with the principles of the Canadian Council on Animal Care (CCAC) and

according to the National Institute of Health Guide to the Care and Use of Experimental
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Animals. Protocols were approved by Dalhousie University (Halifax, Canada) Animal Care

and Use ethic committee.

2.3 Tissue Preparation

Mice were humanely euthanized by intraperitoneal overdose of sodium pentobarbital +
lidocaine before tissue collection (50ul and 150ul). Mice were measured and weighted
before necropsy. Salivary glands, trachea, lungs, stomach, pancreas, all small intestine
(duodenum, jejunum, ileum) colon, rectum, sweat glands and heads (for brain and nasal
cavities) were collected immediately upon euthanasia, rinsed with 70% ethanol or sterile
ice-cold PBS (intestinal lumen) and fixed in 10% formalin buffer (0.2L 37% Formaldehyde,
1.8L dH;0 and 46.1g Na Acetate-3H,0), or flash frozen in liquid nitrogen before storage

at -80°C for later use.

2.3.1 Mouse Tissue Homogenization

For protein extraction, tissues were homogenized. A piece of frozen tissue was cut,
placed into a pre-weighted 2ml tube and carefully weighted to adjust the amount of lysis
buffer. Typically, we used approximately 30mg of tissue. Next, we immersed the tissues
in lysis RIPA buffer with 100ul of lysis buffer for every 10mg of tissue. Afterwards, tissue
was homogenized with a rotor-stator homogenizer for 1.5-2 minutes followed by 30
seconds of vortexing. The tissue then underwent sonication at 30% output for 5 cycles of
20 seconds to break the cell membrane and allow the protein extraction. After the

sonication step, the tissue was gently shaken at 4°C for 30 minutes, with 30 seconds of
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vortexing at 15 minutes. Next, the tissue lysate was sonicated again at 30% output for 3
cycles of 20 seconds and centrifuged at 8,000 rpm for 10 minutes at 4°C to remove large
debris. The supernatant was collected and went through another cycle of gentle shaking
for 15 minutes at 4°C, followed by 30 seconds of vortexing again. Finally, samples were
centrifuged at 13,000 rpm for 20 minutes at 4°C to remove any remaining debris before
the supernatant was collected, aliquoted and stored at -80°C. Protein concentration was

determined with the Bradford protein assay method.

2.4 Plasma Collection

For collecting plasma, immediately after the mouse euthanasia, as described above, we
used intra-cardiac puncture to collect blood by aspiration with a 26-30G needle filled with
2% EDTA to prevent coagulation and 1ml syringe. Blood collected was placed intoa 1.5mL
Eppendorf tube with 100ul of 2% EDTA and centrifuged in an 8G centrifuge for 10 minutes
at 4°C. The supernatant (plasma) was collected into a new tube, aliquoted and stored it

at -80°C until further use.

2.5 Histology with Hematoxylin and Eosin (H&E) Staining

As described above, tissues were immediately fixed in 10% formalin buffer and incubated
for at least 72hrs before fine dissection. Fixed tissues were then washed in ethanol and
bring to the Dalhousie Histology Lab for embedding in paraffin blocks before longitudinal

sectioning into 5-um-thin microsections. Tissue embedding and sectioning were done at
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the Histology and Research Services (HRS) Laboratory, Pathology Department, Faculty of
Medicine, Dalhousie University.

H&E staining: 5um thick mice tissue samples annealed to microscope slides were
deparaffinised as follow: incubated three times in xylene (5 minutes each dip), two times
in 100% ethanol (5 minutes each dip), three times in 95% ethanol (5 minutes every time),
and lastly a 5-minute incubation in 70% ethanol. Slides were afterwards run under tap
water for 2 minutes. After the deparaffinization step, slides were stained in Harris
Hematoxylin for 50 seconds, run immediately under tap water for 2 minutes, next
incubated in Scott’s water for 2 minutes, followed by a washing step under tap water for
2 more minutes. Afterwards, slides were quickly dipped in 0.2% Nitric Acid and run under
tap water for 2 minutes, dipped in Scott’s water for 2 minutes, run again under tap water
for 2 minutes, following 10 dips in Eosin Y, and lastly run under tap water for 1 minute.
Before mounting, slides went through dehydration step in ethanol solution: 20 dips in
70% ethanol (three times), 20 dips in 95% ethanol (three times), 20 dips in 100% ethanol
(two times), and lastly 20 dips in xylene (four times). Slides were then mounted with a
mounting medium (Cytoseal 60; Cat. No. 23-244257; Fisher Scientific), stored at RT for a
few hours and visualized under light microscopy (Zeiss Axioplan Il microscope). Images

were taken with a Zeiss Axiocam HRC Colour Camera utilizing 10X, 20X or 40X objectives.
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2.6 Immunohistochemistry (IHC)

Thin tissue sections (5um) annealed to microscopy slides were deparaffinised for 15
minutes (3 times for 5 minutes) in xylene, 15 minutes (3 times for 5 minutes) in 100%
ethanol, 10 minutes (2 times for 5 minutes) in 95% ethanol and 10 minutes (2 times for
5 minutes) in 70% ethanol. Slides were then run under tap water for 5 minutes. Next,
slides were placed in 200ml of 0.1M citrate buffer (pH 6.0) and then inside a pressure
cooker for a 35 minutes’ heat-induced antigen retrieval. After the antigen retrieval step,
slides were allowed to cool down at room temperature (RT) for approximately 20 minutes
inside the citrate buffer.

Next, slides were washed twice for 5 minutes each time in PBS and incubated in 1%
peroxidase blocking solution for 5 minutes. After another 10-minute washing step with
PBS, slides were incubated in normal mouse blocking serum for 1h at RT in a humidified
chamber, then incubated overnight with the primary antibody for VIP (M-19, 1:75),
choline acetyltransferase (ChAT; 1:100), Insulin (1:50) or Protein Gene Product 9.5 (PGP
9.5; 1:200). VIP (M-19; see table 2.1) was discontinued after three years, and we
continued our experiments using VIP (PA5-78224, 1:100; see table 2.1). For the negative
control, the primary antibody was omitted, and slides were incubated overnight at 4°C
on PBS (Figure 2.1). The next day tissue slides were washed three times for 5 minutes
each with PBS and afterwards incubated with a biotinylated secondary antibody (1:200;
ABC ImmunoCruz staining system, see table 2.1 for details on primary and secondary
antibodies combinations) for 30 minutes at RT. After three washes with PBS for 5 minutes

each, slides were incubated in avidin/biotinylated complex (ABC ImmunoCruz staining
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system, see table 2.1) for 30 minutes at RT and then washed again three times in PBS for
5 minutes each. VIP, ChAT, Insulin or PGP 9.5 signal was revealed with a DAB HRP
peroxidase substrate. DAB-stained slides were visualized under a light microscope every
minute or so, in order to set the optimal signal intensity. For VIP (M-19) DAB incubation
was set at 7.5 minutes for both WT and CF. For VIP (PA5-78224) DAB incubation was set
at 4 minutes for both WT and CF, for the ChAT signal slides were incubated on DAB
substrate for 7 minutes, for Insulin slides were incubated for 3 min and for PGP 9.5 slides

were incubated only 45 seconds.

Lung Duodenum Salivary Glands
Y as ; e

Exocrine Pancreas

Trachealis Gland

Trachealis Epithelium

Figure 2.1: Negative controls of exocrine tissues.
Lung, duodenum, sweat glands, salivary glands, exocrine and endocrine pancreas, trachealis

glands and epithelium, where the primary VIP antibody was omitted.
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Next, slides were counterstained with hematoxylin and then dehydrated in 20 dips of
70% ethanol, 20 dips (three times) in 95% ethanol, 20 dips (two times) in 100% ethanol,
in xylene 20 dips (three times) and finally incubated in xylene for 5 minutes. After
dehydration, slides were mounted with a mounting medium (Cytoseal 60; Cat. No. 23-
244257; Fisher Scientific), stored at RT for a few hours (under hood area) and visualized
under light microscopy (Zeiss Aneaxioplan Il microscope) with a 10X, 25X, 40X or 63X

objective. Images were taken with a Zeiss Axiocam HRC Colour Camera.

2.7 Microscopy Imaging — Semi-quantification and Arbitrary Scale

Images were taken with a Zeiss Axiocam HRC Colour Camera mounted on an Axioplan |l
microscope. Scoring of images was used for semi-quantification of the IHC signal by two
blinded investigators using an arbitrary scale (0 =none, 0.5 = minimal, 1 =low, 1.5 =some,
2 = moderate, 2.5 = strong and 3 = highest). Colour balance, contrast and brightness of
whole images were adjusted for consistency within tissue sections. Experiments were
repeated at least twice for each tissue sample and three to five mice in each age group
were used. An average of 8 to 15 images from each mouse were used for the semi-

guantification.

2.8 PGP 9.5 Immunohistochemistry of the Pancreas
For quantifying IHC PGP 9.5 signal intensity in both endocrine and exocrine islets,
approximately 5-10 images containing 1 or 2 islets per image, for every mouse and in

each age group (8- and 17-week-old), were used to measure the raw integrated PGP 9.5
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signal intensity using Image J software. Raw integrated density is the sum of all the pixel
intensities values within a selected region, providing a total signal value. Images were
converted to 8-bit. Scale was set up in um? and each islet area or PGP 9.5 innervated area
of the exocrine pancreas was defined using ROl Manager option. Next, the selected area
was thresholded in the blue channel and the raw integrated density of the PGP 9.5 signal

was measured.

2.9 Immunofluorescence (IF) of the Pancreas

Glucagon in the pancreas was revealed with immunofluorescence experiments. Paraffin
sections (5um thick) of pancreatic tissues were deparaffinised as described above in 2.3.
After the antigen retrieval step, slides were rinsed three times in tris-buffered saline
(TBS), next incubated in TBS for 5 minutes and afterwards in blocking solution (1:20
dilution of normal goat serum in TBS with 5% milk powder) for 20 minutes at RT. The
tissues were then covered with the Glucagon primary antibody (1:50) and stored
overnight at 4°C in humidity chamber. For the negative control, the primary antibody was
omitted, and slides was incubated overnight at 4°C in TBS. The next day, tissue slides
were washed with TBS three times for 5 minutes to remove the primary antibody and
then incubated with Alexa Fluor 594 secondary antibody overnight at 4°C (1:200). Before
tissue mounting with Vectashield Mounting Media for Fluorescence, slides were washed
three times for 5 minutes with TBS in a dark room. Eventually, the slides were stored at -
20°C until viewed with a Zeiss LSM 710 confocal microscope. Glucagon signal, observed

around the islets of Langerhans, were visualized with 10X and 20X objectives and no oil
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immersion. Confocal microscopy settings were adjusted on the WT pancreas sections and
were kept consistent for the CF tissues as well: detection pinhole (1 AU), gain settings

(700-800), digital offset (17-19) and digital gain (1.00) and laser 561.

2.9.1 Quantification of Fluorescence Intensity of Glucagon Signal

For quantifying glucagon signal intensity in the islets, approximately 5-10 images
containing 1 or 3 islets per image, for every mouse and in each age group (8- and 17-
week-old), were used to measure the raw integrated glucagon signal intensity using
Image J software. Scale was set up in um? and each islet area was defined using ROI
Manager option. Next the a-cell area was thresholded in the red channel and the raw

integrated density of the glucagon signal of the selected islet area was measured.

2.10 Whole Mount Immunofluorescence

Sections of 0.5 cm of the duodenum tissue from 8-week-old C57BI/6 males wild-type or
F508del homozygotes (n=5) CF mice were immunostained for VIP, PGP9.5 (ubiquitin
hydrolase) or ChAT (Choline Acetyltransferase).

Tissues used in whole mount experiments were immediately dissected at necropsy, and
stretched thinly, carefully attached flat with micro pins, on a silicone plate under the
microscope, and fixed in 4% paraformaldehyde (PFA) buffer overnight at 4°C. For long-
term storage, tissues were stored in 2% PTA (0.1 M Phosphate-Triton Azide Buffer) at
4°C. Before use in IF experiments, tissues were washed twice with PBS for 15 minutes

each, followed by 0.05% collagenase treatment for 2h. To find the optimal collagenase
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treatment conditions that would enable the antibody penetration in all tissue layers, we
tested different collagenase treatment times (30min, 60min, 90min and 120min). Our
experimental incubation trials showed that the 2h collagenase treatment enabled the
best penetration of the antibodies.

Next, tissues were washed 5 times with PBS for 15 minutes each and incubated overnight
with 1% normal donkey serum in 2% TritonX-100. Afterwards, tissues were incubated
with a primary antibody: VIP (Immunostar 20077; 1:100 dilution), PGP9.5 (1:100 dilution)
or ChAT (1:50 dilution) for 10 days at 4°C. After the ten days’ incubation, tissues were
washed five times in PBS for 15 minutes each. For the negative control, the primary
antibody was omitted, and slides were incubated in blocking serum for ten days. After
this washing step, tissues were incubated with a Donkey anti-Goat Alexa Fluor 555 (1:500
dilution) secondary antibody for 5 days at 4°C. The secondary antibody was removed with
a five-time washing step with PBS for 15 minutes each, in a light protected area. Tissues
were incubated overnight, at 4°C, in a Clear Unobstructed Brain/Body Imaging Cocktail
(CUBIC). Cubic is a hydrophilic tissue-clearing medium that allows a clearer and deeper

visualization of the tissue layers during imaging with confocal microscopy.

2.10.1 Confocal Microscopy Imaging

Innervation was observed for qualitative assessment using 3D confocal microscopy (Zeiss
LSM 510 Meta Confocal Microscope; HeNe 543 nm laser) at the CMDI facility, Faculty of
Medicine, Dalhousie University. Slides were visualized under 10X magnification (no oil

immersion) and 25X magnification (under oil immersion), and excited with 543nm laser.
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Approximately 30 slices of Z-Stack (0.96 interval and 0.96um optimal) for the mucosa and
myenteric plexuses were recorded using an upright laser confocal setting, screening the
tissue from the very upper layer to the deeper layer, and eventually providing a final
image with a greater depth of field than one single image. The detection pinhole (1 AU),
gain settings (600-800), digital offset (0.05-0.08) and digital gain (1.00) were determined
at the beginning of each experiment with a WT tissue section, and were kept consistent
during the imaging for both WT and CF. Different magnification views were used to
visualize distinct areas of both mucosa and myenteric layers. For every WT and CF mouse
tissue section, multiple Z-Stacks and regular images were taken to precisely evaluate the
innervation. For the 3D reconstruction movie, we used Imaris 3D reconstruction software
and Image J software. All the images used for the creation of this 3D video had the same

numerical aperture, pinhole and amplifier voltage.

2.11 Bradford Protein Assay

To measure total proteins in our tissues we used the Bradford protein assay. Firstly, we
prepared the standard curve and made dilutions, in duplicates, of 0, 2, 5, 10, and 15ug of
BSA in ddH,0 and adding 10ul of diluted RIPA buffer (Table 2.2). 10ul of lysate was mixed
with 40ul of ddH2,0 and vortexed. Afterwards, 10ul from the first diluted sample was
mixed with 490ul ddH,0. Samples were prepared in duplicates. Next, to both tissue
samples and standard curve samples was added 500ul of Quick Start Bradford Dye
Reagent, and immediately vortexed. All samples were incubated for 15 minutes at RT

before reading the optical density (OD). Optical density was then measured with a

66



spectrophotometer at 595nm.

Table 2.2: Standard Curve Dilutions

Standard concentrations (ug) |ddH20 Diluted Ripa |BSA 2ug/ul |Complete with ddH20
0]490ul 10ul Qul Oul
2|480ul 10ul 1ul 9ul
5|480ul 10ul 2.5ul 7.5ul
10]480ul 10ul Sul Sul
15/480ul 10ul 7.5ul 2.5ul

2.12 ELISAs

2.12.1 ELISA for VIP

Flash frozen tissues from C57BI/6 8-week-old males, wild-type and F508del homozygotes
CF mice were homogenized in RIPA buffer containing proteases inhibitors and lysates
were used in mouse ELISA kit with high sensitivity and high specificity (Cloud-Clone

Corporation, competitive inhibition for VIP). For quantifying VIP, we followed the

manufacture protocol as described below:

Reagent Preparation:

1. Allthe reagents were brought at RT before use

2. Stock standard was reconstituted with 1ml of the standard diluent and its final
concentration was 500pg/ml. From the stock standard we made 5 consecutive

dilutions: 166.67pg/mL, 55.56pg/mL, 18.52pg/mL, 6.17pg/mL, and 0 pg/ml (the blank

with only standard diluent).
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3. The 5 standard dilutions were prepared in duplicates while for the duodenum and
pancreas samples we tested multiple dilutions to find the most suitable dilution. The
pancreatic tissue was not diluted, while the duodenum tissue was diluted 10-fold
with PBS (5ul of duodenum sample diluted in 45ul of 1X PBS).

4. Detection Reagent A and B was diluted 100-fold with the Assay Diluent A and B
respectively.

5. Wash solution was diluted 30-fold using dH0.

6. TMB (3,3',5,5'-Tetramethylbenzidine) was protected from light.

7. The needed amount of the reagents was used based on the numbers of samples we
had every time.

8. To prevent protein degradation fresh samples stored in -80°C were used as fast as
possible, and maintained on ice before the dilution and kit use.

After every washing step with the Wash buffer, the plate was gently tapped to remove

the remaining liquid, without letting it dry.

Assay Procedure:

1. Standard (S1-S5) samples were prepared in duplicates, consequently 10 wells, one
well was for blank and the rest for the samples. In each well was a total of 100ul. So,
into S1-S5 wells we added 50ul of standard and 50l of Reagent A, into the blank well
we added 100ul of only standard diluent, and into the sample wells we added 50ul of
duodenum (10-fold diluted in PBS as mentioned above) or pure pancreatic sample
(50pl) and 50ul of Reagent A.

2. The plate was sealed with a plate sealer and incubated at 37°C for 1h.
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After the 1h incubation, the solution was aspirated and the plate was washed with
350ul Wash solution for 4 times with 1-2 minutes’ incubation for every washing step.
Afterwards, to all the wells, we added 100ul Detection Reagent B, covered with plate
sealer and incubated for 30 minutes at 37°C.

After this 30-minute incubation, the wash process was repeated 5 more times as
described above.

Next, to all the wells, we added 90ul of Substrate Solution, sealed and incubated for
10-20 minutes at 37°C in a dark room. The plate solution turned blue by adding the
Substrate.

Lastly, after the last incubation we added 50ul of Stop Solution to each well and the
mixture turned yellow.

The plate was immediately read at a spectrophotometer plate reader, at 450nm, and
absorbance was measured.

For calculating our results, we plotted the log of VIP concentration on the y-axis and
absorbance on the x-axis (Figure 2.2). A logarithmic equation was used to calculate
the log of VIP concentration of every mouse tissue sample and from that was
calculated the sample concentration. This concentration was next adjusted and
normalized to total protein content by dividing it to the latter. For the duodenum
tissue this equation was multiplied with the dilution factor (times ten), and next
divided by the total protein content. The pancreatic tissue was not diluted, so the

concentration was just normalized to total protein as for the duodenum tissue.
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Figure 2.2: Typical Standard Curve for measuring VIP concentration in duodenum or pancreatic
homogenized tissue samples.

An example of a logarithmic equation (y=-0.596In(x) + 0.8697, R?=0.9925) we got after plotting
the standard OD minus the blank OD of standards Oug to 15ug as described in section 2.11. This
equation was used to calculate the log of VIP concentration of every mouse tissue sample and

from the log of VIP concentration we calculated the VIP sample concentration.

2.12.2 ELISA for Insulin

For quantifying insulin concentration in the pancreatic tissue, a rat/mouse ELISA kit from
Millipore was used. This assay was a Sandwich ELISA. The coated on the plate insulin is
captured by a specific capture antibody, and to this detecting captured insulin binds (to
an additional epitope) a biotinylated polyclonal antibody. Substrate 3,3’,5,5'-
tetramethylbenzidine is added and the produced signal, measured by a
spectrophotometer, is proportional to the amount of insulin presents in the pancreatic
tissue sample. Sandwich ELISA has the highest specificity and sensitivity. For measuring

insulin, we followed the manufacture protocol as described below:

70



Reagent Preparation:

1.

10.

11.

All reagents were brought at RT before use.

The Wash buffer was diluted 10-fold with deionized water.

Plate was washed 3 times with the diluted Wash buffer before use.

Standard dilutions were ready to use. There were 6 standards, 0.2ng/ml, 0.5ng/ml,
1ng/ml, 2ng/ml, 5ng/ml and 10ng/ml.

The pancreas WT samples were diluted 1:80, in 1X PBS, and the CF samples 1:40.
After every washing step with the Wash buffer, the plate was gently tapped to
remove the remaining liquid, without letting it dry.

Assay Procedure:

All wells had in total 100ul of mixture. Into the blank well, was added 20ul of the assay
buffer and 80ul of Detection Ab. Into the standard wells we added 10pul of each
standard in each well respectively, and then 10ul of assay buffer and 80ul of
Detection Ab. Into the sample wells we added 10ul of the already diluted sample,
10ul assay buffer and 80ul of Detection Ab. The plate was sealed with plate sealer
and incubated at RT for 2h.

After this incubation time, the plate was washed 3 times with 300l of diluted Wash
buffer into each well.

Next, after the washing step, was added 100ul of Enzyme Solution. The plate was
sealed and incubated at RT for 30 minutes.

After this second incubation, wells were washed 6 times with 300ul of the Wash

buffer into each well.
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12.

13.

14.

15.

Afterwards, to each well was added 100ul of Substrate Solution. The plate was
protected from light, sealed and incubated for 15 minutes at RT in a plate shaker.
Blue color was observed in each one of the wells and the blue intensity was
proportional to the standard samples (starting from the lower to the higher
concentration) and to insulin concentration.

Finally, we added 100ul of the Stop Solution and the blue color turned yellow.

The optical density was read with a spectrophotometer plate reader at 450nm and
590nm. The optical density measured at 590nm was a background, non-specific signal
and it was subtracted from the optical density at 450nm which was the actual
increased insulin concentration.

To quantify insulin, we plotted the concentration on the y-axis and the optical density
(450nm-590nm) on the x-axis. A linear equation (Figure 2.3) was used to calculate
insulin concentration. The found concentration was multiplied by the dilution factor
which mas different between the WT and the CF, as mentioned above. Next, this

concentration was adjusted to total protein content, dividing it by the latter.
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Figure 2.3: Typical Standard Curve for measuring Insulin concentration in pancreatic

homogenates.

An example of a linear regression (y=6.4788x+0.1986, R?>=0.9966) obtained by plotting standards
ODs (as described in section 2.11) as a function of the concentration from standard samples. The

linear equation we got was used to calculate the insulin concentration.

2.12.3 ELISA for MIP-2

To measure the levels of Cxcl2 cytokine (manufacture name is MIP-2 in mice; IL-8 in

humans) in murine lung, we purchased the MIP-2 ELISA Kit Picokine from MyBiosource

(Cat. No. MBS175915). This ELISA is a Sandwich ELISA (described in Methods section

2.12.2) and has a high sensitivity. We followed the manufacture protocol as described

below:

Reagent Preparation:

1. All reagents were brought at RT before the use.

2. The Wash buffer powder was diluted in 1000ml of ddH,O to prepare a 1X
concentration.
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The Biotinylated antibody was prepared immediately prior to use and diluted 1:100
in the Antibody Diluent.

The Avidin-Biotin-Peroxidase Complex was prepared immediately prior to use and
diluted 1:100 in Avidin-Biotin-Peroxidase Diluent.

The Stock Standard was reconstituted in 1ml of Sample diluent.

For the Standard Curve we prepared 8 standards (S1-S8) of concentrations:
1000pg/ml, 500pg/ml, 250pg/ml, 125pg/ml, 62.5pg/ml, 31.25pg/ml, 15.625pg/ml
and Opg/ml (blank). Standard were prepared in duplicates.

The lung samples were diluted 1:1 (50ul of sample diluted in 50ul of Sample Diluent).

Assay Procedure:

1.

In each well there was a total of 100ul of standard sample, sample and the blank,
where we only added 100ul of sample diluent buffer.

Plate was covered with plate sealer and incubated for 2h at RT.

Next the liquid was discarded, and without letting the plate dry, 100l of prepared
Biotinylated Antibody was added. Plate was sealed and incubated at RT for 90
minutes.

Next, we washed the plate 3 times with 300ul Wash buffer added on each well. In
every washing step, the plate was incubated for about 1 minute in the Washing
buffer. The liquid was gently discarded.

Afterwards, we added 100ul of prepared Avidin-Biotin-Peroxidase Complex into each
well. Plated was sealed and incubated for 40 minutes at RT.

Next, the plate was washed again 5 times, with 1-minute incubation in the between,
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with 300l Wash buffer. The liquid was gently discarded.

7. Finally, we added 90ul of Color Developing Reagent. Plate was sealed and incubated
in a dark area for 30 minutes at RT. The color started turning blue.

8. After this incubation, a 100ul of Stop Solution was added and the color turned yellow.
The yellow intensity was proportional to MIP-2 concentration measured in the
sample.

9. Optical Density absorbance was read with a spectrophotometer at 450nm. To
calculate our results, we plotted on y-axis the OD and the x-axis the concentration

(pg/ml), using an equation to calculate the MIP-concentration (Figure 2.4).
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Figure 2.4: An example of Standard Curve for measuring MIP-2 concentration on lung
homogenates samples.

A usual equation (y=0.0025x + 0.2147, R?=0.9828) by plotting standards ODs minus the blank ODs
(as described in section 2.11) as a function of the concentration from standard samples. The

equation we got was solved for x calculator to calculate MIP-2 concentration.
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2.13 Random Glucose Measurements

Plasma from 8- and 17-weeks old mice was used to estimate random glucose level using

the Cayman’s Glucose Colorimetric assay kit. All the mice were under the same regular

diet (Prolab RMH 3500) and plasma was collected in the morning. Plasma was diluted 20-

fold with assay buffer before use. The assay protocol was based on the manufacture

instructions as described below:

Reagent Preparation:

1. To make the 100mg/dl Stock Glucose Standard we mixed 50ul of the 1,000mg/dI
Glucose Standard with 450l diluted Assay Buffer.

2. To dilute the Assay Buffer, the 10ml of the 250mM Sodium Phosphate Assay Buffer
was mixed with 40ml HPLC-grade water.

3. The Glucose Colorimetric Enzyme Mixture was diluted in 6ml of diluted Assay buffer.

4. The prepared standard samples (S1-S7) and the plasma samples were in duplicates

Assay Procedure:

1. Initially, we prepared 7 standards (S1-S7) with glucose concentration: 2.5mg/dl,
5mg/dl, 7.5mg/dl, 10mg/dl, 15mg/dl, 20mg/dl and 25mg/dl. In the blank sample we
only added assay buffer.

2. The total amount in every well was 200ul. For preparing the 7 standard wells we
added 85ul of diluted Assay Buffer and 15ul of the S1-S7 standard to each well
respectively. For the sample wells we added 85ul of the diluted Assay Buffer and 15ul
of the diluted sample.

3. Afterwards, 100ul of the Enzyme Mixture was added to all the wells.
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4. Plate was sealed with plate sealer and incubated at 37°C for 10 minutes. After the

incubation time, the color turned pink and the intensity was proportional to glucose

concentration measured in the sample.

5. Absorbance was read with a spectrophotometer at 500nm. To calculate our results,

we plotted on the y-axis the standard OD minus the blank sample OD, and on the x-

axis the glucose concentration (mg/dl) (Figure 2.5). The used equation was:

[(Corrected absorbance) — (y-intecept)/slope] x dilution.
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Figure 2.5: An example of Standard Curve for measuring glucose concentration on plasma

murine samples.

An example of Standard Curve for measuring glucose concentration on plasma murine samples.

A typical linear equation we got by the line of this standard curve: y=0.0222x - 0.003, R?=0.9994



2.14 Duodenum Tissue Morphology Measurements

Tissue samples were well-oriented to allow for longitudinal cut of crypts and villi to
precisely assess alterations in the overall intestinal tissue architecture. Undamaged areas
where normal villi were present have been used to measure morphological parameters
such as villi height, from base to villus tip, and villi width from the central part of the
villus. Beneath each villus, we measured the total crypt area height from the muscle layer
to the base of villi; the diameter of adjacent crypts to assess their dilation, and the muscle
layer thickness. Before measuring the above-mentioned morphological parameters, a
scale was set for every image. NIH Image J software
(https://imagej.nih.gov/ij/download.html) was used to perform the measurements of
height, villi width, crypt height, crypt dilation and smooth muscle layer thickness
(Semaniakou et al., 2020).

For smooth muscle thickness, only the inner circular muscle layer was measured in ten
randomly located regions throughout the section. All sections were scored by two
observers blinded to the mouse strain. Image J software protocol was used to measure

duodenum tissue alterations, and muscle thickness (Semaniakou et al., 2020)

2.15 Goblet Cells Quantification

Alcian blue 8GX solution (1% Alcian blue solution in 3% acetic acid) was used to stain and
count the number of goblet cells in the villi and crypts of the duodenum. The tissues were
deparaffinised in xylene as described above (see section 2.5). After the deparaffinization

step, duodenum tissue slides were incubated in Alcian Blue staining solution for 35
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minutes at room temperature, rinsed for 2 minutes under running tap water, followed
by hematoxylin staining for 5 minutes. Slides were then dehydrated and mounted as
described above (see section 2.5) before imaging under light microscopy. NIH Image J
software was used to count the number of the goblet cells per villi and crypt area. For
every mouse (n = 5) and in each age group (8- and 17-week-old) we used 10 different
images along the whole tissue, each image containing 5 to 6 consecutive and well
distended villi. For counting the number of the goblet cells on the crypt area, the crypt

area beneath every villus was selected.

2.16 Lung Injury Score

Evaluation of the lung inflammation was based on a recent paper from Bayes et al. (2016)
(Bayes et al., 2016). Histological lung tissue sections from both 8- and 17-weeks, wild-
type and CF mice, were scored for alveolar thickening and peribronchial infiltration using
a scoring system described in Figure 2.6. For every mouse we scored blindly
approximately 10-15 images from various areas of the entire lung section, using the 10X
magnification. Afterwards, to further confirm our results and avoid a biased scoring that
would depend on every separate section, we did an overall scoring estimation of the
whole tissue section using the 4X magnification. Our results were double validated by

two independent blinded investigators (Semaniakou et al., 2020).
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Score 1 Score 2 Score 3 Score 4
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Figure 2.6: Histological scoring system for the evaluation of lung inflammation.

Presence of mild infiltration and alveolar thickening as well and mild peribronchial infiltration
was score 1, moderate infiltration and alveolar thickening plus moderate peribronchial
infiltration is used as score 2, severe infiltration and alveolar thickening plus severe peribronchial
infiltration is characterized as score 3 and, lastly, diffusion in combination with very severe

peribronchial infiltration is characterized as score 4 (Semaniakou et. al., 2020).

2.17 Statistics

Results are reported as means = SE. Statistical differences between groups were
calculated by the non-parametric ANOVA (Meyerholz et al., 2018). p < 0.05 was
considered statistically significant. N represents the number of independent

experiments.
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CHAPTER 3: RESULTS SUMMARY

3.1 Changes in VIP Content in Exocrine CF Murine Tissues

VIP is distributed in the central and peripheral nervous systems richly innervating all
exocrine glands. In CF patients it was shown that VIP-positive nerve fibers of the skin and
intestinal mucosa are sparse compared to healthy individuals. Since VIP plays a critical
role in the local innate defense by stimulating the movement of water and chloride across
intestinal and tracheobronchial epithelium it was hypothesized, that abnormal VIP
innervation may contribute to the CF disease pathogenesis. Nonetheless, the mechanism
behind this phenomenon remained unknown. Consequently, the main general question
of this PhD research was to examine changes in VIP amount in CF and shed light on three
unanswered questions in the field regarding the defective VIP innervation: 1) Is sparse
VIP innervation correlated to tissue damage due to disease progression or due to
defective VIP peptide synthesis?; 2) When does VIP reduction starts and what is the
connection with the tissue damage?; 3) What is the impact of VIP reduction on the
development of CF disease in the intestine, lung and pancreas?.

As for the murine model, as a selected model for studying VIP changes in CF, instead of
others such as rats or ferrets, we published a detailed review (Semaniakou et al., 2019)
describing in depth the mouse model and its advantages for studying CF disease. Since
the discovery of the CFTR gene, more than 14 mice models have been genotyped and
extensively used until nowadays (Semaniakou et al., 2019). CF murine models
recapitulate some aspects of the human pathophysiology of CF lung, demonstrating

airway inflammation/infiltration, tissue damage, mucus obstruction, while in the
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intestine they present goblet cell hyperplasia, meconium obstruction and tissue
remodeling. Also, electrophysiological studies have confirmed the ion transport
abnormalities in CF mice with a similar phenotype to that of the human CF intestine: low
or absence of cAMP-mediated Cl transport. The murine nasal mucosa exhibits two
important characteristics of human CF airways: Na* hyper-absorption and a defect in
cAMP-mediated CI" secretion. Consequently, it offers an excellent model for investigating
the abnormal electrophysiological profile of CF epithelial cells and testing potential
corrector drugs. Moreover, tracheal SMGs are widely used to examine MCC
abnormalities and airway inflammation in CF disease. Lastly, in contrast to patients with
CF for whom Pl is a major condition, CF mice exhibit only moderate pancreatic changes
mainly due to the Ca?*-activated chloride channel (CACC) expression (Semaniakou et al.,
2019).

More specifically, for the first question (Is the sparse VIP content correlated to tissue
damage due to disease progression or to defective VIP peptide synthesis?) using IHC and
ELISA, we examined changes in the VIP content in the duodenum, lungs, sweat glands,
endocrine and exocrine pancreas, salivary glands and trachea in 8-week, 12-week and
17-week-old C57BI/6 CF mice, homozygous for the F508del mutation, compared to same
age wild-type littermates. Results are presented in Figures 4.3, 4.4, 4.5 and 5.1, and were
published in the Journal of Cystic Fibrosis (See Chapter 4 of this thesis).

Our data showed a strong reduction of VIP in the duodenum of CF mice.
Immunohistochemistry (IHC) signal for VIP was revealed in wild-type mice around the

epithelium of villi, into the lamina propria area, around the crypt and in muscle layers of
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duodenum longitudinal tissue sections following immunostaining for VIP with a specific
polyclonal antibody. VIP signal intensity in CF and wild-type tissues from 8- and 17-week-
old mice was semi-quantified from scanned microscopy images using an arbitrary scale
from 0 to 3 (see Methods). Results reveal that the signal for VIP was reduced by 49.01%
+0.11 (p < 0.001) in 8-week-old CF mice and by 32.48% +0.01 (p < 0.001) in 17-week-old
CF mice in comparison to the same age WT animals. Reduction in the amount of VIP
present in the duodenum was further confirmed by ELISA. VIP content was 0.63 +0.05
pg/ul in wild-type and 0.19 +0.045 pg/ul in CF tissue lysates (p < 0.001), confirming a
strong reduction of VIP in CF compared to wild-type tissues.

Furthermore, VIP amount was decreased in the lung and sweat glands of CF mice. VIP-
containing nerve fibres have been described in tracheobronchial smooth muscle, around
submucosal glands and in the walls of pulmonary and bronchial vessels (Barnes et al.,
1991). In the lung, we examined the presence of VIP around the epithelium of the
bronchioles in both 8- and 17-week-old WT and CF mice. IHC signal for VIP was reduced
by 52.63% +0.26 (p < 0.001) in the 8-week-old CF mice. The difference in VIP signal
observed in the older mice, was not statistically significant. Moreover, we conducted
experiments on salivary glands and trachea. In the salivary glands VIP expression, as
detected by IHC, was reduced in both 8-weeks (57.25%) and 17-weeks CF mice (54.8%, p

< 0.05) compared to wild-type (Figure 3.1).
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Figure 3.1: VIP signal in the salivary glands.

A, Representative images (40X objective) of salivary glands showing VIP signal (brown, black
arrows) around the salivary gland and gland area revealed by IHC, in wild-type (top panels) and
CF (F508del/F508del) mice (bottom panels) at 8- and 17-week-old as indicated. B, Semi-
guantification of VIP signal for each mouse. Each dot represents the average score of 8 to 15
images from each mouse (N = 3). Arbitrary scale from 0 to 3 indicates: 0 = none, 0.5 = minimal, 1

=low, 1.5 = some, 2 = moderate, 2.5 = strong and 3 = highest. Scale 50 um.
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In the trachea, VIP was found in the airway epithelium and around the tracheal glands.
Surprisingly, our data indicated no statistical differences between the wild-type and CF
tissues with a trend toward more VIP in CF tissues (Figure 3.2A & B). These data are not
consistent with what we found in all other tissues. Although our data showed no
considerable difference in VIP between the wild-type and CF mice (Figure 3.2C), there are

no human data on those tissues and further research is needed.
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Figure 3.2: VIP signal in the tracheal epithelium and glands.

A & B, Representative images (60X objective) of trachea cross sections showing VIP signal (dark
brown, black arrows) around the tracheal epithelium and glands revealed by IHC, in wild-type
(top panels) and CF (F508del/F508del) (bottom panels) mice at 8- and 17-week-old. C & D, Semi-
guantification of VIP signal in the epithelium and submucosal glands of the trachea for each
mouse. Individual dots represent the average score of 8 to 15 images from each mouse (N = 3).
Arbitrary scale from 0 to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 = moderate,

2.5 = strong and 3 = highest. Scale 100 um.

3.2 VIP Reduction and Correlation with Tissue Damage

To determine if changes in VIP content were related to tissue damage from the disease
progression, we assessed disease development in the duodenum by examining
morphological alterations in the villi height, the villi width, crypt height, crypt dilation,
muscle layer thickness and the number of the goblet cells which are responsible for

mucus production. In the lungs, we measured the murine IL-8 homologue KC, MIP-2
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(macrophage-inflammatory protein 2) levels, and inflammation with an arbitrary scoring
system for alveolar thickening and peribronchial infiltration (See Figure 4.1 & 4.2, Chapter
4 of this thesis). In the sweat glands, which are free of inflammation, we assessed gland
enlargement and duct opening as an indication of disease modification (Semaniakou et
al., 2020) (See Figure 4.5; Chapter 4 of this thesis).

At the beginning of this study, we started investigating the VIP amount in most of the
exocrine tissues affected in CF, in the three different age groups mentioned above (8-,
12- and 17-weeks). Each age group represented different disease stages: beginning of the
disease (6-8-weeks), moderate disease stage (10-12-weeks) and advanced disease stage
(15-17-weeks). However, we decided to limit our study to the duodenum, lungs, sweat
glands and pancreas, in 8- and 17-week-old CF mice. The 12-weeks old age group was
found to have inconsistent results in all the above-mentioned exocrine tissues,
presumably due to maturational hormonal changes as this age is a puberty period peak
age of the mouse (Brownstein, 2003; Falconer, 2020; Prevot, 2015). Therefore, we
decided to exclude the 12-weeks old group from the study and focused our research on

8- and 17-weeks old groups that reflect the early and late disease stage (Figure 3.3).
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Figure 3.3: Histology images of duodenum and lung tissues from 8- and 17-week-old wild-type
C57BL/6 and CF (F508del/F508del) mice.

5 um thick sections were H&E stained before light microscopy imaging at 10X magnification.
Compared to wild-type, duodenum and lung tissues from 8-week-old CF mice showed minimal
signs of disease, whereas tissues from 17-week-old CF mice showed goblet cell hyperplasia in
both villus and crypt area as well as morphological alterations in the duodenum tissue. In the lung
tissue of 17-week-old CF mice disease had also progressed, and characterized by high levels of
inflammation, inflammatory cells aggregation (ICA), thickening of alveolar walls, tissue damage
and mucus presence. B: bronchiole, AS: alveolar space, ep: epithelium, I: inflammation, M:

mucus. Scale: 100um.

Briefly, we showed that the VIP amount is significantly lessened in the duodenum, lung,
sweat glands, endocrine and exocrine pancreas of CF mice, in both ages (8- and 17-
weeks) compared to wild-type tissues. Most importantly, this VIP reduction was found to

be very high in 8-weeks CF mice. That was an important finding as those young CF mice
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presented close to wild-type tissue morphology, with minimal inflammation and no signs
of tissue damage. However, in the 17-weeks old group, the disease had progressed
significantly, with changes to villi and crypt in the duodenum and high levels of
inflammation in the lung. Moreover, the strongest decrease in VIP was found in the sweat
glands (almost 70% reduction) of young CF mice that are free of inflammation.

Interestingly, the amount of the VIP present in the duodenum of wild-type mice was
higher in younger mice and declined progressively with age (Figure 3.4). In CF tissues
however, a consistent low amount of VIP was found independently of the age or
pathological signs. Studies have shown age-related peptide concentrations in different
parts of the gastrointestinal track (El-Salhy et al., 1999) but the reason for these age-

related peptide changes to our knowledge remains unknown.
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Figure 3.4: Semi-quantification of VIP signal in 5- to 17-week-old wild-type lung, duodenum and

sweat glands.
Histogram bars represent averages of 8 to 15 images from each mouse (3 to 5 mice per age
group). Arbitrary scale from 0 to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 =

moderate, 2.5 = strong and 3 = highest. **p < 0.01, ***p <0.001.

Altogether, these data demonstrated that VIP depletion is a primary defect in CF, starting
at a very young age, where the disease has not progressed yet and before tissue damages
are observed. Therefore, tissue damage does not account for this VIP reduction

(Semaniakou et al., 2020) (See Chapter 4 of this thesis).
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3.3 Mechanism of VIP Depletion — Alterations in the Nervous System

We further investigated the mechanism behind this diminished VIP amount, at the
neuronal level, by studying VIP-specific innervation, the general parasympathetic
innervation and the co-localization of VIP with acetylcholine (Semaniakou et al., 2020),
(See Chapter 4 of this thesis). While the synergistic action of VIP and acetylcholine was
already known to be lost in CF (lanowski et al., 2007; Jae et al., 2007), our study was the
first to demonstrate in depth neuronal alterations and sparse innervation for both VIP
and acetylcholine in CF tissues.

To examine VIP innervation, we conducted whole mount experiments in various tissues:
ileum, duodenum, jejunum, rectum, colon, salivary glands, sweat glands, trachea, lungs
and pancreas. We were only successful with this technique in the ileum, jejunum, rectum
and duodenum tissues. Our data on innervation were mainly obtained from the mucosa
and myenteric plexuses of the duodenum, as these two layers express the highest density
of nerve fibers. lleum, jejunum and rectum provided results on innervation in the
myenteric plexus layer, as was revealed by the PGP 9.5, ChAT and VIP
immunofluorescence signal. However, we were not able to visualize the mucosa layer as

in the duodenum tissue (Figure 3.5).
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Figure 3.5: Representative whole mount confocal microscopy images showing PGP 9.5, ChAT
and VIP innervation.

Myenteric plexus layer innervation of ileum, jejunum and rectum tissues from 8-week-old
C57BIl/6 homozygote mouse, while innervation at the mucosa layer was identified only at the
duodenum tissue immunostained for VIP. Fresh tissues were prepared for whole mount
immunofluorescence as described in the method section and immunostained with a monoclonal
anti-PGP 9.5 antibody, a monoclonal anti-ChAT antibody or a monoclonal anti-VIP antibody, all
followed by secondary antibody conjugated with Alexa Fluor 555. All images were taken with 20X

maghnification, except for VIP innervation in the ileum that was taken with 40X.

Duodenum is an excellent tissue to study innervation as it also expresses high levels of
CFTR. We selected the young age of mice (8-weeks) that had minimal signs of disease to

examine the innervation in an attempt to understand if the VIP deficiency was due to a
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neural defect or changes in VIP peptide biosynthesis. Our results indicated a sparse,
disorganised, discontinued in some areas, and an overall disrupted VIP innervation in the
duodenum of CF mice at the mucosa and circular muscle layer, with fewer fine axons in
the villi (Semaniakou et al., 2020). Results are presented in Figure 4.6 (See Chapter 4 of
this thesis).

To examine the general innervation, we used the PGP 9.5 antibody as a general neuronal
marker. PGP 9.5 signal showed a significant alteration of the myenteric plexus layer,
where two out of three components of the myenteric plexus in the CF duodenum tissue
were lost, but no significant changes were observed in the mucosal part. Hence, there
was a disorganization of the intrinsic neuronal network in the CF mice intestine that could
not fully be justified by the sparse VIP innervation but rather involves the intrinsic
parasympathetic innervation as a whole (Semaniakou et al., 2020).

The synergistic action of VIP and acetylcholine is lost in CF (lanowski et al., 2007; Jae et
al., 2007), and both VIP and acetylcholine are released from either the same or from
distinct neurons (Anlauf et al., 2003). Accordingly, we examined the cholinergic neuronal
network with the ChAT antibody. Anti-Choline Acetyltransferase (ChAT) is an enzyme
responsible for the synthesis of acetylcholine. Interestingly, ChAT signal was very low in
the duodenum of CF mice, especially in the crypt area, while in the lamina propria area
of the villi the cholinergic innervation was not as severely disrupted as for the VIPergic
nerves. Consequently, cholinergic neurons are affected in CF but not to the same extent
as VIPergic neurons suggesting that some specific cholinergic innervation is still intact.

Importantly, this part of the study illustrated that disruption of the intrinsic innervation
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network (VIPergic and cholinergic) causes reduced distribution of the VIP peptide in

exocrine tissues (Semaniakou et al., 2020).

3.4 VIP Deficiency in the Pancreas and CF-Related Diabetes (CFRD)

The last tissue that was investigated for VIP deficiency, was the pancreas. We evaluated
the VIP content in the endocrine and exocrine pancreas of CF mice. Our IHC data showed
a strong decrease of VIP amount in the exocrine pancreas around the ducts and acinar
cells that was further confirmed by ELISA. Most importantly, the reduction in VIP was
higher in the endocrine pancreas that expresses the highest number of VIPergic neuronal
fibers (Semaniakou et al., 2020). Results are presented in Figure 5.1 (See Chapter 5 of this
thesis).

Furthermore, we examined the general innervation in both exocrine and endocrine (islets
of Langerhans) pancreas. We found a significant alteration of the general innervation
which had started at an early disease stage in the islets and deteriorated in an older age.
Additionally, the continuous general neuronal innervation observed in the exocrine
pancreas in both ages, was discontinued and lower density of nerve fibers was observed
in the pancreas of CF mice (Semaniakou et al., 2020). Results are presented in Figure 5.2
(See Chapter 5 of this thesis). CF-related diabetes is the second co-morbidity in CF,
following respiratory failure, and affecting more than 50% of adult CF patients. CFRD is
characterized by partial insulin insufficiency, impaired glucagon suppression and
elevated random plasma glucose >200mg/dl. VIP is known to have insulinotropic effects

on pancreatic beta cells as glucose-dependent insulin secretion and glucagon release
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respectively are augmented and indirectly regulated by VIP. Hence, we asked if changes
in VIP content, because of sparse innervation of the pancreas, could have an implication
on CFRD pathogenesis, affecting insulin and glucagon secretion as well as glucose levels.
Accordingly, we measured basal insulin amount, in non-fasting animals, glucagon and
random plasma glucose concentration. Our results showed that a low level of VIP, which
starts at an early stage of CF disease, leads to insulin reduction in both ages of CF mice.
Glucagon changes in CFRD are poorly studied in both human and animal models. Most of
the research is focused on the impact of the CFTR dysfunction in insulin secretion and
whether CFTR is expressed in a-cells. To our knowledge, only two studies until now, using
F508del/F508del mice (12-14 weeks) and CF pigs (newborn and older CF pigs)
demonstrated high glucagon levelsin CF (Huang et al., 2017; Uc et al., 2015). Our research
data showed a significant increase in glucagon levels in both 8-weeks and 17-weeks of CF
mice, accompanied with high random glucose levels. While VIP, indirectly, elevates
glucose-dependent insulin secretion and glucagon expression, we suggest that early loss
of VIP in the pancreas of CF mice, before tissue damage develops, may contribute to CFRD
pathophysiology (Semaniakou et al., 2020). Results are presented in Figure 5.4 (See

Chapter 5 of this thesis).
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CHAPTER 4: DISRUPTED LOCAL INNERVATION RESULTS IN LESS VIP
EXPRESSION IN CF MICE TISSUES

The figures and text presented in this chapter are from a manuscript published i the
Journal of Cystic Fibrosis: Anna Semaniakou, Sarah Brothers, Grayson Gould, Mehrsa
Zahiremani, Jamie Paton, Frederic Chappe, Audrey Li, Younes Anini, Roger P. Croll and
Valerie Chappe (2020). Disrupted local innervation results in less VIP expression in CF

mice tissues. https://www.sciencedirect.com/science/article/pii/S1569199320307773

Journal of Cystic Fibrosis.

As the first author on this article, | performed most of the experiments, analysis, data
interpretation, statistics and wrote the manuscript. The manuscript was edited by Dr.

Valerie Chappe, Dr. Younes Anini and Dr. Roger P. Croll.
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4.1 Abstract

Vasoactive Intestinal Peptide (VIP) is the major physiological agonist of the Cystic Fibrosis
Transmembrane conductance Regulator (CFTR) chloride channel activity. VIP functions
as a neuromodulator and neurotransmitter secreted by neurons innervating all exocrine
glands. VIP is also a potent vasodilator and bronchodilator that regulates exocrine gland
secretions, contributing to local innate defense by stimulating the movement of water
and chloride transport across intestinal and tracheobronchial epithelia. Previous human
studies have shown that the rich intrinsic neuronal networks for VIP secretion around
exocrine glands could be lost in tissues from patients with cystic fibrosis. Our research
has since confirmed, in vitro and in vivo, the need for chronic VIP exposure to maintain
functional CFTR chloride channels at the cell surface of airways and intestinal epithelium,
as well as normal exocrine tissues morphology (Alcolado et al., 2014). The goal of the
present study was to examine changes in VIP in the lung, duodenum and sweat glands of
8- and 17-weeks old F508del/F508del mice and to investigate VIPergic innervation in the
small intestine of CF mice, before important signs of the disease development. Our data
show that a low amount of VIP is found in CF tissues prior to tissue damage. Moreover,
we found a specific reduction in VIPergic and cholinergic innervation of the small
intestine. The general innervation of the primary and secondary myenteric plexus was
lost in CF tissues, with the presence of enlarged ganglionic cells in the tertiary layer. We
propose that low amount of VIP in CF tissues is due to a reduction in VIPergic and
cholinergic innervation and represents an early defect that constitutes an aggravating

factor for CF disease progression.
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4.2 Introduction

Vasoactive Intestinal Peptide (VIP), which was discovered in the 1970s by Said and Mutt,
is a 28-amino-acid neuropeptide that belongs to a superfamily of brain-gut peptide
hormones which are structurally related (Ishihara et al., 1992). This family includes
significant neuropeptides such as the secretin, glucagon and pituitary adenylyl cyclase-
activating peptide (PACAP) (Said et al., 1975, 1970). VIP immunoreactive nerve fibers
originate from the central, peripheral, and intrinsic nervous systems innervating all
exocrine glands and blood vessels throughout the body.

VIP has strong anti-inflammatory, bronchodilatory and immunomodulatory properties
(Said, 1991; Said, 1991; Said, 2008). As a neuromodulator and neurotransmitter, in the
lung VIP plays a crucial role in maintaining airways innate immunity through mucociliary
clearance, mostly by regulating CFTR-dependent secretions (Chappe et al., 2012;
Widdicombe et al., 2015). Intrinsic neurons that contain VIP can be found around the
walls of pulmonary and bronchial arteries, submucosal and serous glands as well as blood
vessels (Said, 1991).

In the gut, VIP originates mainly from intrinsic VIP-positive neurons in the myenteric and
submucosal plexuses and extrinsic parasympathetic autonomic nerves (de Jonge, 2013).
In the upper intestine, VIP controls many physiological processes such as smooth muscle
relaxation for peristaltic movement and sphincter use (Biancani et al., 1984), and
inhibitory control of the circular muscle layer. Also, in both ileum and duodenum it
stimulates ion transport and mucus secretion (Crist et al., 1992; Fox-Threlkeld et al.,

1991; Kato et al., 2011; Plaisancié et al., 1998; Racusen et al., 1977).
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The expression of VIP in the intrinsic neuronal network of the gut of mammals has been
widely demonstrated (Brookes et al., 1991; Costa et al., 1996; Crowe et al., 1992; Furness
et al., 1984, 1979; Jessen et al., 1980; Porter et al., 1996; Porter et al., 1997; Schafer et
al., 1995; Schéfer et al., 1998; Schemann et al., 1993, 1995; Steele et al., 1991). In the
upper small intestine, mucosa and circular muscle layer are characterized by high density
of VIP-positive nerve fibers as well as smooth muscles layers across all Gl regions (Anlauf
et al., 2003). More specifically, in the duodenum 53% of VIP positive neurons are found
in the submucosal layer and only 14% are present in the myenteric plexus (Anlauf et al.,
2003).

Previous data from Chappe and colleagues have demonstrated, in vivo and in vitro, that
chronic VIP exposure is needed to maintain functional CFTR chloride channels at the cell
surface of airways and intestinal epithelium, as well as normal exocrine tissue
morphology (Rafferty et al., 2009). In airways epithelial cells, CFTR channel function is
regulated by VIP through PKA- and PKC-dependent signaling pathways (Alcolado et al.,
2011). Our group have demonstrated that VIP regulates CFTR membrane stability via the
activation of the VPAC1 receptor and the Gai/q signaling cascade through PKCe-dependent
interaction of NHERF1 and P-ERM proteins with CFTR PDZ domain in a complex that helps
stabilizing CFTR at the cell membrane and enhancing its function (Alshafie et al., 2014).
In the human nasal epithelial cell line JME/CF15, derived from a CF patient homozygous
for the F508del mutation, we found that prolonged VIP exposure can rescue trafficking
to the cell membrane and increases the function of F508del-channels (Alcolado et al.,

2011). Lastly, our in vivo studies, with VIP knock-out (KO) mice, demonstrate that the
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absence of VIP induces a CF-like phenotype, with CFTR intra-cellular retention in
epithelial cells of the lung and small intestine (Alcolado et al., 2011). Chronic VIP
treatment corrected exocrine tissue pathology and CFTR membrane expression and
function, providing a molecular link between the absence of VIP stimulation and CFTR
dysfunction.

Early studies have demonstrated that VIPergic innervation of the sweat glands is sparse
or absent in tissues from patients with CF, suggesting that a reduction or lack of VIP
secretion could significantly contribute to CF disease progression (Heinz-Erian et al.,
1985; Savage et al., 1990; Sharma et al., 1995; Wattchow et al., 1988). Until now, the
etiology of this phenomenon remains unknown.

In the present study, we have investigated changes in VIP content as well as the
morphological pattern of nerves surrounding exocrine tissues in CF mice homozygotes
for the F508del-CFTR mutation, the most common mutation found in patients with cystic
fibrosis (Fajac et al., 2017). We used mice at different ages, reflecting early and late
disease progression. Our data suggest that the low amount of VIP found in CF tissues
starts before tissue damage is visible and corresponds to a strong reduction in VIPergic
and cholinergic innervation, as well as a significant disruption of the intrinsic

neuronal network in CF duodenum tissues.
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4.3 Materials and Methods

4.3.1 Chemicals. Antibodies are shown in Table 3; Normal mouse blocking serum was

from Santa Cruz Biotechnology (ImmunoCruz goat ABC Staining System; sc-2023); Normal

donkey serum (D9663) was from Sigma (St. Louis, MO); Triton X-100 (T8532) was from

Sigma; 16% paraformaldehyde aqueous solution (15710) was from Electron Microscopy

Sciences (Hatfield, PA); DAB (3, 3 -diaminobenzidine) HRP Substrate Kit (ab64238) was

from Abcam; Enzyme-Linked-Immunosorbent Assay kit for VIP was from Cloud-Clone

Corp. (Cat. No. CEA380Mu; Houston-TX); Alcian Blue 8GX solution (A5268) was from

Sigma; Protease inhibitor cocktail tablets were from Roche (cOmplete, Mini; Cat. No. 11

836 153 001). Other chemicals were from Sigma and of the highest grade available.

Table 3: Summary of Antibodies and their Dilutions Used in Chapter 4.

(ChAT; AB144P), EMD
Millipore (Bellerica, MA)

1:100 (IHC)

Invitrogen (Carlsbad, CA)

::It‘illca:)(;‘izls Primary Dilution & application | Secondary Antibodies Dilution
Anti-VIP  (M-19;  sc- | 1:75 (IHC) ImmunoCruz goat
7841), Santa Cruz avidin/biotinylated .
. . As per kit
Biotechnology  (Santa complex Staining System | . .
Cruz, CA) (sc-2023), Santa Cruz Instructions
Biotechnology
Anti-VIP (20077), | 1:100 (whole mount
ImmunoStar  (Hudson, | immunostaining) Donkey anti-Rabbit IgG
WI) (H+L) (Alexa Fluor 555; A-
Anti-PGP 9.5 (ab15503), | 1:100 31572), Invitrogen
Abcam (Cambridge, MA) (Carlsbad, CA)
1:500
Anti-Choline 1:50 (whole mount | Donkey anti-goat IgG (H+L)
Acetyltransferase immunostaining) (Alexa Fluor 555; A-21432),
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4.3.2 Mice. Male, 8- and 17-week-old wild-type C57BI/6 mice and C57BI/6 homozygous
for the F508del mutation (C57BI/6 homozygous Cftr'™kth AF508) were obtained from Dr.
Craig Hodges at Case Western Reserve University (Ohio, USA). Mice were housed in an
Allentown IVC rack with irradiated corncob bedding, Prolab autoclaved RMH 3500 feed
and municipal (chlorinated tap) water with 3% Colyte. Mice were evaluated daily during
routine health checks. If they showed signs of distress, they were weighed, given SC fluids
if needed and monitored more frequently by lab personnel. If signs of distress did not
resolve (i.e. obstruction passed), they were humanely euthanized. All experimental
procedures were in accordance with the principles of the Canadian Council on Animal
Care (CCAC) and according to the National Institute of Health Guide to the Care and Use
of Experimental Animals. Protocols were approved by Dalhousie University (Halifax,
Canada) Animal Care and Use ethic committee.

4.3.3 Tissue preparation. Mice were humanely euthanized by intraperitoneal overdose of
sodium pentobarbital before tissue collection. For sectioning, tissues of 8- and 17-week-
old males, C57BI/6 F508del homozygotes (AF508) CF mice and same age C57BI/6 wild-
types (WT) were flash frozen in liquid nitrogen before storage at -80°C for later use or
immediately fixed in 10% formalin buffer. Tissues were then embedded in paraffin blocks
before longitudinal sectioning into 5-um-thin sections for histology using hematoxylin
and eosin (H and E) staining (Feldman et al., 2014) or immunohistochemistry experiments
as described below. Tissues used in whole mount experiments were immediately fixed in
4% paraformaldehyde (PFA) following dissection and incubated overnight at 4°C,

followed by 2% PTA (0.1 M Phosphate-Triton Azide Buffer) for long-term storage. Tissue
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embedding and sectioning were done at the Histology and Research Services (HRS)
Laboratory, Pathology Department, Faculty of Medicine, Dalhousie University.

4.3.4 Immunohistochemistry (IHC) and microscopy imaging. Thin tissue sections (5um)
annealed to microscopy slides were deparaffinized in xylene and rehydrated prior to a 35
min heat-induced antigen retrieval. Next, the slides were washed twice for 5 minutes
each time in PBS and incubated in 1% peroxidase blocking solution for 5 minutes. After
another 10-minute washing step with PBS, the slides were incubated in normal mouse
blocking serum for 1h at RT in a humidified chamber, then overnight with the primary
antibody for VIP (1:75) or choline acetyltransferase (ChAT; 1:100). The next day tissue
slides were washed three times for 5 minutes each with PBS and then incubated with a
biotinylated secondary antibody (1:200; ABC ImmunoCruz staining system) for 30
minutes at RT. After three washes with PBS for 5 minutes each, the slides were incubated
in avidin/biotinylated complex for 30 minutes at RT and then washed again three times
in PBS for 5 minutes each. VIP or ChAT signal was revealed with a DAB HRP peroxidase
substrate and slides were counterstained with hematoxylin. After dehydration, a xylene
based Permount was used to mount a coverslip, and slides were observed under light
microscopy with 10X, 25X, 40X and 63X objectives. Images were taken with a Zeiss
Axiocam HRC Colour Camera mounted on an Axioplan Il microscope. Scoring of images
was used for semi-quantification of the IHC signal by two blinded investigators using an
arbitrary scale (0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 = moderate, 2.5 = strong
and 3 = highest). Colour balance, contrast and brightness of whole images were adjusted

for consistency within tissue sections. Experiments were repeated at least twice for each
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tissue sample and three to five mice in each age group were used. An average of 8 to 15
images from each mouse were used for the semi-quantification.

4.3.5 Goblet cells quantification and tissue morphology measurements. Tissue samples
were well-oriented with longitudinally cut crypts and villi to precisely assess alterations
in the overall intestinal tissue architecture. Undamaged areas where villi were present
have been used to measure morphological parameters such as villi height, from base to
tip, and villi width from the central part of the villi. Beneath each villus, we measured the
total crypt area height from the muscle layer to the base of villi; the diameter of adjacent
crypts to assess their dilation, and the muscle layer thickness. Alcian blue 8GX solution
(1% Alcian blue solution in 3% acetic acid) was used to stain and quantify the number of
goblet cells in the villi and crypts of the duodenum (Wardi et al., 1972). After the
deparaffinization step, duodenum tissue slides were incubated in Alcian Blue staining
solution for 35 minutes at room temperature, rinsed for 2 minutes under running tap
water, followed by hematoxylin staining for 5 minutes. Slides were then dehydrated and
mounted with xylene before imaging under light microscopy. NIH Image J software

(https://imagej.nih.gov/ij/download.html) was used to count the number of the goblet

cells per villi, as well as for morphological parameters measurement. For every mouse (n
= 5) and in each age group (8- and 17-week-old) we used 10 different images along the
whole tissue, each image containing 5 to 6 consecutive and well distended villi.

4.3.6 Smooth muscle identification: For smooth muscle thickness, only the inner circular
muscle layers were measured in ten randomly located regions throughout the section.

All sections were scored by two observers blinded to mouse strain. Image J software
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protocol, was used to measure duodenum tissue alterations, was used for muscle
measuring and scoring.

4.3.7 Lung injury score: Evaluation of the lung inflammation was based on a recent paper
from Bayes et al. (2016). Histological lung tissue sections from both 8-and 17-weeks, wild-
type and CF mice, were scored for alveolar thickening and peribronchial infiltration using
a scoring system described in Figure 4.1 (Bayes et al., 2016). For every mouse we scored
blindly approximately 10-15 images that would cover the entire mouse section, using the
10X magnification. Afterwards, to further confirm our results and avoid a biased scoring
that would depend on every separate section, we did an overall scoring estimation of the
whole tissue section using the 4X magnification. Our results were double validated by

two independent blinded investigators.

106



Score 1 Score 2 Score 3 Score 4

Mild infiltration and alveolar thickening  Moderate infiltration a

1 A A " " I
Mild peribronchial infiltration

Figure 4.1: Histological scoring system for the evaluation of lung inflammation.

Presence of mild infiltration and alveolar thickening as well and mild peribronchial infiltration
was score 1, moderate infiltration and alveolar thickening plus moderate peribronchial
infiltration is used as score 2, severe infiltration and alveolar thickening plus severe peribronchial
infiltration is characterized as score 3 and, lastly, diffusion in combination with very severe

peribronchial infiltration is characterized as score 4.

4.3.8 Whole mount immunofluorescence and confocal images. Fresh sections of 0.5 cm
of the duodenum tissue from 8-week-old males C57BI/6 wild-type or F508del
homozygotes (n=5) CF mice were immunostained for VIP, PGP 9.5 (ubiquitin hydrolase)
or ChAT (Choline Acetyltransferase) (Newton et al., 2014). Tissues were fixed in 4%
paraformaldehyde (PFA) overnight at 4°C. Two washing steps of PBS for 15 minutes each,
were followed by 0.05% collagenase treatment for 2h. Next, the tissues were washed 5

times with PBS for 15 minutes each and incubated overnight with 1% Normal donkey
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serum in 2% TritonX-100. Next, the tissues were incubated with a primary antibody: VIP
(Immunostar 20077; 1:100 dilution), PGP 9.5 (1:100 dilution) or ChAT (1:50 dilution) for
10 days and washed five times in PBS for 15 minutes each. After this washing step, tissues
were incubated with a Donkey anti-Goat —Alexa Fluor 555 (1:500 dilution) secondary
antibody for 5 days. A final five times washing step with PBS for 15 minutes each was
followed by overnight incubation in Clear Unobstructed Brain/Body Imaging Cocktails
(CUBIC), a hydrophilic tissue-clearing medium before imaging. Innervation was observed
for qualitative assessment using 3D confocal microscopy under 10X and 25X
magnification (Zeiss LSM 510 Meta Confocal Microscope; HeNe 543 nm laser) at the
CMDI facility, Faculty of Medicine, Dalhousie University. Z-stacks of the mucosa and
myenteric plexuses were recorded using an upright laser confocal setting. The detection
pinhole and gain settings were determined at the beginning of each experiment and were
kept consistent. Different magnification views were captured to visualize distinct areas
of both the mucosa and myenteric plexus.

4.3.9 ELISA. Flash frozen duodenum tissues from C57BI/6 8-week-old males, wild-type
and F508del homozygotes CF mice were homogenized in RIPA buffer containing
proteases inhibitors and lysates were used in mouse ELISA kit with high sensitivity and
high specificity for VIP (Cloud-Clone Corporation, competitive inhibition). The kit was
used according to the manufacturer’s instructions. Optical density was measured with a
spectrophotometer at 450nm. VIP concentration was afterwards normalized to total
proteins measured by protein assay using a Standard Bradford Assay with a standard BSA

curve from 0 to 15ug in RIPA buffer.
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4.3.10 Statistics.
Results are reported as means + SE. Statistical differences between groups were
calculated by the non-parametric ANOVA (Meyerholz et al.,, 2018). p < 0.05 was

considered statistically significant. N represent the number of independent experiments.

4.4 Results

4.4.1 Disease progression in the duodenum of CF mice.

In the small intestine, and more specifically in the duodenum, CFTR is highly expressed
along the crypt-villus axis, regulating fluid secretion. In CF animal models, absent or
reduced CFTR expression leads to a dehydrated and acidic luminal environment causing
intestinal obstruction with morphological changes of the small intestine such as wider
villi, more goblet cells and crypt dilation (Semaniakou et al., 2019). Previous studies have
shown small intestinal differences of those parameters between AF508 and wild-type 12
weeks mice (Bazett et al., 2015). Accordingly, we performed a pathological assessment
of the duodenum tissue of mice used in the present study by measuring the villi height,
the villi width, crypt height, crypt dilation, muscle layer thickness and the number of the
goblet cells in 8- and 17-week-old WT and CF mice to assess disease progression in these
two age groups (Fig. 4.2A). In younger CF mice (8-week-old), the morphological tissue
parameters were not statistically significantly altered compared to same age WT tissues
(Fig. 4.2B), indicating that the disease progression is minimal at this age group. In older
mice (17-week-old) however, significant differences were found, with villiand crypt being

remarkably longer than in WT tissues (+67.92 %, p < 0.001; +36.66 %, p < 0.001,
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respectively) (Fig. 4.2C). Our results for villi width, crypt dilation and muscle layer did not
show a significant difference between WT and CF.

Another important disease marker that we considered was the number of the goblet cells
in the villi and crypt area. A major consequence of the altered luminal environment in CF
is the accumulation of mucus that is partially produced by goblet cells. The presence of
goblet cells was revealed by Alcian Blue staining (Fig. 4.2D). Interestingly, duodenum
tissue sections from 8-week-old CF mice presented a higher number of goblet cells in
both villi (+22.82%, p < 0.001) and crypts (+30.55 %, p < 0.001) compared to same age
WT. In the 17-week-old CF mice group, an increased number of goblet cells in the CF
tissues was also observed in both crypts and villi (p < 0.01) (Fig. 4.2E). Larger group of

older CF animals may be needed to further confirm the goblet cell hyperplasia.
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Figure 4.2: Pathological assessment of duodenum.

A, Histology images of duodenum tissues from 8- and 17-week-old wild-type and F508del
homozygous (F508del/F508del), CF mice. Samples were embedded in paraffin before sectioning
(longitudinal). 5um thick sections were mounted onto microscopy slides and H&E stained before
being imaged for pathological assessments. Images from sections encompassing the whole tissue
were taken with a light microscope at 20X magnification. B & C, Measurement of villi height, villi
width, crypt height, crypt dilation and muscle layer thickness in 8-week-old (B) and 17-week-old
(C) wild-type (WT) and CF (F508del/F508del) mice duodenum. Histogram bars represent averages
from 3 to 5 mice (5 to 6 images for each tissue were used). D, Histology images after Alcian Blue
staining for the quantification of goblet cells (black arrows) in 8-week-old and 17-week-old wild-
type and CF (F508del/F508del) mice duodenum. E, Histogram bars represent the average amount
of goblet cells per villi or crypt that have been counted in 8 to 10 images per mouse. V.H = villi
height, V.W = villi width, C = crypt height, C. D = crypt dilation, M = muscle layer. Scale:100 um,
**p <0.01, ***p < 0.001. 3-5 mice, N=3.
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Altogether, these data indicate that we can discriminate between very early disease
stage (8-week-old) and well-developed disease stage with these two age groups of CF
mice. In the 17-week-old CF mice, the disease has clearly progressed with changes to
longer villi and longer crypts as expected while in the younger age the intestinal histology

was close to wild-type.

4.4.2 Changes in VIP around the lung, sweat glands and duodenum of CF mice.

4.4.2.1 Strong reduction of VIP in the duodenum of CF mice. Immunohistochemistry (IHC)
signal for VIP was revealed in wild-type mice around the epithelium of villi, into the
lamina propria area, around the crypt and in muscle layers of duodenum longitudinal
tissue sections following immunostaining for VIP with a specific polyclonal antibody (Fig.
4.3A-4.3D top). VIP signal intensity in CF and wild-type tissues from 8- and 17-week-old
mice was semi-quantified from scanned microscopy images using an arbitrary scale from
0 to 3 (see Methods). Results show that the signal for VIP was reduced by 49.01 % + 0.11
(p < 0.001) in 8-week-old CF mice and by 32.48 % + 0.01 (p < 0.001) in 17-week-old CF
mice in comparison to the same age WT animals (Fig. 4.3F).

Reduction in the amount of VIP present in the duodenum was further confirmed by ELISA.
VIP content was 0.63 + 0.05 pg/ul in wild-type and 0.19 +0.045 pg/ul in CF tissue lysates
(p <0.001), confirming a strong reduction of VIP in CF compared to wild-type tissues (Fig.

4.3G).

114



‘Wild-type

F508del/F508del

115



N
I3

[3*]
s

BWT
m F508del/F508del

-
(&)
X

VIP amount
Arbitrary Units

o
(&

o

8-weeks 17-weeks

()

0.8 -
0.7 4
0.6 -

0.5 4 s WT
04 4 m F508del/F508del

0.3 -

VIP Concentration pg/pl

0.2 4
0.1 1

0 -

Figure 4.3: VIP signal in the duodenum tissues

A - D, Representative IHC images of duodenum tissues stained for VIP (dark brown) in 8- and 17-
week-old wild-type and F508del homozygous CF (F508del/F508del) mice showing VIP signal
around the villi, lamina propria, crypt and muscle layer. A & C: 40X objective, scale: 20um. B & D,
High magnification images with 63X objective, scale: 200um. E, Negative control where the VIP
antibody was omitted. F, Semi-quantification of VIP signal in 8- and 17-week-old wild-type and
CF duodenum. Histogram bars represent averages of 8 to 15 images from each mouse (3 to 5
mice per age group) Arbitrary scale from 0 to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 =
some, 2 = moderate, 2.5 = strong and 3 = highest. G, VIP concentration measured by ELISA in 8-
week-old wild-type and CF mice duodenum tissue homogenates, normalized to total proteins (5

mice), N = 2. ***p < 0.001.
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4.4.2.2 Decreased VIP in the lung and sweat glands of CF mice. VIP-containing nerve fibres
have been described in tracheobronchial smooth muscle, around submucosal glands and
in the walls of pulmonary and bronchial vessels (Barnes et al., 1991). In the lung, we
examined the presence of VIP around the epithelium of the bronchioles in both 8- and
17-week-old WT and CF mice (Fig. 4.4A & 4.4B top vs. 4.4A & 4.4B bottom). IHC signal for
VIP was reduced by 52.63 % + 0.26 (p < 0.001) in the 8-week-old CF mice. The difference
in VIP signal observed in the older mice (Fig. 4.4D), was not statistically significant.
Histology of lung sections with hematoxylin and eosin staining showed close to normal
lung structure in the 8-week-old CF mice compared to wild-type, in contrast to 17-week-
old CF mice where we observed inflammation and infiltration of immune cells in the
bronchi and alveoli, mucus obstruction and tissue damage (Fig. 4.4E). Additionally, our
lung injury score demonstrated very high levels of alveolar thickening and peribronchial
infiltration in the 17-weeks CF mice compared to 8-weeks diseased mice (Fig.4.4F). In the
young CF mice, where the VIP amount was highly reduced, the quantitative histological
score did not reveal any tissue remodelling. These data are in agreement with a previous
study from Guilbault et al. (2006), supporting that CF mice only start to develop
spontaneous lung disease between 12- and 16-week-old and gradually deteriorate
(Guilbault et al., 2006).

We measured the murine IL-8 homologue KC, MIP-2 (macrophage-inflammatory protein
2) levels in both ages. Our data did not show any significant difference in MIP-2
concentration between the wild-type and CF mice for both 8- and 17-week-old (Fig.

4.4G). This is in agreement with a study from Wu et al. (2010) which showed that MIP-2
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levels were not altered in 8-9 week-old CFTR /- mice even when challenged with LPS
compared to CFTR */* (Wu et al., 2010). While MIP-2 is a chemokine that attracts
neutrophils (Ohtsuka et al., 2001), it may not be highly expressed in the intestine of the
C57BI/6 homozygous Cftr™kth AF508 mice used in the present study.

In wild-type sweat glands we examined the VIP signal inside the glands as well as around
the glands (innervation). Interestingly, sweat glands which are free of inflammation, also
showed a strong reduction in IHC signal for VIP with 68.46 % + 0.13 reduction in the 8-
week-old CF compared to wild-type (p < 0.001) and 48.36 % + 0.19 reduction in the 17-
week-old CF tissue compared to same age wild-type (p < 0.001) (Fig. 4.5A & 4.5B top vs.
4.5A & 4.5B bottom). Hematoxylin and eosin staining did reveal histopathological tissue
alterations between the two ages of CF mice when compared to control littermates.
More specifically, sweat glands of 17-weeks CF mice had wider duct opening, but no signs
of inflammation as expected (Fig. 4.5E).

Altogether those data show that even in tissues with minimal manifestations of the
disease (8-week-old, sweat glands), much less VIP is present, suggesting that it is not a

consequence of advanced disease manifestation but an early defect.
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Figure 4.4: VIP signal in the lungs.

A & B, Representative images (A, 40X objective) of lung tissues showing VIP signal (dark brown,
black arrows) revealed by IHC, in wild-type and CF (F508del/F508del) mice at 8- and 17-week-old.
B, High magnification images (60X objective) of representative images of the same groups. C,
Negative control where the VIP antibody was omitted. D, Semi-quantification of VIP signal.
Histogram bars represent averages of 8 to 15 images from each mouse (3 to 5 mice per age group,
N = 3). Arbitrary scale from 0 to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 =
moderate, 2.5 = strong and 3 = highest. Ep = epithelium. Scale 20um. ***p < 0.001. E, Histology
images of lung tissues from 8- and 17-week-old wild-type and CF (F508del/F508del) mice. 5um
thick sections were H&E stained before light microscopy imaging at 20X magnification. Compared
to wild-type, tissues from 8-week-old CF mice showed minimal signs of disease, whereas tissues
from 17-week-old CF mice showed some inflammation, inflammatory cells aggregation (ICA),
thickening of alveolar walls, moderate tissue damage and mucus presence. B: bronchiole, AS:
alveolar space, ep: epithelium, I: inflammation, M: mucus. Scale:100um. (3 to 5 mice per age
group, N = 3). F, Histological lung scoring for alveolar thickening and peribronchial infiltration in
wild-type and CF (F508del/F508del) mice at 8- and 17-week-old (3 to 5 mice in each group. N =
2). ¥**p <0.001. G, MIP-2 concentration measured by ELISA in 8- and 17-week-old wild-type and
CF mice lung tissue homogenates, normalized to total proteins (5 mice, N = 2 performed in

duplicates).
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Figure 4.5: VIP signal in the sweat glands.

A & B, Representative images (A, 40X objective) of sweat glands showing VIP signal (dark brown,
black arrows) revealed by IHC, in wild-type and CF (F508del/F508del) mice at 8- and 17-week-old.
B, High magnification images (60X objective). C, Negative control where the VIP antibody was
omitted. D, Semi-quantification of VIP signal. Histogram bars represent averages of 8 to 15
images from each mouse (3 to 5 mice per age group, N = 3). Arbitrary scale from 0 to 3 indicates:
0 =none, 0.5 =minimal, 1 = low, 1.5 = some, 2 = moderate, 2.5 = strong and 3 = highest. Scale 20
pum (A & C) and 50 um (B). ***p < 0.001. E, Histology images of sweat glands from 8- and 17-
week-old wild-type and CF (F508del/F508del) mice. 5um thick sections were H&E stained before

imaging with a light microscope at 40X magnification. D = sweat gland duct. Scale: 100 um.
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4.4.3 VIP innervation is strongly reduced at the mucosa and myenteric plexus of CF
duodenum tissues.

VIPergicinnervation was previously found to be sparse or absent from the skin of humans
with CF. In the present study, we examined VIP innervation in the duodenum of 8-week-
old CF mice to determine if a similar finding can be made and to correlate the reduction
in VIP content with a change of innervation. The duodenum contains several layers
including the myenteric plexus, circular muscle, submucosal plexus and mucosal layer
(Fig. 4.6F) (Furness, 2006). We used the whole-mount immunofluorescence method with
a specific VIP antibody to stain the VIPergic neuronal network. Confocal microscopy
images and 3D reconstitution of the immunofluorescence signal demonstrated a lower
level of aggregation of VIP-positive nerve fibers at the mucosa and myenteric plexus
layers of CF duodenum (Fig. 4.6). More specifically, in CF tissues, VIP innervation in the
primary layer of the myenteric plexus was lost as well as in the deeper circular muscle
layer (Fig. 4.6D bottom). Also, at the CF mucosa layer, the dense continuous network of
VIP nerve fibers that is normally visible in the lamina propria region with WT tissues,
seemed to have lower density and in some areas was sparse (Fig. 4.6B bottom,

Supplementary movie at https://www.cysticfibrosisjournal.com/article/S1569-

1993(20)30777-3/fulltext#supplementaryMaterial). At the mucosa layer, the VIP

neuronal network was severely damaged in CF tissues compared to the myenteric plexus
layer (Fig. 4.6B bottom). This is an interesting finding since the mucosa layer was reported

to contain the highest density of VIP nerve fibers in humans (Anlauf et al., 2003).
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Figure 4.6: VIP innervation at the mucosa and myenteric plexus of duodenum tissues.

Representative confocal microscopy images (right panels: high power magnification; left panels:
low power magnification) showing VIP innervation at the mucosa and myenteric plexus layers of
duodenum tissues from 8-week-old F508del homozygote CF mice (B, D) compared to same age
wild-type mice (A, C). Fresh tissues were prepared for whole mount immunofluorescence as
described in the method section and immunostained with a monoclonal anti-VIP antibody
followed by secondary antibody conjugated with Alexa Fluor 555. Experiments were performed
on tissues from 5 mice and repeated three times (N = 3). E, Negative control where the VIP

antibody was omitted. F, Schematic representation of intestinal tissue layers. Scale:100 um.
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4.4.3.1 The general innervation is disrupted in the myenteric plexus of the CF duodenum.
To further investigate changes in innervation of CF mice intestinal tissues, we examined
the morphological integrity of the nervous system using a general neuronal marker, PGP
9.5 (Schofield et al., 1995). PGP 9.5 is a member of the ubiquitin C terminal carboxyl
hydrolase isozymes family (UCHL1). It is a cytoplasmic protein that is involved in the
regulation of the ubiquitin pathway which is widely expressed in neuronal tissues,
making up 1-2% of soluble brain proteins. Studies have shown that PGP 9.5 antibody
stain neuronal cell bodies and axons in the CNS and periphery, small nerve fibers in
peripheral tissues as well as neuroendocrine cells in the pituitary, thyroid, lungs and
the gastrointestinal track (Schofield et al., 1995). In our experiments, the whole-
mount immunofluorescence signal for PGP 9.5 showed well-shaped villi with strong
general innervation of mucosa and myenteric plexus in WT duodenum tissues (Fig. 4.7A)
while in CF duodenum tissues two out of three components of the myenteric plexus were
lost (primary and secondary plexus) with the presence of enlarged ganglionic cells in the
tertiary layer (Fig. 4.7B). Interestingly, in all our experiments, in both WT and CF, we were
not able to visualize any PGP 9.5 or VIP staining in the inner circular muscle layer of the
myenteric plexus. Also, in the CF mucosal layer we observed an increased number of cell
bodies in the lamina propria area compared to WT (Fig. 4.7B). This finding suggests a
potential accumulation of VIP in enlarged ganglionic cells that we observed at the
myenteric plexus. Our data suggest a disorganization of the intrinsic neuronal network as

a whole in CF mice intestine that could justify the sparse VIP innervation.
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Figure 4.7: General innervation at the mucosa layer of duodenum tissues.

Representative confocal microscopy images showing general innervation at the mucosa (left
panel: low power magnification; middle and right panels: high power magnification) and
myenteric plexus of duodenum tissues from 8-week-old CF (F508del/F508del) mice (B) compared
to same age wild-type mice (A). Fresh tissues were prepared for whole mount
immunofluorescence experiments as described in the method section and immunostained with
a monoclonal anti-PGP 9.5 antibody followed by secondary antibody conjugated with Alexa Fluor
555. Experiments were performed on tissues from 5 mice and repeated three times (N = 3). C,

Negative control where the PGP 9.5 antibody was omitted. Scale: 100um.
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4.4.3.2 The cholinergic neuronal network is damaged in CF duodenum. Co-localization of
VIP with acetylcholine has been previously demonstrated (Anlauf et al., 2003). In
addition, there is a small number of enteric neurons that can be mainly cholinergic or
mainly VIPergic (Anlauf et al., 2003). In CF, the functional synergy between VIP and
Acetylcholine is lost (Jae et al., 2007). We further examined the acetylcholine innervation
of wild-type and CF duodenum and compared the results with the observed alteration in
the VIPergic innervation. The presence of cholinergic neurons was revealed with an
antibody raised against choline acetyltransferase (ChAT), an enzyme involved in the
formation of acetylcholine. In whole mount fluorescence experiments, the data reveal
that CF duodenum tissues have highly disrupted cholinergic innervation of the mucosal
layer and myenteric plexus layer with major loss of cell bodies in contrast to the
longitudinal and latitudinal ChAT signal in the mucosa with the presence of many cell
bodies and densely innervated myenteric plexus that were observed in the duodenum of
WT tissues (Fig. 4.8A & 4.8C top vs. 4.8B & 4.8D bottom).

These results indicate that cholinergic neurons are affected in CF, however not to the
same extent as VIPergic neurons, suggesting that some cholinergic specific innervation is
still intact. We also performed a qualitative assessment of ChAT signal by
immunohistochemistry in paraffin embedded sections of duodenum from 8-week-old CF
mice and compared it with the same age WT tissue sections. We found that the
cholinergic innervation was well visible around the crypt area (submucosa) that leads to
the nerve supply of the lamina propria area (mucosa plexus) in WT mice, but was minimal

in CF mice tissue sections, confirming whole mount immunofluorescence data (Fig. 4.9).
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Furness (2000) has shown that cholinergic secretomotor/vasodilator axons give rise to
the mucosal innervation and in our study those axons are missing or are sparse in CF
tissues (Furness, 2000). We observed an unexpected ChAT staining around the
epithelium of the villi similar to a recent study from Takahashi et al. (2014) that
demonstrated a non-neuronal ACh synthesis in mouse gut sections and crypt-villus axis
organoids that do not have neurons and immune cells (Takahashi et al., 2014). Our data
show that the distribution of the intrinsic VIPergic and cholinergic neuronal network is

affected in the small intestine of CF mice.
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Figure 4.8: Significant disruption of cholinergic neuronal network in CF duodenum tissues.

Representative confocal microscopy images showing cholinergic innervation at the mucosa and
myenteric plexus of duodenum tissue from 8-week-old CF mice (F508del/F508del) (B, D)
compared to same age wild-type mice (A, C). Fresh tissues were prepared for whole mount
immunofluorescence as described in the method section and immunostained with a monoclonal
anti-ChAT antibody followed by secondary antibody conjugated with Alexa Fluor 555.
Experiments were performed on tissues from 5 mice and repeated three times (N = 3). Scale

100pm.
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Figure 4.9: Significant loss of cholinergic innervation in the 8-week-old CF mice duodenum.

Significant loss of cholinergic innervation in the 8-week-old CF mice duodenum. A & B,
Representative images of duodenum tissues showing cholinergic innervation (ChAT: dark brown,
black arrows) revealed by IHC, in wild-type and CF (F508del/F508del) mice (5 mice), N= 3. Scale

50 um.
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4.5 Discussion

The significance of VIP in CFTR regulation is well studied at the cellular level (Alcolado et
al., 2011; Alcolado et al., 2014; Alshafie et al., 2014; Chappe F. et al., 2008; Chappe et al.,
2012). Moreover, a study from Alcolado et al. (2014) demonstrated that VIP knockout
mice (VIP-KO) display a CF-like phenotype characterized by lymphocyte aggregation,
increased airway secretion, alveolar thickening and edema in the lung, as well as by
goblet cell hyperplasia and tissue alterations in the duodenum (Alcolado et al., 2014). VIP
treatment reversed those pathological signs close to a wild-type phenotype and
regulated CFTR membrane stability.

Here, we have examined the presence of VIP in the lungs, duodenum and sweat glands
of F508del-CFTR mice at a young age (8-week-old) where the disease was very minimal
and tissue morphology was close to wild-type. We also used older age mice (17-week-
old) with multiple signs of well-developed pathology. In both age groups, the amount of
VIP was strongly reduced compared to wild-type. Interestingly, the amount of the VIP
present in wild-type mice was higher in younger mice and declined progressively with
age (data not shown). In CF tissues however, a consistent low amount of VIP was found
independently of the age or pathological signs. A study from El-Salhy et al. (1999) using
NMRI/Bom mice has demonstrated age-related changes in various peptide
concentrations in different parts of the gastrointestinal track (EI-Salhy et al., 1999). The
reason for those age-related peptide changes to our knowledge remain unknown. We
found a strong reduction of the amount of VIP in the duodenum as well as in the lung

and sweat glands of CF mice presenting minimal signs of spontaneous disease at 8 weeks
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of age. A study from van Doorninck et al. (1995) similarly reported that young
homozygous AF508 mice (5-7 weeks) do not present severe pathological signs in the small
intestine compared to Cftr null mice that showed severe goblet cell hyperplasia, mucus
overproduction and luminal obstruction in the ileum (van Doorninck et al., 1995).
Spontaneous disease manifestations seem to appear later on during development. 12-
week-old mice with the AF508 mutation have been shown to present intestinal
morphological alterations including goblet cell hyperproliferation, increased crypt to
villus axis as well as thicker circular muscle layer compared to their wild-type littermates
(Bazett et al., 2015). This is similar to what we have observed in the 17-weeks old mice
used in the present study. As mice were kept in clean and sterile environment, we did
not expect any spontaneous lung pathology, at least in the young mice. However, we
observed significant signs of spontaneous lung disease in the 17-week-old animals.
Similarly, a study from Guilbault et al. (2006) using 16-20 weeks uninfected Cftr null mice,
showed cell infiltration in the bronchi and alveoli, fibrosis and hyperplasia of the
epithelium compared to wild-type littermates (Guilbault et al., 2006). Altogether these
data confirm disease progression in the lung of aging CF mice, in absence of induced
bacterial infection.

The intrinsic nervous system around sites of importance in cystic fibrosis has not yet been
broadly studied. Heinz-Erian et al. (1985) were the first to describe a reduced VIPergic
innervation of the sweat glands in humans with CF (Heinz-Erian et al., 1985), linking the
loss of fluid secretion in CF to abnormality in the intrinsic nervous system regulating

exocrine glands. Jie Pan et al. (2006) have shown a reduced density of the intrinsic
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innervation of airways smooth muscles which started in utero and continued post-natal
in Cftr knockout mice (Pan et al., 2006). The present study confirms those data and
expand it to other tissues in both young and older CF mice carrying the AF508 mutation.
CFTR dysfunction is not only linked to pulmonary and gastrointestinal pathology but is
also associated with extra-pulmonary diseases such as cystic fibrosis related diabetes
(CFRD), end-stage liver disease, chronic sinusitis, changes in circadian clock, decreased
olfaction, retinal epithelia dysfunction, changes in homeostasis and energy metabolism
(Liou, 2019). Although CFTR is mainly expressed in epithelial cells, some studies suggest
that it could also be present in the peripheral and central nervous system (CNS). In the
CNS, CFTR mRNA was found in the hypothalamus, thalamus, arcuate and amygdaloid
nuclei areas. In newborn CFTR-KO pigs, Reznikov et al. (2013) found that Schawnn cells
are an important site of CFTR expression (Reznikov et al., 2013). The authors suggested
that altered neuronal function might contribute to mucus secretion and intestinal
obstruction in older patients with CF. Although it is well known that neuronal activity
regulates submucosal glands secretion and intestinal motility, whether the neuronal
abnormalities observed in CF tissues are coming as primary or secondary disease
manifestations is not clear yet. Free of inflammation tissues such as the sweat glands had
highly decreased content in the VIP peptide, both in human and mice with CF. Our data
argue in favor of a primary disease manifestation, prior to tissue inflammation and
damage.

VIP-immunoreactive fibers innervate all exocrine glands, including sweat gland acini,

respiratory epithelium, pancreas and intestine. VIP relaxes smooth muscles, increases
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mucus and enzyme secretions and works in synergy with acetylcholine to promote
electrolyte secretion through the activation of CFTR (Chappe et al.,, 2012). In the
gastrointestinal track, motility and secretion are controlled by both intrinsic and extrinsic
nervous system. Colonic strictures in patients with cystic fibrosis who received high-dose
pancreatic enzyme supplements where shown to contain ganglion cell abnormalities and
increased mucosal cholinergic and adrenergic activity. A case report by Johannes
Wildhaber et al. (1996) in a newborn girl with cystic fibrosis and neuronal intestinal
dysplasia type B (NID-B), had shown intestinal malformation characterized by hyperplasia
of the myenteric plexus with an increased number of cholinergic nerves in the circular
muscle layer while in the submucosa there were detected cholinergic nerve bundles
branching into the lamina propria area (Wildhaber et al., 1996). In the present study, we
did not include the colon, but we found that the VIP-positive as well as ChAT-positive
network of nerve fibers is significantly disrupted in the small intestine. In the duodenum
of CF mice with minimal disease progression, we found that VIPergic fibers are sparse in
both the mucosa and myenteric plexus, compared to the dense continuous neuronal
network of the duodenum layers in wild-type mice. We also found that the signal from a
general neuronal marker, PGP 9.5, was altered in CF. Duodenum tissues presented major
neuronal changes in the myenteric plexus which displayed enlarged clusters of ganglionic
cells and loss of two of the three components of the myenteric plexus, the primary and
the secondary plexus (Furness, 2008). The general innervation of the mucosa plexus layer
in CF mice showed more cell bodies in the connective tissue (lamina propria) of the

mucosa in comparison to wild-type mice. Given that the co-localization of acetylcholine
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and VIP in the intrinsic innervation of the intestine of mammals is well studied and their
synergistic action is lost in CF, we also asked if the cholinergic neuronal network shows
the same disruption as the VIP nerve fibers in CF mice tissues. Interestingly, our data
revealed that there is a significant decrease in the density of the cholinergic neurons in
the myenteric plexus while the mucosa layer is characterized by less cell bodies compared
to the wild-type and loss of latitudinal cholinergic neuronal network.

A recent study suggests that CFTR is expressed in both peripheral and central nervous
systems. Xue et al. (2016) demonstrated CFTR mRNA and protein expression in the
ganglia of the human gastrointestinal track (Xue et al., 2016). Accordingly, neuronal
alterations of the nervous system could be responsible for some of the CF disease
manifestations. Changes in neuronal innervation could, therefore, be expected in CF
compared to healthy tissues and could be linked to the findings from the present study
where VIPergic and cholinergic neurons are affected, thus reducing the production and
distribution of these two neurotransmitters to important sites of CF manifestation. This
would also explain, at least in part, functional data with a lost VIP/acetylcholine synergy
in fluid secretion by CF glands.

Dysfunction of the VIPergic system has been proposed to be involved in the
pathophysiology of several diseases in the gut, such as intestinal ileus, inflammatory
bowel disease, but also of Type Il diabetes, bronchial asthma, COPD and more due to the
loss of VIP peptide, suggesting that the absence of VIP could play a role in aggravating
those pathologies (Atanasova et al., 2018; Chappe et al., 2012; Sanlioglu et al., 2012). In

cystic fibrosis, old data suggested that VIP-positive fibers of the skin of CF patients are
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sparse compared to healthy tissues (Heinz-Erian et al., 1985), but this has never been
thoroughly investigated. Our data suggest that the strong reduction in VIP is an early
defect in CF, which starts before important disease manifestation. We also found a
pronounced reduction in both VIP-specific and cholinergic innervation at the mucosa and
myenteric plexus of CF mice duodenum. The general intrinsic innervation of the tissue
was discontinued in the mucosal layer with major disruption of the myenteric plexus
layers. We propose that the deficiency in VIP is not attributed to disease progression, but
rather results from a disruption of the intrinsic innervation network. Our data represent
a significant progress in the understanding of CF pathology at the tissue level and explain,
at least in part, the lost of functional synergy between VIP and acetylcholine in the
regulation of secretions in CF glands, a hallmark of CF disease.
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5.1 Abstract

Vasoactive Intestinal Peptide (VIP), a 28-amino acid neuropeptide with potent anti-
inflammatory, bronchodilatory and immunomodulatory functions, is secreted by intrinsic
neurons innervating all exocrine glands, including the pancreas in which it exerts
regulatory function for the secretion of insulin and glucagon. Cystic Fibrosis-Related
Diabetes (CFRD) is the most common co-morbidity associated with cystic fibrosis (CF)
impacting approximately 50% of adult patients. CF is caused by the deficiency or absence
of the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel from
the apical membrane of epithelial cells due to mutations in the CFTR gene. The CFTR
protein is mainly regulated by VIP. We recently demonstrated a 50 % reduction of VIP
abundance in the lungs, duodenum and sweat glands of C57BI/6 CF mice homozygotes
for the F508del-CFTR mutation. This VIP deficiency resulted from a reduction in VIPergic
and cholinergic innervation, starting before signs of CF disease were observed. As VIP
functions as a neuromodulator with strong anti-inflammatory properties and
insulinotropic effects on pancreatic beta cells, we sought to study changes in VIP in the
pancreas of CF mice. Our goal was to examine VIP content and VIPergic innervation in
the pancreas of 8- and 17-week-old F508del-CFTR homozygous mice, to determine if
changes would contribute to CFRD development. Our data show that a low amount of
VIP and reduced innervation are found in CF mice pancreas correlated with reduced
insulin secretion, up-regulation of glucagon production, and high random blood glucose
levels, compared to same age WT mice. We propose that low amount of VIP, due to

reduced innervation of the CF pancreas, and starting at an early disease stage,
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contributes to changes in insulin and glucagon secretion that can lead to CFRD disease

development.

5.2 Introduction

Vasoactive Intestinal Peptide (VIP), which was discovered in the 1970s by Said and Mutt,
is a 28-residue amino acid polypeptide, first isolated from porcine small intestine as a
vasodilatory peptide (Said et al., 1970; Said et al., 1972). It belongs to a superfamily of
brain-gut peptide hormones structurally related to secretin, glucagon and pituitary
adenylyl cyclase-activating peptide (PACAP) superfamily (Said et al., 1970; Said, 1991). VIP
mediates its functions through VPAC1 or VPAC2 receptors that are G protein-coupled
receptors (lwasaki et al., 2019). VIP is expressed in the central and peripheral nervous
systems as well as in the digestive, respiratory, reproductive, and cardiovascular systems
as a neurotransmitter or neuromodulator (lwasaki et al., 2019; Umetsu et al., 2011).
Additionally, it has potent anti-inflammatory, bronchodilatory and immunomodulatory
functions and plays a crucial role in maintaining airways clean through mucociliary
clearance, contributing to local innate defense by stimulating the movement of water and
chloride across intestinal and tracheobronchial epithelium (Heinz-Erian et al., 1985; Said,
1991; Said, 1991; Said, 2008). Previous data from Chappe and colleagues have
demonstrated that chronic VIP exposure is needed to maintain functional CFTR chloride
channels at the cell surface of airways and intestinal epithelium, as well as normal
exocrine tissue morphology (Alcolado et al., 2011; Alcolado et al., 2014; Alshafie et al.,

2014; Chappe et al., 2012; Rafferty et al., 2009). Mutations in the CFTR gene cause CF
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disease, the most common, fatal, chronic, autosomal and recessive disease in European
and north American populations. Worldwide, one in 2,500 children are born with CF and
approximately 100,000 people are affected with the disease (Kelly, 2017). While the
primary cause of morbidity and mortality is progressive obstructive lung disease, CF is a
multifactorial disorder due to the CFTR expression in multiple organs. In addition to the
lungs, it affects the gastrointestinal track, the liver, the pancreas and the reproductive
systems (Kelsey et al., 2019).

As the life expectancy of patients with CF is improving, cystic fibrosis-related diabetes
(CFRD) is becoming the most prevalent CF co-morbidity, increasing the mortality rate by
6-fold in comparison to CF patients without diabetes (Brennan et al., 2004). CFRD impacts
approximately 2% of children, 19% of adolescents, and 50% of adults over the age of 30
with CF and appears to affect females slightly more than males (Gibson-Corley et al.,
2016; Laguna et al., 2010). Usually, CFRD is not detected before the age of 10 as the
disease onset is thought to produce an asymptomatic phenotype (Barrio, 2015; Gibson-
Corley et al., 2016; Konrad, et al., 2013). CFRD is a complex disease, also identified as
pancreatogenic (type 3c) diabetes, and does not fall into either type 1 or 2 diabetes
categories (Rickels, 2015). It constitutes a special, separate category that has features of
type 1 diabetes (T1D) and type 2 diabetes (T2D) with specific pathophysiological
differences to apart its own distinct classification (Hart et al., 2018). CFRD is characterized
by decreased insulin secretion from the loss of beta cell mass and progressive increase in
inflammation (Gibson-Corley et al., 2016). Some of the most common risk factors that

could predispose patients to CFRD are severe CFTR genotypes (class /, Il and /Il CFTR gene

143



mutations), modifier genes, family background of T2D and pancreatic insufficiency
(Barrio, 2015; Blackman et al., 2013; Granados et al., 2019; Hart et al., 2018; Konrad,
Scheuing, et al., 2013; Moran et al., 2010).

VIP is known to augment insulin secretion in the presence of glucose (lwasaki et al., 2019;
Sanlioglu et al., 2012). Through VPAC2, that is highly expressed in the pancreatic islets,
VIP activates adenylate cyclase (AC) to increase intracellular cAMP levels that triggers
protein kinase A (PKA) activation and EPAC sensors resulting in membrane depolarization
from the closure of ATP-dependent K* channels, and calcium (Ca %*) entry into cells. Influx
of calcium into the cells initiates insulin secretion after glucose stimulation (Winzell et al.,
2007). While numerous studies, utilizing genetically altered mice models, have examined
the therapeutic ability of VIP and VPAC receptor agonists to modulate glucose-induced
insulin secretion on T2D, to our knowledge, none of them have investigated their role in
CFRD (Henquin, 2000; Persson-Sjogren et al., 2006; Sanlioglu et al., 2012; Tsutsumi et al.,
2002). In a recent study, we have demonstrated that VIP content is 50% lower in the lung,
sweat glands and small intestine of C57BIl/6 mice homozygotes for the F508del-CFTR,
compared to WT. This deficiency resulted from a reduction in VIPergic and cholinergic
innervation, starting at a young age, before signs of CF disease were observed
(Semaniakou et al., 2020). In the present study, we asked if there were changes in VIP
abundance and innervation of the pancreas, at different stages of CF disease progression,
that could affect insulin and glucagon secretion and contribute to CFRD development.
We used 8- and 17-week-old CF mice homozygotes for the F508del-CFTR mutation, the

most common disease-causing mutation found in patients with CF and associated with
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higher risk for CFRD pathogenesis. Our data show that VIP reduction, due to reduced
innervation of the pancreas, affects insulin and glucagon secretion, potentially leading to

the development of CFRD.

5.3 Materials and Methods

5.3.1 Chemicals. Antibodies are shown in Table 4; Normal mouse blocking serum was
from Santa Cruz Biotechnology (ImmunoCruz goat ABC Staining System; sc-2023); Normal
rabbit blocking serum was from Santa Cruz Biotechnology (ImmunoCruz goat ABC
Staining System; sc-2018); Normal donkey serum (D9663) was from Sigma (St. Louis,
MO); Normal goat blocking serum was from Vector Laboratories (Cat. No. NC9270494);
Avidin-Biotin complex was from Santa Cruz (ImmunoCruz ABC kit; sc-516216); DAB (3, 3
-diaminobenzidine) HRP Substrate Kit (ab64238) was from Abcam; Enzyme-Linked-
Immunosorbent Assay kit for murine VIP was from Cloud-Clone Corp. (Cat. No.
CEA380Mu; Houston-TX); Enzyme-Linked-Immunosorbent Assay kit for murine Insulin
was from Millipore (Cat. No. EZRMI-13K); Cayman’s Glucose Colorimetric assay kit was
from Cayman Chemical (Cat. No. 10009582); Vectashield Mounting Media for
Fluorescence was from Vector Laboratories (Cat. No. 101098-042). Protease inhibitor
cocktail tablets were from Roche (complete, Mini; Cat. No. 11 836 153 001). Other

chemicals were from Sigma and of the highest grade available.
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Table 4: Summary of Antibodies and their Dilutions Used in Chapter 5.

Polyclonal Primary | Dilution & | Secondary Antibodies Dilution
Antibodies Application
Anti-VIP (Cat. No. PA5-| 1:100 (IHC) ImmunoCruz rabbit | As per kit
78224); Thermofisher (CA, avidin/biotynilated complex | instructions
USA) Staining System (sc-2018),

Santa Cruz Biotechnology
Anti-PGP 9.5 (ab15503), | 1:200 (IHC) ImmunoCruz rabbit
Abcam (Cambridge, MA) avidin/biotynilated complex | As per kit

Staining System (sc-2018), | instructions
Santa Cruz Biotechnology

Anti-Insulin (ab7842) Goat anti-guinea pig 1gG, Fc

Abcam (Cambridge, MA) 1:50 (IHC) fragment specific (Cat. No. 106-
035-008); Jackson Laboratories 1:500
(Pennsylvania, USA)

Anti-Glucagon (sc-13091; Donkey anti-rabbit 1gG (H+L);

FL-180; Lot No. K0304); | 1:50 Alexa Fluor 594 (Cat. No. 711-585-

Santa Cruz Biotechnology | (Immunofluo- | 152); Jackson Laboratories 1:200

(Santa Cruz, CA) rescence) (Pennsylvania, USA)

5.3.2 Mice. Male, 8- and 17-week-old wild-type C57BI/6 mice and C57BI/6 homozygous
for the F508del mutation (C57BI/6 homozygous Cftr'™kth AF508) were obtained from Dr.
Craig Hodges at Case Western Reserve University (Ohio, USA). Mice were housed in an
Allentown IVC rack with irradiated corncob bedding, Prolab autoclaved RMH 3500 feed
and municipal (chlorinated tap) water with Colyte added. Mice were evaluated daily
during routine health checks. If they showed signs of distress/GI complications, they were
weighed, given subcutaneous fluids if needed and monitored more frequently by lab
personnel. If signs of distress did not resolve (i.e. obstruction passed), they were
euthanized. All experimental procedures were in accordance with the principles of the

Canadian Council on Animal Care (CCAC) and according to the National Institute of
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Health Guide to the Care and Use of Experimental Animals. Protocols were approved by
Dalhousie University Animal Care and Use ethic committee.

5.3.3 Tissue preparation. Mice were humanely euthanized by intraperitoneal overdose of
sodium pentobarbital before tissue collection. For sectioning, tissues were immediately
fixed in 10% formalin buffer. Tissues were then embedded in paraffin blocks before
longitudinal sectioning into 5-um-thin sections for histology using hematoxylin and eosin
(H and E) staining (Feldman et al.,, 2014) or immunohistochemistry experiments as
described below. Tissue embedding and sectioning were done at the Histology and
Research Services (HRS) Laboratory, Pathology Department, Faculty of Medicine,
Dalhousie University. For protein analysis, tissues were flash frozen in liquid nitrogen
before storage at -80°C for later use.

5.3.4 Immunohistochemistry (IHC) and Microscopy imaging. Thin tissue sections (5um)
annealed to microscopy slides were deparaffinised in xylene and rehydrated prior to a 35
min heat-induced antigen retrieval. Next, the slides were washed twice for 5 minutes
each time in PBS and incubated in 1% peroxidase blocking solution for 5 minutes. After
another 10-minute washing step with PBS, the slides were incubated in normal mouse
blocking serum for 1h at RT in a humidified chamber, then overnight with the primary
antibody for VIP (1:100), Insulin (1:50), or Ubiquitin C-terminal hydrolase 1 (PGP 9.5;
1:200). The next day, tissue slides were washed three times for 5 minutes each with PBS
and then incubated for 30 minutes at RT with a biotinylated anti-rabbit secondary
antibody for VIP and PGP 9.5 (1:200; ABC ImmunoCruz staining system), for 1-hour at

anti-guinea pig secondary antibody for Insulin (1:500; Jackson ImmunoResearch). VIP,
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Insulin and PGP 9.5 signal were revealed with a DAB HRP peroxidase substrate and slides
were counterstained with hematoxylin. After dehydration, a xylene based Permount was
used to mount a coverslip. Slides were observed under light microscopy with 10X, 25X,
40X and 63X objectives. Images were taken with a Zeiss Axiocam HRC Colour Camera
mounted on an Axioplan Il microscope.

Scoring of images was used for semi-quantification of the IHC signal by two blinded
investigators using an arbitrary scale (0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 =
moderate, 2.5 = strong and 3 = highest). Colour balance, contrast and brightness of whole
images were adjusted for consistency within tissue sections. Experiments were repeated
at least twice for each tissue sample and three to five mice were used in each age group.
An average of 8 to 15 images from each tissue were used for the DAB signal semi-
guantification. For quantification of protein gene product 9.5 (PGP 9.5) we measured
immunohistochemistry signal intensity in both endocrine and exocrine pancreas using
Image J software.

5.3.5 Immunofluorescent (IF) staining and signal quantification. Paraffin sections of
pancreatic tissues after the deparaffinization and rehydration step as mentioned above,
were rinsed three times in TBS, next incubated in TBS for 5 minutes and afterwards in
blocking solution for 20 minutes at RT. The tissues were then covered with the Glucagon
primary antibody (1:50) and stored overnight at 4°C in humidity chamber. The next day
the tissue slides were washed with TBS three times for 5 minutes to remove the primary
antibody and then incubated with Alexa Fluor 594 secondary antibody overnight (1:200).

Before mounting the tissue with Vectashield Mounting Media for Fluorescence, slides

148



were washed three times for 5 minutes with TBS to remove the secondary antibody in
the dark. Afterwards, the slides were stored at -20°C until viewed with a Zeiss LSM 710
confocal microscope. Quantification of fluorescence signal intensity of glucagon was
done using Image J software.

5.3.6 Random glucose measurements. Plasma from 8- and 17-weeks old mice was used
to estimate random glucose level using the Cayman’s Glucose Colorimetric assay kit. This
is a high sensitivity enzymatic assay specific for precise glucose quantification. All the
mice were under the same regular diet (Prolab RMH 3500) and plasma was collected in
the morning. For collecting plasma, immediately after the mouse euthanasia, we used
intra-cardiac puncture to collect blood by aspiration with a fine needle filled with 2%
EDTA to prevent coagulation and 1ml syringe. Blood collected was placed into a 1.5mL
Eppendorf tube with 100ul of 2% EDTA and centrifuged for 10 minutes at 2,200 -
2,500rpm (8G centrifuge) at 4°C. The supernatant (plasma) was collected into a new tube,
aliqguoted and stored it at -80°C until further use. Plasma was diluted 20-fold with assay
buffer before use. Absorbance was read with a spectrophotometer at 514nm.

5.3.7 ELISA. Flash frozen pancreatic tissues samples from C57BI/6 8- and 17-weeks old
males, wild-type and F508del homozygotes CF mice were homogenized in RIPA buffer
containing proteases inhibitors and lysates were used in mouse ELISA kit with high
sensitivity and high specificity for VIP (Cloud-Clone Corporation, competitive inhibition)
and Insulin (Millipore Mouse Insulin ELISA kit; EZRMI-13K). Both kits were used according
to the manufacturer’s instructions. Optical density was measured with a

spectrophotometer at 450nm. VIP and Insulin concentration were afterwards normalized
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to total proteins measured by protein assay using a Standard Bradford Assay with a
standard BSA curve from 0 to 15ug in RIPA buffer.

5.3.8 Statistics. Results are reported as means * SE. Statistical differences between
groups were calculated by the one-way ANOVA. p < 0.05 was considered statistically

significant. N represent the number of independent experiments.

5.4 Results

5.4.1 VIP is present in reduced amount in both endocrine and exocrine pancreas of CF
mice.

Based on our previous study, the 17-week-old CF mice represent a well-developed CF
disease, while in the 8-week-old mice the disease was minimal. In wild-type tissues, VIP
amount was revealed by IHC with a polyclonal anti-VIP antibody and the signal was found
around the ducts and acinar cells in the exocrine pancreas and in the islets of Langerhans
(D1 cells) of the endocrine pancreas (Fig. 5.1A). The majority of the signal detected was
found in the islets of Langerhans (Fig. 5.1B). DAB signal intensity was semi-quantified
from scanned microscopy images using an arbitrary scale from 0 to 3 (see Methods).
Results show that the signal for VIP in the exocrine pancreas was reduced by 44.5% + 0.3
(p < 0.05) in 8-week-old CF mice and by 55.1% + 0.1 (p < 0.05) in 17-week-old CF mice in
comparison to the same age WT tissues (Fig. 5.1C). In the endocrine pancreas, VIP signal
was decreased by 51.2% * 0.2 in 8-week-old CF mice tissues and 51.3% + 0.2 in 17-week-

old CF mice compared to the same age WT (Fig. 5.1C).
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Figure 5.1: VIP signal in the exocrine and endocrine pancreatic tissues.

A & B, Representative IHC images of exocrine (A) and endocrine (B) pancreatic tissues stained for
VIP (dark brown) in 8- and 17-week-old wild-type and F508del homozygous CF (F508del/F508del)
mice showing VIP signal around the ducts (arrows) and acinar cells (arrow) in the exocrine
pancreas and in the islets of Langerhans (D1 cells); 40X objective and scale: 20um. Small images
are captured on 63X magnification and scale 10um. C, Semi-quantification of VIP signal in 8- and
17-week-old wild-type and CF endocrine and exocrine pancreas. Histogram bars represent
averages of 8 to 15 images from each mouse (3 to 5 mice per age group). Arbitrary scale from 0
to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 = moderate, 2.5 = strong and 3 =

highest. D, VIP concentration measured by ELISA in 8-week-old wild-type and CF mice pancreatic

tissue homogenates, normalized to total proteins (5 mice), N = 2. *p < 0.05, **p < 0.01.
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Total VIP content (normalized to total protein) in the pancreas was measured by ELISA.
Results show that it was reduced by 75.8% in 8-weeks old CF mice, (1.55 + 0.24 pg/mg in
wild-type and 0.37 +0.11 pg/mg in CF tissue lysates respectively, p < 0.01) (Fig. 5.1D). For
the older mice (17-weeks old) VIP concentration was below the detection limit for both
wild-type and CF. Altogether these data show that the amount of VIP is strongly reduced

in the pancreas of CF mice, both at early and late stages of disease progression.

5.4.2 General innervation of the pancreas is reduced in CF mice.

In our previous study we showed that reduced amount of VIP in the lungs, duodenum
and sweat glands of homozygous AF508 mice was due to sparse VIP-ergic neuronal fibers,
and disrupted general neural network.

In the present study, we found reduced amount of VIP in both endocrine and exocrine
pancreas and we decided to further test the general innervation using a PGP 9.5 antibody.
Islets are known to express the highest amount of hormonal neuronal fibers, especially
for VIP (Bishop et al., 1980; Havel et al., 1997). The PGP 9.5 signal measured by
immunohistochemistry, in islets and exocrine pancreas, was quantified by Image J
software. In wild type tissues, the PGP 9.5 signal was strong at the periphery of the islets
and long fibers were visible in the exocrine pancreas (Fig. 5.2A - 5.2D, top). Our data
showed a reduced PGP 9.5 signal in the islets of CF mice by 58.8% +4.18 in the 8-weeks
(p < 0.001) and 49.4% +1.96 (p < 0.05) in the 17-weeks old CF mice compared to same
age wild-type mice. Interestingly, in the exocrine pancreas we also observed decreased

innervation at both ages of CF mice (Fig. 5.2B and 5.2D bottom) with only sparse short
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fibers. The reduction in PGP 9.5 signal was found to be statistically significant for the 17-

weeks old CF mice (73.2%+0.27, p < 0.001) (Fig. 5.2F).
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Figure 5.2: PGP 9.5 innervation is disrupted in both endocrine and exocrine pancreatic tissue.

Representative images of endocrine (A) and exocrine 8-weeks (B, arrows) and 17-weeks
respectively (C & D, arrows) pancreatic tissues showing the general innervation as represented
by the PGP 9.5 antibody (dark brown, black arrows), and revealed by IHC, in wild-type and CF
(F508del/F508del) mice (5 mice), N= 3. Scale 20 um. E & F, Quantification of IHC PGP 9.5 signal
intensity (x107) in the islets (E) and in the exocrine pancreas respectively (F). G, Negative control

where the PGP 9.5 antibody was omitted. *p < 0.05, ***p<0.001
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5.4.3 Reduced Insulin and elevated Glucagon in the endocrine pancreas of CF mice.

Insulin is produced by the pancreatic beta cells, located in the islets of Langerhans, after
glucose stimulation. The glucose-induced amount of insulin release is further modulated
by amino and fatty acids, gastrointestinal hormones and neurotransmitters secreted
from the autonomous nervous system, including VIP (Ahrén et al., 2005; Henquin, 2009;
Henquin, 2000). Given the low levels of VIP expression in both endocrine and exocrine
pancreas of CF mice, we asked whether basal insulin level, in non-fasting animals, could
be reduced in CF mice (Fabricius et al., 2011; Jamen et al., 2000; Kato et al., 1994; Kato et
al., 2006; Persson-Sjogren et al., 2006; Sanlioglu et al., 2012; Tsutsumi et al., 2002; Winzell
et al., 2007). IHC staining for insulin (DAB, dark brown color) in the beta cells of pancreatic
islets was performed with a specific polyclonal antibody (Fig. 5.3A) and semi-quantified
as described above for VIP. Our data show that basal insulin was significantly lower in
both young (8-weeks) and older (17-weeks) CF mice compared to same-age wild-type.
We found that the amount of insulin detected was reduced by 35% + 0.2 (p < 0.05) in 8-
week-old CF mice and by 38.7% + 0.18 (p < 0.05) in 17-week-old CF mice in comparison
to the same age WT (Fig. 5.3B). To confirm the low amount of basal insulin level in CF
pancreas, we also measured total insulin content (normalized to total protein) by ELISA
and found that it was reduced by 69.7% in 8-weeks old CF mice (41.46 + 7.2 ng/mg in
wild-type and 12.54 +3.89 ng/mg in CF tissue lysates; p < 0.05) and reduced by 33.6% in
the advanced disease mice (17-week-old) compared to WT (22.82 + 8.22 ng/mg in wild-
type and 15.15 +13.24 ng/mg in CF tissue lysates respectively) (Fig. 5.3C). In normal

individuals, insulin produced by B cells, and glucagon produced by a cells work together
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to maintain glucose homeostasis where insulin secretion is elevated and glucagon
production is decreased after every meal (Haedersdal et al., 2018). However, in T2D there
is an imbalance between the glucagon and insulin release ratio with higher glucagon
levels produced (Lee et al., 2019). Edlund et al. (2017) demonstrated disrupted glucagon
levels in CFRD (Edlund et al., 2017). Since we wanted to investigate the pancreatic profile

of CF mice, we next asked if glucagon secretion was affected.
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Figure 5.3: Insulin signal is highly reduced in the endocrine pancreas of CF mice.

Representative IHC images of endocrine pancreatic tissues (A) stained for Insulin (dark brown) in
8- and 17-week-old wild-type and F508del homozygous CF (F508del/F508del) mice showing VIP
signal in the islets of Langerhans; 40X objective and scale: 20um. B, Semi-quantification of Insulin
signal in 8- and 17-week-old wild-type and CF endocrine pancreas. Histogram bars represent
averages of 8 to 15 images from each mouse (3 to 5 mice per age group). Arbitrary scale from 0
to 3 indicates: 0 = none, 0.5 = minimal, 1 = low, 1.5 = some, 2 = moderate, 2.5 = strong and 3 =
highest. C, Insulin concentration measured by ELISA in 8-week and 17-week-old wild-type and CF
mice pancreatic tissue homogenates, normalized to total proteins (3-5 mice), N = 2. *p < 0.05,

**p < 0.01, ***p<0.001
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We performed immunofluorescence experiments and glucagon fluorescence intensity
was quantified using Image J software following confocal microscopy. Our
immunofluorescence data show that glucagon is present in the a cells of the islets and
the strongest expression levels were found in tissues from 8-weeks old CF mice (Fig. 5.4A).
Our results demonstrate that there is an upregulation of glucagon in both 8-weeks and

17-weeks CF mice pancreas as expected from the low level of insulin (Fig. 5.4C).
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Figure 5.4: Glucagon IF signal intensity is elevated in both young and older CF mice.

Representative confocal microscopy images from 8- and 17-week-old (A) wild-type (top) and
F508del homozygous CF (F508del/F508del) mice (bottom) showing Glucagon
immunofluorescence signal intensity. B, Negative control where the Glucagon antibody was
omitted. C, Quantification of Glucagon immunofluorescence signal intensity (x10%) in 3-5 mice

per age group. N = 2. **p < 0.01.

We then performed random glucose measurements with serum samples collected before
sacrificing the animals for tissue collection. Our data reveal a high level of random glucose
of 206 mg of glucose/dl of serum + 63.8, while the normal range for random glucose level
in C57BI/6 mice is 70-110mg/dlI.

Altogether, our results show a reduction in insulin and an upregulation of glucagon in CF
mice pancreas, which is an indication that a CFRD phenotype can develop at an early

stage of disease progression.
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5.5 Discussion

The role of VIP in human diseases such as cystic fibrosis, asthma, chronic obstructive
pulmonary disease and diabetes is a matter of investigation (Alcolado et al., 2014; Asnicar
et al,, 2002; Szema et al., 2017, 2014).

A study from Alcolado et al. (2014) in VIP-KO mice that developed a CF-like phenotype,
demonstrated that VIP treatment corrected close to wild-type phenotype the
lymphocyte aggregation, increased airway secretion, alveolar thickening and edema in
the lung, as well as goblet cell hyperplasia and tissue alterations in the duodenum tissue
found in absence of VIP. In vitro, addition of VIP to the cell media regulated defective
CFTR internalization rate and increased membrane stabilization in the apical membrane
of bronchial serous cells Calu-3 (Alcolado et al., 2011; Alshafie et al., 2014; Chappe F. et
al., 2008). In the immune system, the critical role of VIP is illustrated in autoimmune
diseases where VIP can skew the pro-inflammatory immune response to an anti-
inflammatory response, downregulating the expression of TNFa, IL-6, I1L-12, IL-1B and
enhancing IL-10 production, blocking Th1l cells and consequently preventing Th2
production as well as mediating the functions of Th1/Th17 cells (Ganea et al., 2015).

As VIP can twist the pro-inflammatory cytokine profile to an anti-inflammatory response,
its therapeutic actions has been tested in many chronic inflammatory and autoimmune
diseases such as diabetes (Jimeno et al., 2010; Rosignoli et al., 2006), sepsis (Delgado et
al., 2000), Crohn’s disease (Gonzalez-Rey et al., 2006) and multiple sclerosis (Cobo et al.,
2013). More specifically, VIP treatment in non-obese diabetic (NOD) mice rescued them

from developing T1D through the activation of the T cell, suppression of Th1 cytokines
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and upregulation of IL10 synthesis (Rosignoli et al., 2006). Moreover, VIP was found to
augment insulin production from young obese (ob/ob) mice (Winzell et al., 2007).

Our most recent study, with the same CF mice as used in this paper, showed that VIP
content is significantly reduced in the lungs, duodenum and sweat glands of young
homozygous AF508 mice with minimal disease progression. Also, we found that these
mice present highly discontinued or sparse VIPergic network in the small intestine and
this VIPergic deficiency was not attributed to disease progression but to a disruption of
the intrinsic innervation network.

In diabetes, VIP stimulates postprandial glucose-induced insulin secretion from
pancreatic islets through VPAC2 receptors, and in collaboration with PACAP, VIP triggers
glucagon release, increasing insulin secretion without leading to hyperglycemia
(Sanlioglu et al., 2012). Studies in rats and mice have shown that VPAC2 receptor is the
primary receptor expressed in beta cells through which VIP exerts most of its actions in
the pancreas while VPAC1 is mainly localized around the islets.

VIP-containing fibers are distributed between acini, around ducts and blood vessels in
the exocrine pancreas. Contrary to the exocrine, the endocrine pancreas has a very dense
network of VIPergic fibers that entangle the islets, creating insular neuronal nexuses
(Bishop et al., 1980; Winzell et al., 2007).

In the present study, given that VIP is a neuropeptide with pleiotropic abilities, we
decided to examine the distribution and abundance of VIP in the pancreas of C57BI/6
mice that express the most common mutation in CF, F508del/F508del, and further

evaluate if changes in VIP would correlate with changes in insulin and glucagon secretion
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that could potentially lead to the development of CFRD disease. We have measured the
VIP amount in both young (8-weeks) and older (17-weeks) CF mice that reflect very early
and late CF disease progression respectively (Semaniakou et al., 2020). Our results show
that VIP abundance and localization, semi-quantified by immunohistochemistry and
ELISA, was significantly reduced (~ 51% reduction) in the pancreas of CF mice at both 8-
and 17-weeks of age. However, the strongest reduction was observed in the endocrine
pancreas, that accounts for most of the peptide localization.

Numerous studies have reported the significance of VIP peptide in the pancreas, acting
as a neurotransmitter and released upon activation of the vagus nerve (Ahrén, 2000).
Already in 1980, a study from Bishop et al. demonstrated that VIPergic nerve fibers
innervate acinar cells, ducts and blood vessels in the exocrine pancreas of rats while the
islets of Langerhans have richer VIP neuronal network (Bishop et al., 1980). Additionally,
research data on pig pancreas showed that VIP plays a critical role in fluid and bicarbonate
release innervating the pancreatic nerves (Chandra et al., 2015; Holst et al., 1984). The
insulinotropic potential of VIP to stimulate insulin secretion in presence of glucose has
also been described in cells and animal models (Fabricius et al., 2011; Jamen et al., 2000;
Kato et al., 1994; Kato et al., 2006; Persson-Sjogren et al., 2006; Sanlioglu et al., 2012;
Tsutsumi et al., 2002; Winzell et al., 2007). In the present study, we demonstrate that the
general neuronal network that innervates both the endocrine and exocrine pancreas of
young and older CF mice is highly disrupted, with decreased signal in the islet and sparse
nerve fibers in the exocrine pancreas. The current data is complementing our previous

study showing that VIP is highly decreased in exocrine tissues of CF mice, even at a young
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age with minimal disease (8-week-old) and continues to be low when the disease is well
developed (17-week-old). A recent study from Hart et al. (2018) demonstrated that CFRD
is primarily caused by islet loss and intra-islet inflammation showing elevated levels of IL-
6, IL-1B, TNFa, IFN-y, and CXCL10. In the present study, we found reduced insulin and
elevated glucagon in young CF mice with no signs of disease. We can thus exclude the
role of inflammation or tissue damage in this dysregulation.

Given the fact that VIP stimulates glucose-dependent insulin secretion and contributes
to the regulation of glucagon release, we hypothesized that down-regulation of VIP
secretion due to VIPergic neuronal disruption may result in a decrease in insulin and
increase in glucagon expression levels, contributing to CFRD development. Consequently,
we next measured insulin secretion and interestingly we found that insulin was
significantly reduced at both ages tested. These results validate our hypothesis that
changes in VIP amount and innervation in the endocrine pancreas may have an impact in
postprandial insulin secretion.

VIP-induced glucagon production, which in turn maintains glycaemia, was described by
Havel et al. (1997) (Havel et al., 1997). While most of the attention is on insulin, the role
of glucagon is also essential in understating the pathophysiology of T2D. Drugs such as
GLP-1 receptor agonists that improve glycaemia by regulating glucagon levels are
considered a new treatment option of T2D (Haedersdal et al., 2018). Investigating in
more detail glucagon secretion in CF mice and its relationship to VIP secretion in the
endocrine pancreas would provide important knowledge on the etiology of CFRD. Our

present data revealed that glucagon secretion is high in CF mice and this increase starts
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early in the disease development (8-weeks). This observation is in agreement with what
is reported in diabetic patients who have elevated post-prandial glucagon levels while
under normal circumstances it should be downregulated (Lee et al., 2019). In the CFRD
research field, only a few studies in F508del/F508del mice (12-14 weeks) and CF pigs have
examined the role of glucagon, reporting elevated levels (Huang et al., 2017; Uc et al.,
2015). Nonetheless, glucagon action in the pathophysiology of CFRD remains unclear and
further research is needed to determine its role.

In addition to insulin and glucagon, another significant indicator of CFRD development is
blood glucose levels. When we measured random blood glucose levels in the serum, we
found an elevated average of 206 mg/dl. Typically, normal plasma has glucose
concentrations in the range of 70-110mg/dl for C57BI/6 mice. That was a significant result
in addition to the previous data, further indicating that a decrease in VIP amount in the
pancreas contributes to the development of physiological changes that will lead to CFRD
disease. The main etiology of CFRD is islet dysfunction. However, the mechanisms behind
B-cell impairment leading to disease development is a matter of debates. To our
knowledge, three hypotheses have been described in the literature, until now: (1) islets
are lost as a consequence of severe pancreatic fibrosis/inflammation, (2) if CFTR is
expressed in the islets, its mutations (mainly class I-1ll CFTR) are responsible for the CFRD
pathology due to islet ducts obstruction, therefore, affecting insulin secretion via a B-cell
intrinsic CFTR dependent mechanism, and (3) CFTR is not expressed in B-cells and islet
dysfunction is due to a non-B-cell extrinsic mechanism (Hart et al., 2018; Kelsey et al.,

2019; Sun et al., 2017). Several studies have reported the significance of CFTR in glucagon
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production in humans, rats and mice (Edlund et al., 2017; Huang et al.,, 2017).
Nonetheless, the aim of this study was not to investigate the consequence of the
dysfunctional CFTR in CFRD but rather to investigate the suitability of F508del/F508del
mice as a valuable model to study CFRD development.
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CHAPTER 6: DISCUSSION

VIP is the major physiological agonist of the CFTR chloride channel. It functions as a
neuromodulator and neurotransmitter secreted by intrinsic neurons innervating all
exocrine glands. VIP-containing nerve fibers innervate tracheobronchial smooth muscle,
submucosal glands and the walls of pulmonary and bronchial vessels (Barnes et al., 1991).
In CF disease, VIP-dependent gland secretion, through CFTR activation, is defective.
Glands cannot secrete in response to VIP alone and the co-localization of VIP and
acetylcholine that is observed in healthy tissues is lost in CF (Jae et al., 2007; Widdicombe
et al., 2015; Wine, 2007).

The significance of VIP in CF disease was first described in 1985 by Heinz-Erian and
colleagues, showing reduced VIPergic innervation in the sweat glands of CF patients
(Heinz-Erian et al., 1985). Given that CFTR gene was discovered in 1989, a demonstration
of VIPergic deficiency or neuronal discontinuation at that time was a very significant
finding for the understanding of CF disease and that could explain the abnormal secretory
activity and high salt sweat levels in this condition (Heinz-Erian et al., 1985). Findings of
Heinz-Erian et al. about sparse VIP-innervation in CF was further confirmed by Wattchow
et al.,, who demonstrated less VIP nerve fibers in intestinal and nasal mucosa, and Sharma
et al., who revealed reduced VIP innervation around the epithelium and alveolar wall of
CF patients (Sharma et al., 1995; Wattchow et al., 1988). However, none of these studies
investigated if VIP neural deficiency was related or not to a progressed disease stage and

what was the impact of reduced VIP release in CF disease progression.
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Unfortunately, despite the tremendous progress in diagnosis and therapeutic options
during the last two decades, that have significantly improved the management of CF
patients and consequently increased survival rate, nervous system defects are poorly
studied in the CF literature. Most of the knowledge we have today is from the early 1980s,
before the discovery of the CFTR gene, when scientists trying to better understand the
CF disease pathophysiology had highlighted a connection between defects in the nervous
system and the disease (Heinz-Erian et al., 1985; O’riordan et al., 1995.; Savage et al.,
1990). Nowadays, most of the research attention is drawn to modern biological and
pharmacological strategies, gene engineering methods and new drugs while the nervous
system defects remain a challenge to delineate (Rey et al., 2019). Consequently, this
study shed light on questions that had remained unanswered for more than thirty years.
We demonstrated that the reduced VIP amount observed in CF exocrine tissues is an
early onset of CF disease, present before the disease has progressed and not related to
tissue damage. Our study demonstrated reduced VIP content in exocrine tissues, yet
examining VIP receptor expression would add more knowledge regarding the impact of
VIP reduction. VIP receptor expression were not evaluated in our studies. As the
therapeutic potential of VIP for other diseases has already been reported, determining
VIP receptors expression in CF tissue should be further considered in future studies,
aiming to a tissue specific treatment with VIP receptor agonist molecules. Previous data
from the Chappe lab demonstrated that pathological signs of disease in lungs
(inflammation/infiltration) and duodenum of VIP-KO mice (morphological intestinal

alterations and goblet cell hyperplasia) that presented CF-like disease symptoms, were
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corrected after VIP treatment, demonstrating the critical role of VIP to maintain tissue
morphology and CFTR function. VPAC1 and VPAC2 receptors were found to be over-
expressed in VIP-KO mice (Alcolado et al., 2014).

To explore if this VIP deficiency was due to neuronal defect or VIP peptide biosynthesis,
we further examined intrinsic VIPergic innervation in the duodenum of young
homozygous F508del mice that had minimal pathological signs of disease. Most
importantly, we investigated for the first time whether the general intrinsic nervous
system of the small intestine remained intact in CF or if only neurons co-expressing VIP
and acetylcholine were affected.

The small intestine is innervated by the enteric and central nervous systems containing
motor neurons, interneurons, intrinsic primary afferent neurons and
secretomotor/vasomotor neurons (Furness, 2000). VIP and ACh descending interneurons
play a significant role in the intestinal motility along with having secretomotor effects
moderating most of the local reflex reactions (Furness, 2000). We demonstrated that the
dense VIPergic continuous network of the duodenum was highly disrupted in CF mice
tissues, compared to wild-type. VIP-containing nerve fibers of the mucosa and myenteric
plexus layers of the duodenum of CF mice had a lower level of aggregation, lower density
and in some areas, VIPergic innervation was sparse. It is worth mentioning that the
mucosa and myenteric layers are characterized by a high density of VIPergic neurons in
healthy intestinal tissues. Additionally, we showed that the cholinergic network, on the
same animals, was significantly reduced at both mucosal and myenteric plexus layers.

This finding supported previous data in the field indicating that the functional synergy of
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VIP and ACh for gland secretion is lost in CF (lanowski et al., 2007; Jae et al., 2007).
Moreover, given that the small intestine, and especially the duodenum, expresses the
highest density of CFTR proteins. Lastly, we revealed that general intrinsic neuronal
innervation of the duodenum was altered in CF, and this alteration cannot be attributed
to tissue damage induced by disease progression.

Altogether, these data add valuable knowledge to the field, elucidating the question of
early neuronal changes as a primary defect, while neuronal abnormalities are observed
when disease has not progressed yet. It would be interesting to examine if neural
network restoration in these tissues is achieved after prolonged treatment with
exogenous VIP when added very early, eventually during embryonic development.
Defective fluid secretion which is a primary defect in CF, is mainly controlled by the
parasympathetic nervous system, while the sympathetic innervation has only a minor
input (Widdicombe et al.,, 2015; Wine, 2007). A study from Nedvetsky et al. (2014)
described the critical role of parasympathetic nerves in the tubulogenesis of the
developing salivary glands and the role of VIP innervation and CFTR in lumen expansion,
in mice (Nedvetsky et al., 2014). Salivary glands are well studied in CF for their secretory
components and defects (Dhooghe et al., 2015; Goncalves et al., 2013). Future
investigation of the VIP innervation of salivary glands either in CF patients or animal
models would add valuable information about gland neural defects in the CF disease. A
study from Pan et al. (2006) demonstrated that the dense intrinsic innervation network
of airway smooth muscle and nerve endings were highly reduced in CFTR knockout mice

(Pan et al., 2006). Importantly, the authors reported that this deficient innervation starts
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in utero during lung development and continues postnatally, proposing that neural
abnormalities in absence of CFTR could impact the airway structure, function and
innervation.

CFTR expression has been described in immature cells during embryonic development of
human brain, lungs, intestine and male reproductive track (Harris et al., 1991;
Marcorelles et al., 2007, 2012, 2014; Tizzano et al., 1993). Marcorelles et al. (2014)
examined CFTR expression in the human brain during developmental stage in specimen
from individuals with wildtype CFTR and from individuals with CF. In wildtype specimens
they found a widespread CFTR distribution that had a specific expression pattern, initially
observed in infratenporial brain areas and lastly in the cerebral cortex (Marcorelles et al.,
2014). In CF specimens however, the CFTR distribution was different based on the brain
structure or the stage of the cell maturity (Marcorelles et al., 2014). A study from
Reznikov et al. (2013), which to our knowledge is the only one that examined the
innervation in CF pig models, reported CFTR expression in Schwann cells that have a
significant role in the survival and neuronal function, producing the myelin sheath around
neuronal axons. CFTR null piglets showed structural myelin sheath alterations and
increased expression of myelin gene which in turn caused decrease of axonal myelin
density (Reznikov et al., 2013). These findings clarified the significance of CFTR absence
in peripheral nervous system and that, indeed, neural changes happen before disease
progression as our research demonstrated in homozygous F508del mice.

It is important to understand the altered neuronal activity that could contribute to the

main CF disease manifestations: airways and intestinal obstruction. Also, what is the
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effect of CFTR potentiators and correctors in the nervous system, do the neural
abnormalities in CF start in utero and what is the impact of these treatments during
pregnancy to the fetus and its nervous system etc. are some intriguing questions that
remain unanswered.

During our study, we found that VIP content was highly reduced in both endocrine and
exocrine pancreas of young (8-weeks) and older (17-weeks) homozygous F508del mice.
CF-related diabetes is a common complication in CF affecting nearly 50% of adult CF
patients. While having a complex etiology, its pathophysiology remains unclear. This
emphasizes the necessity for a deeper and better understanding of this condition. CFRD
shares characteristics of both T1D and T2D diabetes but it is considered as a distinct
entity. Patients with severe CFTR mutations, especially the F508del, are more prone to
develop CFRD. Beta cell dysfunction contributes to CFRD which then leads to reduced
insulin secretion, elevated glucagon levels and abnormal glucose tolerance. Additional
characteristics of CFRD are islets inflammation, islets amyloid deposition, reduced islet
mass and exocrine pancreatic dysfunction (Edlund et al., 2017; Huang et al., 2017; Kelsey
et al.,, 2019; Norris et al., 2019). Nonetheless, the beta cell failure in CFRD is not
considered sufficient to directly cause CFRD, as approximately 50% of the beta cell mass
is preserved in CFRD patients (Norris et al., 2019; Sun et al., 2017). Interestingly, research
indicates that this remaining beta cell number should be able to prevent CFRD (Norris,
2019; Norris et al., 2019). Accordingly, there has been a lot of debate regarding the main
reasons of the beta cell dysfunction, and if there is an additional beta cell defect involved

in the impaired insulin secretion. Three different hypotheses have been discussed and
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described in the literature in regard to CFRD pathogenesis: (1) CFRD may results from
islet loss and inflammation leading to reduced beta cell growth, (2) expression of
dysfunctional CFTR in the beta cells may lead to beta cell failure through intrinsic
mechanisms that are CFTR-dependent, (3) loss of the CFTR from the exocrine pancreas,
which is the main site for CFTR expression, causes cystic dilation and exocrine pancreas
inflammation that may influence all the parts of the pancreas and therefore, cause beta
cell loss through a paracrine mechanism (Bogdani et al., 2017; Hart et al., 2018; Norris et
al., 2019; Sun et al., 2017).

The goal of our study was not to decipher these hypotheses, but rather determine if the
homozygous F508del mouse model used in our study developed signs of CFRD in reduced
expression of VIP. We hypothesized that since glucose-induced insulin secretion and
glucagon, two key hormones in CFRD pathogenesis, are elevated by VIP, with reduced
VIP secretion these mice may develop signs of CFRD. VIP is known to amplify glucose-
dependent insulin secretion through parasympathetic activation of the vagal nerve, and
coupling to VPAC2 receptor, highly expressed in the pancreatic islets (Sanlioglu et al.,
2012). Together with low VIP expression in the pancreas of 8- and 17-week-old CF mice,
our data showed reduced insulin secretion in both ages. Also, immunofluorescence
guantification demonstrated statistically significant increased glucagon expression in the
younger and older age of CF mice. The mechanism of glucagon release from pancreatic
alpha cells in CFRD remains unclear as it is an understudied area. There is some intense
controversy in the field about the role of CFTR in glucagon secretion. A few publications

support that CFTR is expressed in alpha cells and in presence of glucose it hyperpolarizes
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the membrane potential by potentiating adenosine triphosphate—sensitive K* (Katp)
channel activity. CFTR inhibition would thus result in depolarization of alpha cells,
contributing to elevated glucagon release in both human and rodent islets (Boom et al.,
2007; Edlund et al., 2017; Huang et al., 2017). However, the mechanism of how CFTR
potentiates the Katp channel is not known yet. This is in contrast to a study by Sun et al.
(2017) in newborn ferret pancreas revealing the presence of CFTR mRNA in the exocrine
ductal cells but not in the B- cells, a-cells, PP cells and 6-cells of the endocrine pancreas
(Sun et al.,, 2017). Similarly, Hart et al. (2018) reasserted that CFTR mRNA is too low in
CFRD human islets and that CFTR protein is not detectable in endocrine cells, suggesting
that CFRD is mainly caused by inflammation. Despite the significance of this study, one
of its limitations, as reported by the authors, was that they used CF human islets from
severely diseased patients that had been under many medications for a long period of
time (Hart et al., 2018).

In our study, we demonstrated elevated glucagon levels in young homozygous F508del
mice (8 — 9 weeks), as was previously shown by Huang et al. (2017) (Huang et al., 2017;),
in older CF mice (17-weeks ) and in CF pigs (Uc et al., 2015). While the knowledge about
glucagon secretion is very controversial, future quantitative methods (e.g. western blot
method or mRNA levels) would further establish our results and resolve some dissension
in the CFRD field.

Another significant parameter to consider for future experiments is the role of incretins
(C-peptide, GLP-1, GIP) and their correlation with insulin deficiency and glucagon

increase in presence of low VIP expression. GLP-1 is the most potent stimulator of
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glucose-dependent insulin augmentation and glucagon inhibitor secretion (Ahrén et al.,
2003; Sanlioglu et al., 2012). Also, GLP-1 receptor agonists (e.g. Exenatide) have recently
been approved for the treatment of T2D (Hinnen, 2017). However, for the CFRD
pathophysiology, the incretin-based potential therapy remains unclear. A recent small
study from Geyer et at. (2019) reported that Exenatide improved postprandial
hyperglycaemia in young CF patients with abnormal glucose levels. Nonetheless,
Exenatide effects on gastric emptying were slower (Geyer et al., 2019). Given these
uncertainties, more research is needed to elucidate if insulin reduction is due to reduced
VIP secretion or due to abnormal incretin hormones, before we propose with confidence
that VIP deficiency account for CFRD development. Measuring the GLP-1 levels in CF
mouse model treated with the long-lasting VIP molecules that binds to the VPAC2
receptor, highly expressed on the islets, would allow us to investigate insulin levels after
the treatment. To compare the levels of insulin restoration, we could also treat CF mice
with GLP-1 receptor agonists (e.g. Exenatide) and compare insulin secretion after VIP and
Exenatide treatment.

One of the hypotheses for CFRD pathogenesis is the important role of inflammation,
either in the exocrine pancreas, affecting the pancreatic duct branches interconnected
with the endocrine pancreas and indirectly leading to reduced beta cell growth and
insulin deficiency, or the islet inflammation directly. As VIP has strong anti-inflammatory
potentials, VIP treatment would reduce both exocrine and endocrine inflammation.
Therefore, treatment with VIP and measurement of inflammatory factors (IL-1pB, IL-6,

TNFa etc.), as well as insulin, glucose and glucagon levels, would contribute to a better
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evaluation of the role of VIP in CFRD condition.

VIPergic nerve fibers control fluid and bicarbonate secretion, as was shown in pig
pancreas (Holst et al., 1984). Strong reduction of the VIP amount was shown to be due
to neuronal damage in the duodenum of CF mice. In the pancreas, VIPergic intrinsic
nerves and fibers are widely distributed in the endocrine pancreas, playing a significant
role in the regulation of the islet hormonal secretion. Consequently, reduced VIPergic
innervation explains the reduced VIP amount measured in the pancreas of both young
and older CF mice, accounting for, at least in part, the insulin reduction. PGP 9.5 staining,
a general neuronal marker, identified neuronal fibers inside the islets and mostly
surrounding the islet area. In the exocrine pancreas PGP 9.5 signal was identified in
between ducts and within the walls of blood vessels. In the CF pancreas the innervation
around the islets was significantly reduced in both 8- and 17-weeks CF mice, and the
exocrine pancreas was characterized with lower density of neural fibers that appeared
discontinued in areas compared to wild-type tissues. These data are in agreement with
the disrupted general innervation that we demonstrated in the small intestine of CF mice.
Lastly, in our study we found elevated random plasma glucose levels in the 8-weeks CF
mice. Despite the fact that random blood glucose concentrations >11mmol/L can be used
to diagnose CFRD initiation, the recommended standard screening method is the 2-hour
oral glucose tolerance test (OGTT >11mmol/L) (Boudreau et al.,, 2016). Future

measurement of OGTT would affirm our results.
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CONCLUSION

Almost 30 years after the discovery of CFTR gene, despite the important progress at the
molecular and cellular level, there are still under studied topics, and one of them is the
nervous system. Neural abnormalities in CF patients have been reported through the
years and CFTR has been described in central and peripheral nervous systems. While
most of the research is center on how to cure the basic CFTR defects in CF disease with
restoration of the CFTR chloride channel function, the dysfunctional nervous system and
how it affects the disease progression is yet a thirst for knowledge.

In our research, we demonstrated that the VIP deficiency and sparse VIPergic innervation
around the exocrine organs is not attributed to disease development and to tissue
damage but to a general disruption of the intrinsic innervation network. Moreover, this
study was the first to show that nerves co-expressing VIP and acetylcholine are reduced
in density, explaining partially the loss of functional synergy in the regulation of fluid
secretion, which is the main hallmark of CF disease. Furthermore, we investigated the
role of VIP in the CF pancreas. Our data indicated low levels of VIP due to reduced
innervation of the CF pancreas, starting at an early disease stage, which in consequence
contributes to changes in insulin and glucagon secretion that can lead to CFRD disease
development. Since CF is a multifactorial disorder, the autonomic nervous system should
be considered as an additional system affected in CF, which should be further assessed

and examined in depth in future research.
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THESIS LIMITATIONS

Despite the high contribution of this study to the CF field, there were a few limitations
that are worth mentioning. Different mouse models and background strains are used in
CF research, accounting for the various techniques by which they were generated.
Pathogen exposure compared to pathogen-free studies, and the husbandry conditions
before evaluating the disease progression can have a significant impact on the research
results. Moreover, the presence of a non-CFTR calcium-activated Cl- channel (CACC) in
parallel with CFTR in both the lungs and pancreas of mice can account for differences in
resistance to bacteria, and perhaps explaining the mild-phenotype reported in studies of
murine pancreatic pathology (Semaniakou et al., 2019). In the CF mouse model used in
this study, the lungs, intestine and pancreas of the 17-week-old animals exhibited many
pathophysiological signs that are characteristic of CF in humans. Eventhough we could

only successfully maintain 3 mice up to that age, this is very significant

In the CF literature, 3 to5 CF mice are considered a reasonable number for conducting
experiments due to the complexity of maintaining them healthy long enough, and our
success with 17-week-old animals is very unique. Nevertheless, additional mice in this

age group would make these findings even stronger.

VIP expression based on IHC is a semi-quantitative method which uses an arbitrary
scoring system of DAB signal intensity, evaluated by two independent and blinded

investigators. As this scoring system is based on visual observations it is an estimation of
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the VIP expression level. Data were confirmed by quantitative ELISA and could be further

evaluated by qt-RT-PCR or other more elaborated molecular methods if needed.

Extensive tissue damage was observed in the duodenum of 17-week-old CF mice. Our
measurements of pathological signs are thus an underestimation of the disease

progression as only semi-intact areas could be used to measure villi.

Multiple scoring systems and scales exist for lung disease evaluation. The scoring method
used in this thesis was based on a publication by Bayes et al. (2016). This scoring was

thought to be well representative of chronic lung diseases such as CF.
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