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Abstract

Cystic Fibrosis (CF) is an autosomal recessive genetic disorder, caused by mutations in the CF
Transmembrane Conductance Regulator (CFTR) gene, which encodes an ion channel protein that
conducts chloride ions, bicarbonate, and regulates the function of other channels. This CFTR protein,
when defective, results in excessive pulmonary and systemic inflammation, recurring bacterial
infections and progressive lung disease. Autophagy is an essential cellular process by which damaged
organelles, as well as misfolded and aggregated proteins, are cleared from the cell. This mechanism is
postulated to be defective in CF, as a result of the mutated AF508 CFTR protein; however, the current

model as to how autophagy is dysregulated remains a subject of debate.

In this thesis | have investigated the state of the autophagy-lysosomal axis in CF, using human
bronchial epithelial cell lines (HBECs), as well as monocytes and M1 macrophages from patients with
homozygous AF508 CFTR mutations. | have also examined the effects of currently available CFTR
modulators on modifying this axis. The state of mitochondria was also investigated to establish if
dysregulated autophagy leads to an accumulation of damaged mitochondria, thereby exacerbating
the NLRP3 inflammasome-driven inflammatory phenotype in CF. The impact of this dysregulation on

metabolism was also investigated.

This study found autophagy to be dysregulated in cells with CF mutations. In CF HBECs, there
was an increased turnover of autophagy markers in HBECs homozygous for AF508 CFTR. CF monocytes
and M1 macrophages, however, showed an increase in a ubiquitin binding protein, p62, with no
clearance of the protein via autophagy, but normal clearance of autophagosomes. CFTR modulators,
Symdeko and ivacaftor, failed to show an improvement in autophagic function in all cell types. CF
monocytes were found to have damaged and damage-prone mitochondria, as well as having an
increased metabolic profile. These studies suggest that autophagy is dysregulated in cells that are
homozygous for AF508 CFTR, and that the mitochondria in these cells are more prone to damage, with

an increased metabolic profile.
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Chapter 1.0 — Introduction

1.1 Cystic Fibrosis

Cystic Fibrosis (CF), is one of the most common life-limiting recessive genetic disorders in
Caucasians, affecting 1 in 2500 people of European descent. A total of 70,000 people are affected
worldwide, with a large variation in disease prevalence between different ethnic groups [1]. CF results
from mutations of the CFTR gene, located on the long arm of chromosome 7, which codes for the CFTR
protein, a 1480 amino acid polypeptide [2-5]. Since the localisation of the CF locus to human
chromosome 7cen-g22 in 1985 [6], and the discovery of the mutated CFTR gene in 1989 [2, 3, 5], over
2000 mutations have been identified. At least 1500 of these mutations are associated with the CF
phenotype [7], the most common mutation being the AF508, which occurs in 70 - 90% of CF cases in
a European population [8]. CF-associated mutations are split into seven distinct categories [9], based
on the various mechanisms by which they disrupt the synthesis, trafficking and function of CFTR, with
associated pathology (Table 1.1). The most common mutation, AF508, results from the deletion of
three nucleotides leading to the deletion of a phenylalanine (F) residue at position 508, and impaired
folding of the CFTR protein [2]. However, due to the wide variation in disease phenotype in patients
with homozygous AF508, the link between disease severity and the different CFTR mutation
categories has been difficult to establish [10, 11], and both epigenetic and environmental factors have

been suggested to play a role [12-14].

Class Example Mutation Molecular impairment Cell line

| W1282X CFTR not synthesised IB3-1

1] AF508 Faulty protein processing CuFi-1, CFNPE140-
1 G551D, R117H Faulty channel function CuFi-4, CFBE450-
v R347H, R117H Altered conductance CFBE450-

\Y 621+1G>T, R117H Faulty splicing CFBE450-

Vi S1455X, AF508 Reduced stability CuFi-1, CFNPE140-
Vi Dele2,3(21kB), 1717-1G No mRNA, no protein Complete knockout

Table 1.1 — CFTR classification based on molecular impairment. The mutations shown are put into classes based on what
molecular impairment they cause in the CFTR protein. Many mutations have more than one class of action. Also showing
what cell line is available for each class of mutation, with some mutations resulting in two or more molecular impairments
[9, 15].
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As the CFTR protein is primarily found on the apical membrane of epithelial cells of the
respiratory tract, gastrointestinal tract, reproductive organs and the sweat ducts, its mutated form
results in a multisystem disease affecting many organs, but lung disease remains the most common
cause of morbidity and mortality [16]. The condition is characterised by progressive lung involvement
with bronchiectasis, airflow obstruction, recurrent bacterial infections, and a heightened
inflammatory response, as demonstrated by increased levels of cytokines in the sputum, bronchial
alveolar lavage fluid (BALF) and lungs of patients with CF [17]. There is a wide range of other
pathological phenotypes, as a result of the CFTR being expressed on such a broad range of cells;
disease phenotypes include pancreatic insufficiency, malabsorption, malnutrition, CF related
diabetes, bowel obstruction, and male infertility [15]. Defective CFTR largely affects the function of
epithelial tissues, where the protein is highly expressed, predominantly on the apical membrane of
epithelial and secretory cells, such as human bronchial epithelial cells (HBECs) and luminal cells of the
intestine and pancreas [2]. CFTR protein is also expressed on a range of other cell types, such as
monocytes, lymphocytes [18] and neurons [19].

CFTR is a membrane-spanning protein, expressed on the apical side of epithelial cells, and is
the only ion channel to be a member of the adenosine triphosphate (ATP)-binding cassette (ABC)
family of proteins, containing a regulatory (R) domain that is actively phosphorylated by protein kinase
A (PKA) [20-22] (Figure 1.1). Once PKA has phosphorylated the R domain, this allows the nuclear
binding domains (NBDs) to interact with ATP, leading to a conformational change in the
transmembrane domains (TMDs), which results in the channel opening with efflux of CI', bicarbonate
(HCO3') ions and glutathione (GSH). The CFTR is also able to sense ClI" concentration, regulating its own
activity, as increased Cl concentration in the luminal space leads to a reduction in the ATPase activity
of the CFTR [23]. The AF508 mutation occurs within a key region of NBD1, destabilising the domain,
distorting the inter-domain assembly and, therefore, the communication of the transmembrane

domains necessary for channel opening [24, 25]. The mutated CFTR protein is marked for degradation
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in the proteasome and following proteasome overload, a limited amount of CFTR protein, with

defective gating and stability, reaches the plasma membrane [26].

(A)
o T,
(B)

Bronchial T™D1
lumen

View from above CFTR

Cytosol

Figure 1.1 — (A) Linear structure of the cystic fibrosis conductance regulator (CFTR). From N to C terminal,
transmembrane domain (TMD)1, nuclear binding domain (NBD)1, regulatory (R) domain, TMD2 and NBD2. (B)
Structure of the CFTR ion channel. The ion channel consists of 2 membrane spanning domains, TMD1 and TMD?2,
each domain is split in to 3 regions of 2 subunits, each domain being connected to a NBD as well as the R domain.
When the R domain is phosphorylated by protein kinase A and ATP binds to the NBDs, the channel opens,
allowing the transport of mainly Cl-but also HCOs and GSH out of the cell. Adapted from Ratjen et al 2015 [15].
Figure produced using Smart Servier Medical Art.

Defective or absent CFTR results in diminished, CI" ion efflux and reduced inhibition of the
epithelial sodium channel (ENaC), resulting in increased Na* influx [27, 28]. This increase in Na* flux
across the apical to basolateral membranes results in increased water absorption, reduced airway
surface liquid (ASL), increased sputum viscosity and impaired mucociliary clearance (Figure 1.2) [29].
The importance of the ENaC channel in CF pathology is demonstrated by studies in a CF mouse model
where overexpression of the B-ENaC chain results in a CF-like lung phenotype [30]. The lack of HCO5’

and GSH secretion also plays a role in the pathology, as it leads to an increase in the acidity of the ASL.
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The reduction in pH can reduce cilia beat frequency [31], and impair bacterial killing, via phagocytic
cells [32], and defective defensins, a highly pH-sensitive protein [33].

In healthy individuals, the layer of ASL and mucus serves as an essential barrier against
pathogens and other environmental stimuli, such as dust, pollen and pollution. The mucus traps
pathogens and foreign particles which are then removed by the mucociliary escalator, which propels
mucus up out of the lungs and into the pharynx where it can be swallowed. However, in the CF lung,
the combination of ASL dehydration and abnormal thick mucus results in defective mucociliary
clearance and a predisposition to acute and chronic bacterial infections. Infection also triggers an
abnormal immune response which results in hyperinflammation and tissue damage (Figure 1.2). These
recurrent opportunistic infections are caused by a range of microbes, the most common being

Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus), Haemophilus influenzae,

Healthy Bronchial Epithelial Cell |  CF Bronchial Epithelial Cell

. Bacterial clearance |
g | Dehydrated ASL

Healthy AS\L\ o e .
Bacterial infection

CFTR moves
to membrane

Nucleus

~¥ Endoplasmic
Reticulum

Figure 1.2 — Pathophysiology of Cystic Fibrosis (CF) human bronchial epithelial cells (HBECs). In healthy
cells, after the CFTR is transcribed and translated, it undergoes post-translational modifications in the
endoplasmic reticulum (ER), after which it is transported to the cellular membrane to facilitate the efflux of
Cl, GSH and HCOs" into the extracellular space. This maintains the airway surface liquid (ASL) height and
reduces its viscosity, aiding in bacterial clearance via the mucociliary elevator and allowing appropriate
immune cell migration. However, in CF the class Il mutated CFTR (the focus of this thesis) is either retained
in the ER, forms aggregates in the cytosol, or moves to the cell membrane where it is unable to facilitate
efflux. This leads to a dehydrated ASL and impaired immune response, providing an optimum environment
for infection by various pathogens. Figure produced using Smart Servier Medical Art.
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Burkholderia cepacia (B. cepacia) complex and Stenotrophomonas maltophilia (S. maltophilia) [34].
Fungi such as Aspergillus fumigatus (A. fumigatus) and viruses such as rhinovirus are also associated
with pulmonary exacerbations and clinical deterioration [35, 36].

In addition to ENaC, the CFTR protein also acts as a regulator of other ion channels, including
Cl- exchangers and other CI channels, such as anoctamin 1 (Ca* dependent CI- channel) [37]. Cell
surface retention of the CFTR is also regulated by cytosolic Ca?*, as an increase in Ca® results in a
decrease in CFTR conductance as well as membrane expression [38]. Other secondary functions
include, aiding phagocytosis by immune cells [39, 40], and acting as a receptor for pathogens to enter
the cell, such as Salmonella typhi (S. typhi) in the intestine [41], Chlamydia trachomatis (C.

trachomatis) [42], and P. aeruginosa [43].

1.1.1 CFTR protein folding and trafficking

The CFTR, once translated into a peptide, follows the protein trafficking pathway in a similar
fashion to other plasma membrane (PM) proteins, encountering a number of quality control
checkpoints, which ensure the protein is in its native conformation [44]. The first checkpoint is on the
ER membrane, where the newly translated polypeptide CFTR is inserted through the ER membrane
translocon (Sec61 complex) by the use of the signal recognition particle receptor [45]. The CFTR’s core
is then glycosylated at Asn894 and Asn900 amino acid residues [46], the lectin/chaperone calnexin
assesses whether the glycosylation was successful, and calreticulin is then used to examine its
conformation, to ensure its proper folding. The heat shock proteins (Hsp), Hsp40, Hsp70 and Hsp90,
play vital roles in the quality control process for protein folding, and have recently been shown to act
as a ‘chaperone trap’ and associate with the AF508 CFTR but not wild type (WT) CFTR [47]. This is
due to varying binding affinity, as the exposed hydrophobic residues on the AF508 CFTR surface allow
for stronger binding [48].

After post-translational modifications at the ER, the CFTR is transported to the Golgi complex,

a point where AF508 CFTR is not able to proceed, due to its ER retention motifs, consisting of four
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arginine-framed tripeptides, which keep the AF508 CFTR at the ER membrane. The WT CFTR does not
have this retention motif exposed; however, the protein also requires the presence of a di-acidic code
(DAD) motif, located on NBD1, which acts as a positive signal for the CFTR to be moved to the Golgi
complex [49]. Once at the Golgi, the protein moves through the complex by a number of Golgi
glycosyltransferases, developing the CFTR into its fully mature form [50]. The largest branch of the Ras
superfamily, Rab GTPase [51], plays a vital role in the final step of delivering the mature CFTR to the
PM. The mature CFTR then exits the Golgi complex in vesicles, which are transported along actin
cytoskeleton fibres to the PM, a process facilitated by myosin Vb and controlled by Rab11 [52];
however, in AF508/AF508, the faulty CFTR is largely retained in the ER. Any mutated CFTR that does
make it to the PM is marked for endocytosis via ubiquitination, as the incorrectly folded CFTR is bound
by chaperones, for prolonged periods of time, prior to being endocytosed [44]. Peptide fragments,
which are proteolytically cleaved from the AF508 CFTR, whilst it is being transported to the cell
membrane, trigger the overactivation of the multifunctional enzyme, casein kinase (CK)2. CK2, in its
overactive state, then phosphorylates the CFTR at position Threonine 1471, destabilising it further and

causing it to fragment [53].

1.1.2 CFTR therapeutics

Several medical therapies are available to treat lung disease in patients with CF, and these are
largely focused on preventing and controlling symptoms rather than treating the underlying
pathophysiology. These include hypertonic saline to improve mucociliary clearance, anti-
inflammatory agents, such as low dose macrolide antibiotics and high dose ibuprofen, inhaled
antibiotics to reduce bacterial exacerbations, and dornase alfa (pulmozyme), which reduce mucus
viscosity [15].

Due to a number of recent breakthroughs in the understanding of the transport and folding
of CFTR, new small molecule therapies have come to market that target different cellular mechanisms,

to either improve the function of the channel (potentiators) or to facilitate the transport of the CFTR
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to the membrane (correctors). The CFTR potentiator, ivacaftor (VX-770), was the first highly effective
CFTR modulator to become available for the treatment of CF. The drug acts by binding to NBD1 and
NBD2 and forcing the channel to open; because it is a potentiator, it can only work on gating and
residual functioning mutations, where the CFTR protein is expressed on the cell membrane but is
functionally abnormal [54]. Due to its proven safety and efficacy, ivacaftor has been approved for use
in most countries for patients with the class Ill mutations, including G551D and residual function
variants such as Arg117His-CFTR [55, 56]. The combination of ivacaftor with the corrector lumacaftor
(VX-809) is available in some countries as the combination pharmaceutical drug, Orkambi, for patients
with class Il mutations, with demonstrated improvements in lung function but with a higher rate of
drug intolerance [57-60]. Tezacaftor (VX-661) is a newer CFTR corrector which when combined with
ivacaftor (brand name Symdeko) has similar efficacy to Orkambi but with fewer side effects and
different anti-inflammatory properties [61-63]. More recently, two new modulators have been
developed, VX-659 and elexacaftor (VX-445); both have separately been combined with
tezacaftor/ivacaftor to form a triple therapy, which has recently been tested in Phase llI clinical trials
[64, 65]. The elexacaftor combination has recently been approved for use in the USA under the brand
name Trikafta, and is considered a significant step forward in the treatment of CF, as it has been shown
to be highly efficacious and has the potential to effectively treat up to 90% of patients, including
patients who are either heterozygous or homozygous for the AF508 mutation [64, 65]. The initial
results from Phase lll clinical trials have shown that triple therapy is significantly more efficacious than
double therapy at increasing lung function and weight, reducing pulmonary exacerbations and
downregulating sweat Cl" [64]. Some rare CFTR mutations, such as R560S, show no improvement in
function with any of the current CFTR modulators [66].

Other triple combinations, such as the use of pharmacological chaperones, lumacaftor,
MCG1516A and RDR1 in combination have also been investigated, and have demonstrated better

CFTR recovery than lumacaftor on its own [67].
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1.2 Inflammation in CF

CFTR is expressed in various immune cells [68-78], and when defective, as in CF, results in an
abnormal immune response. The innate immune system is hyperactive in CF, leading to an excessive
inflammatory state persisting from a young age; however, the debate as to whether infection is
required for airway inflammation in CF is still ongoing. The dysregulation of the self-degradative
process called autophagy [79], an irregular unfolded protein response (UPR) [80] and a hyperactive
NLRP3 inflammasome [28] have both been shown to lead to an inflammatory state in CF, due to the
lack of function and associated accumulation of mutated CFTR. Neutrophil-driven inflammation has
also been shown in CF lungs, in the absence of infection [81], and a recent animal model study has
indicated that the abnormalities present in the mucus layer, similar to those found in CF, can be
inflammatory in nature in the absence of infection [82]. Despite this ongoing debate, it is well
established that the CF lung is hyperresponsive to inflammatory stimulus, such as infection, pollution,
dust etc., thereby leading to a chronic inflammatory state.

The presence of high levels of inflammatory cytokines and chemokines in the lungs, sputum,
BALF and serum of patients with CF is well established; the cytokines and chemokines include
interleukins (IL)-1B, IL-6, IL-8, IL-17, IL-33, tumour necrosis factor (TNF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), G-CSF and high mobility group box 1 (HMGB-1) protein [83-85].
Furthermore, the inflammatory marker, soluble triggering receptor expressed on myeloid cells
(sTREM)-1, which is expressed on neutrophils, monocytes, macrophages and endothelial cells, and
acts by enhancing Toll-like receptor (TLR) signalling pathways [86], has been reported to be raised in
CF [87, 88]. The expression of both matrix metalloproteinase (MMP)-8 and MMP-9, which cleave
TREM-1 to form sTREM-1, were also found to positively correlate with increased sSTREM-1 expression
[87]. In addition to this, levels of anti-inflammatory/pro-resolution molecules, such as IL-10, lipoxin-
A4 (LXA4) and nitric oxide (NO) have all been shown to be reduced in CF BALF [83, 89, 90]. This increase
in inflammatory cytokines results in chronic inflammation; for example, the increase in GM-CSF both

inhibits apoptosis of neutrophils as well as their clearance from the lungs [91], whereas the deficiency
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of anti-inflammatory/pro-resolution molecules allows inflammation to persist, as for example, IL-10
would normally inhibit production of inflammatory transcription factors, and thus, the associated
cytokines, and induce neutrophil apoptosis [83].

Once an infection is present in the CF lung, innate immune cells, such as neutrophils and
macrophages, migrate to the site of infection, as part of an excessive inflammatory response.
Neutrophils are responsible for the earliest innate immune response to infection and play a significant
role in the inflammatory phenotype of the CF lung [92]. In addition high levels of the chemokine, IL-8,
attracts an excessive neutrophil infiltration of the lungs [93]. As neutrophils come into contact with
the pathogen, they release toxic oxidants, such as hydrogen peroxide (H202) and hypochlorous acid
(HOCI), to kill the microbes, with subsequent removal of dying cells by efferocytosis, the process by
which apoptotic cells are removed by phagocytic cells. They also release DNA fibres with antimicrobial
proteins attached, forming neutrophil extracellular traps (NETs). These act in a bactericidal way to
remove the pathogen; however, in CF, excessive NET formation may lead to a non-resolving cycle of
inflammation [94]. Chronic neutrophilic inflammation in CF is also characterised by the production of
factors that greatly reduce ASL height, thereby exacerbating airway dehydration [95]. The imbalance
between some of these factors, such as elastase, neutrophilic protease enzymes and their regulatory
counterbalancing factors, anti-proteases, leads to severe tissue damage, as the removal of apoptotic
cells becomes impaired. This damage occurs as apoptotic recognition receptors on phagocytes, such
as the phosphotidylserine receptor, are cleaved by elastase [96]. An animal model study, in 2014 [97],
examined the ability of CFTR” mice to clear bacterial infections, and found that despite the
neutrophilic influx and release of bactericidal elements, the infection still persisted. The complement
system, another important component of innate immunity related to neutrophils, has also been
shown to be dysregulated in CF [98]. The C3b receptor, CR1, which should be upregulated after
neutrophils are activated at the site of infection, is proteolytically cleaved in situ, interfering with
effective phagocytosis, and, therefore, stunting the ability of the innate immune system to remove

pathogens [98]. Neutrophils in CF also demonstrate high levels of adherence to airway epithelia, which
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is associated with raised levels of IL-6 and IL-8, contributing to the chronic inflammation found in the
CF lung [99]. Neutrophils have also been shown to have delayed apoptosis, which contributes to
overproduction of NETs and the resulting tissue damage [100].

Monocytes are essential to a functioning immune system; they originate in the bone marrow,
are capable of phagocytosing invading pathogens, secreting cytokines, and also, have the potential to
differentiate into either one of the main antigen-presenting cells, macrophages and dendritic cells. In
CF, however, monocytes have been shown to be dysregulated, with abnormal expression of genes
and receptors [101], such as TLR4 [102], as well as a heightened inflammatory response to
lipopolysaccharide (LPS) with excessive secretion of IL-6 and TNF [103, 104], and LPS and ATP
challenge with caspase-1 activation, and IL-18 and IL-18 production [28]. Interestingly the CFTR
modulator, Symdeko has been shown to significantly reduce the levels of monocyte IL-1pB, IL-18 and
caspase-1 activation in patients over a period of 3 months, whereas Orkambi fails to lower IL-1B [63].
There have been some contradictory results published regarding the expression of surface markers
and signalling pathway proteins, with one study reporting a downregulation in the expression of CD14
and HLA-DR, along with impaired phagocytosis [105], and increased expression of IL-4Ra, IL-13Ral,
M-CSF, TLR4, TIMP-1 and Cox-2 [101], whereas another study has reported no difference in expression
of the cell surface marker and LPS receptor, CD14, as well as no difference in chemokine receptor
expression, except for CCL2, which is upregulated [106]. MicroRNAs, encoded by the X chromosome,
have been shown to be functionally increased in CF monocytes which are homozygous for AF508
compared to HC monocytes. miR-224-5p was the most upregulated, with its downstream target
SMAD family member 4 (SMAD4), which is required for endotoxin tolerance, being downregulated,
indicating a potential role in inflammation in CF [107]. The programmed death-ligand 1 (PD-L1)
plays a key role in the suppression of the adaptive immune arm of the immune system and has
been shown to be upregulated in monocytes in CF, leading to an impaired T cell response, with low
expression of HLA-DR upon infection with P. aeruginosa; the T cell response is recovered upon PD-

L1 inhibition [108].
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Monocytes from CF patients, with at least one G551D mutation, show increased expression
of the cell surface markers, receptor activator of nuclear factor kB (RANK), which is a member of the
TNF receptor family, and macrophage-colony stimulating factor receptor (M-CSFR); overexpression of
these markers was decreased after 9 and 12 months of ivacaftor treatment [109]. Another study using
patients’” monocytes with a G551D mutation with ivacaftor treatment showed the impact ivacaftor
has on the proteome over a period of 7 days, finding a reduction in inflammatory proteins induced by
interferon (IFN)y [110].

Macrophages play another key role in the innate immune response, clearing pathogens
through phagocytosis, and removing NETs and neutrophils themselves by a process called
efferocytosis. Macrophage targeting of pathogens and necrotic cells occurs through the engulfment
of the targeted pathogen or necrotic cell by the macrophage, encapsulated within a vacuole, the
vacuole then moves to and fuses with a lysosome for degradation. However, lysosomes in
macrophages in CF have been shown to be defective, as they are able to fuse with vacuoles but not
able to acidify its contents, resulting in exacerbation of lung inflammation [111, 112]. However, some
studies have failed to confirm the link between faulty CFTR and acidification [113, 114]. Another study
has also shown that macrophage phagocytic activity is not defective, despite the CFTR mutation,
although the number of surviving intracellular bacteria was greater in CF than in the healthy control
(HC) [73]. Macrophage TLR4 trafficking and degradation is defective in CF, which leads to
overactivation of nuclear factor-kappaB (NF-kB), MAPK and IRF-3 pathways and retention of TLR4,
when stimulated with LPS, and this results in an exaggerated inflammatory response to various stimuli
[115]. It has also recently been shown that the populations of M1 and M2 macrophages in the CF lung
are abnormal, as there is an increased number of macrophages of the more inflammatory M1
phenotype, with a reduced number of pro-resolution M2 macrophages present compared to HCs
[116]. The UPR response in alveolar macrophages in CF has also been shown to be dysregulated via
the upregulation of the IRE1a arm of the UPR, leading to excessive splicing of XBP-1 and heightened

TNF and IL-6 production [117]; this has also been replicated in monocytes and M1 macrophages [103].
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CF monocyte-derived macrophages have been shown to have differential reactions to the
addition of ivacaftor, or ivacaftor with lumacaftor, with increased CFTR expression and decreased
apoptosis. However, only ivacaftor, on its own, was able recover CF macrophage polarisation,
decrease inflammatory cytokine production, improve phagocytosis and reduce the bacterial burden
of P. aeruginosa [118]; this indicates, along with the clinical data involving lumacaftor, that lumacaftor
has some adverse off target effects.

Despite the large influx of innate immune cells to the site of infection in the CF lung, this
response fails to eradicate the invading microbes, which leads to excessive inflammation,
demonstrating that CF is essentially an innate immune disorder, due to the defective innate immune
cells.

Another part of the innate immune response, involving bronchial epithelial cells, plays a role
in the innate immune response to infection; however, in CF, the response to stimulation is excessive,
such as the disproportionate activation of NF-kB and the inappropriate processing of lkappaB-f (likB-
), resulting in excessive secretion of inflammatory cytokines [119, 120]. Excessive NF-kB activation
has been partly linked to Ca* in airway epithelial cells in CF [121, 122], and to a hyperinflammatory
response to infection [123]. Expression of the IL-8 chemokine, and also, the leukocyte adhesion
glycoprotein and intercellular adhesion molecule-1 (ICAM-1), is raised, promoting the migration and
occupation of the lungs by neutrophils [124]. This mechanism of a disproportionate response is
common among a number of autoinflammatory diseases of the lung, such as chronic obstructive
pulmonary disorder (COPD), pan-bronchiolitis (DPB), non-CF bronchiectasis, CF and rheumatoid
arthritis (RA) [125] (Figure 1.3). The presence of oxidative stress in CF HBECs compared to HC, such as

ROS production and apoptosis, also plays a contributing role in the secretion of IL-6 and IL-8 [126].
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Figure 1.3 — Non-resolving cycle of autoinflammation in the lung and its related diseases. Chronic inflammation
of the lungs results from the accumulation of a number of different factors, ranging from environmental insults
(cigarette smoke, viral, bacterial, air pollution etc) to genetic predisposition; these cycles feed into each other
resulting in innate immune driven autoinflammation and ultimately results in chronic inflammation of the lungs
without resolution. A number of innate immune cells, such as neutrophils, monocytes and epithelial cells of the
bronchi play pivotal roles in the excessive response to stimuli and combine to secrete a range of inflammatory
cytokines. Cystic fibrosis (CF), Rheumatoid Arthritis (RA), Chronic Obstructive Pulmonary Disorder (COPD),
Diffuse Pan-Bronchiolitis (DPB). Taken from Scambler, T., Holbrook, J., Savic, S., Peckham, D., McDermott, M.,
Autoinflammatory Disease in the Lung. Journal of Immunology [125].
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In recent years, it has been shown that the NLRP3 inflammasome plays a central role in the
pathogenesis of CF [127], and also in a host of autoinflammatory diseases, which can be treated with
IL-1 blockade, by the IL-1 receptor antagonist (IL-1Ra), or with anti-IL-1f3 antibodies [128-132].

The NLRP3 inflammasome is a multimeric protein complex, which assembles in response to
pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns
(DAMPs), to proteolytically cleave pro-IL-1f3 and pro-IL-18 to their mature inflammatory cytokines, IL-
1B and IL-18 [133]. A number of different inflammasomes are present in the human body [133];
however, the NLRP3 inflammasome [134] is one of the main inflammasomes involved in CF, along with
NLRC4 [135]. In its active form, IL-1B induces fever, sensitises neutrophils to chemoattractants and
increases the expression of adhesion molecules, such as CD18. IL-1J3 also promotes differentiation of
the naive T cell population towards a Th17 phenotype, in the presence of IL-6 and TGF-3 [136]. By
contrast IL-18 has been shown to negatively regulate the Th17 cell population and promote key Treg
effector molecule generation, playing an important role in the regulation of intestinal inflammation
[137]. Recently, it was demonstrated that platelet count correlates with IL-13 concentration in plasma,
that platelets increase NLRP3 inflammasome activation in human macrophages and neutrophils, and
are essential for IL-1p production in monocytes. Furthermore, increased platelet expression has been
reported in several IL-1B driven autoinflammatory diseases [138]; it would be highly interesting to
establish if this is the case in CF.

Some recent studies have furthered our understanding of the role that the NLRP3
inflammasome plays in CF. One study has demonstrated that the CFTR regulated intracellular Ca%
homeostasis in HBECs, with increased intracellular Ca®* levels in CF HBECs, upon stimulation with P.
aeruginosa, leads to increased mitochondrial Ca* levels and exacerbation of the NLRP3
inflammasome response to infection [139]. A more recent paper has demonstrated the role that ENaC
plays in activation of NLRP3, with increased intracellular Na* leading to an efflux of K* from the cells,
thereby acting as a trigger for NLRP3 activation and IL-1B and IL-18 production [28]. These findings

suggest that ENaC modulators could be used as novel anti-inflammatory therapies in CF [140, 141].
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Although CF showed features of an autoinflammatory disorder [142], both T cells and B cells
also play a role in the pathogenesis of the disease, as both cell types express the CFTR and are found
in large concentrations in the lungs. B cells have been shown to play a large part in the generation of
peri-bronchial lymphoid follicles in the CF lung with IgA secretion, as well as in dysregulated IgE
synthesis in the presence of A. fumigatus infection [143]. The Th2 and Th17 cell populations have
recently been shown to be the prominent T cell subsets in CF, resulting in raised IL-5, IL-13, IL-17A and
IL-17F in the sputum of patients with CF, which promotes both granulopoiesis and recruitment of
neutrophils to the site of inflammation [144, 145]; by contrast, CD4+ T cells secrete less IL-10 than

healthy T cells [146].

1.3 Other autoinflammatory diseases

Several autoinflammatory diseases bear many similarities to CF, with excessive activation of
the NLRP3 inflammasome, dysregulated autophagy and UPR, as well as damaged/abnormal
mitochondria. Autoinflammatory diseases, such as familial cold autoinflammatory syndrome (FCAS)
[147], Muckle-Wells syndrome (MWS) [148], mevalonate kinase deficiency (MVK, also known as
hyperimmunoglobulinemia D with periodic fever syndrome (HIDS)) [149], neonatal-onset multisystem
inflammatory disease (NOMID) [132], Schnitzler’s syndrome (SS) [150], familial Mediterranean fever
(FMF) [129] and TNF receptor-associated periodic syndrome (TRAPS) [151], all add to the argument
that CF is basically an autoinflammatory disease at the innate immune end of the immunological
disease continuum [142, 152].

1.3.1 Familial-Mediterranean fever (FMF)

The autoinflammatory disease, familial-Mediterranean fever (FMF) is the result of a mutation
of the Mediterranean fever (MEFV) gene, which codes for the cytoskeleton-associated protein pyrin
[153] [154]. The association of mutations in pyrin with FMF was the first in a long line of susceptibility
genes being linked to autoinflammatory disorders [154, 155]. Pyrin acts as a pathogen recognition

receptor (PRR) in immune cells, detecting the inactivation of Rho GTPases by several bacterial toxins
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via glycosylation [156]. Once Rho GTPases become inactive, due to bacterial toxins, pyrin Is activated
via an unknown mechanism. This ultimately results in formation and activation of the NLRP3
inflammasome, due to the oligomerisation of pyrin with apoptosis-associated spec-like protein (ASC)
and caspase-1 [157]. Recently, mitochondrial dysfunction has been identified in FMF by the detection
of a significant decrease in the amount of mitochondrial DNA, an increase in mitochondrial protein
damage and a mitochondrial energy deficit [158, 159]. Pyrin, which is also known as tripartite motif-
containing 20 (TRIM20), has been shown to mediate selective autophagy of the inflammasome
components, NLRP3, NLRP1 as well as pro-caspase-1, via recruitment of autophagic proteins Ulk1,
Beclinl, ATG16L1 and LC3. The mutations found in pyrin in FMF lead to impaired selective autophagy

of the NLRP3 inflammasome [160]. The basal rate of autophagy is also reduced in FMF [161].

1.3.2 TNF-receptor associated periodic syndrome (TRAPS)

TNF-receptor associated periodic syndrome (TRAPS) is caused by mutations of the TNFR1 gene
[162], which result in retention of the mutated TNF receptor in the ER, leading to excessive cellular
stress, dysregulated autophagy and NLRP3 overactivation. In 2013 it was shown by Bachetti et al that
dysregulated autophagy is a key contributor to excessive inflammation in patients with TRAPS [163];
another study has demonstrated that overproduction of mitochondrial ROS (mRQOS) is involved in the
inflammatory state in TRAPS, as it increases inflammatory cytokine production [164]. Also, the
mitochondria appear abnormal in TRAPS with increased ATP production, basal oxygen consumption
rate (OCR) and an altered mitochondrial membrane potential, exacerbating the inflammatory

phenotype [164].

1.3.3 Mevalonate kinase deficiency (MKD)

Mevalonate kinase deficiency (MKD) is the result of mutations in the mevalonate kinase (MVK)
gene, a gene which is essential for cholesterol synthesis [165-167]. This mutation leads to a reduction
in the levels and activity of MVK. Under normal conditions this enzyme converts mevalonic acid into

mevalonate-5-phosphate, as part of isoprenoid and sterol synthesis, in MKD, however, this results in
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the cholesterol biosynthetic pathway being blocked. The exact mechanism of pathogenic action is not
clear in MKD; however, post-translational modifications of Rho GTPases, such as prenylation, have
become interesting as potential therapeutic targets [168]. Just like in FMF, the alteration of Rho
GTPases has been linked to activation of the NLRP3 inflammasome through activation of pyrin.
Although the exact mechanism of pathogenic action for MKD is not known, there have been some
studies suggesting a link to the UPR, as the mutated MVK protein accumulates in the cell, triggering
the UPR and increasing NLRP3 activity. This is supported by the fact that NLRP3 activity is not increased
in an MKD mouse model where MVK is knocked down, preventing MVK accumulation [169].
Furthermore, defective autophagy and abnormal mitochondria have been observed in MKD, both of
which exacerbate NLRP3-driven inflammation [170]. Impaired autophagy has also been suggested to
contribute to the accumulation of damaged mitochondria and oxidised mtDNA in PBMCs taken from
MKD patients [171], although the same group has also shown that prenylation of RhoA failed to have

any effect on autophagy [172].

1.3.4 Cryopyrin associated periodic syndromes (CAPS)

Mutations in the NLRP3 gene have been linked to a number of autoinflammatory diseases,
such as MWS [173, 174], FCAS [175], and chronic infantile neurological, cutaneous, articular syndrome
(known as CINCA or neonatal-onset multisystem inflammatory disease (NOMID)) [176, 177]. The
spectrum of these disorders is collectively known as cryopyrin associated periodic syndrome (CAPS).
These mutations occur largely in both the nucleotide binding domain (NBD) and oligomerisation
domain of NLRP3, thus altering the oligomerisation of the NLRP3 inflammasome, via changing protein-
protein interactions leading to hyper-inflammation [175, 178, 179]. Monocytes in CAPS disorders have
been shown to have damaged and fragmented mitochondria and raised levels of ROS, which

contributes to further activation of the NLRP3 inflammasome [180].
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1.3.5 Treatments for autoinflammatory diseases

The high success rate of IL-1 receptor antagonists (IL-1Ra), such as anakinra, in treating these
disorders is exemplary in demonstrating the central role of IL-1f in the pathogenesis of these diseases
[131, 132, 142, 148]. Somatic mosaicism has been reported in several cases of FMF [181], and TRAPS
[182], as well as in a Japanese patient with CINCA/NOMID [183]. The use of IL-1Ra has been shown to
be efficacious in several other autoinflammatory diseases without mutations in the NLRP3 gene such
as FMF [129], TRAPS [151] and MKD [128], although the response to these therapies in these particular
diseases has been varied. Preclinical studies of IL-1Ra treatments, e.g. anakinra, in CF have some
promising results, with mouse models and primary human bronchial epithelial cells showing
reductions in inflammation and mucus secretion, as well as upregulated autophagy, the proteasomal
pathway and clearance of pathogens [135, 184]. More recently, specific inhibition of the NLRP3
inflammasome with MCC950 has shown an improvement in clearance of P. aeruginosa in a CF mouse

model and a reduction in IL-1B production [185].

These reports demonstrate the similarities between the inflammation found in CF and that of
autoinflammatory diseases, as they are both largely NLRP3 inflammasome driven, have dysregulated

autophagy as well as mitochondrial abnormalities.

1.3 Autophagy

The self-degradative cellular process, termed autophagy, is a vital pathway by which damaged
organelles, misfolded or aggregated proteins and pathogens are encapsulated within a membrane
and broken down within the cell [186]. Autophagy also plays an essential role in energy source
recycling at times of cellular development and stress [186]. There are three main types of autophagy,
chaperone-mediated autophagy (CMA), microautophagy and macroautophagy. CMA refers to the
process by which specifically targeted proteins are bound by chaperone proteins, such as Hsp70. The
chaperones move the protein to the lysosome membrane to bind to the lysosomal associated

membrane protein 2A (LAMP-2A), where it is translocated across the membrane, and finally degraded
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[187]. This contrasts with micro-autophagy, where the lysosome directly takes up cytosolic
components to be degraded, which occurs through invagination of the lysosomal membrane.
Macroautophagy (Figure 1.4), henceforth referred to as autophagy, is the main mechanism by which
cellular components are degraded and recycled; this process involves the encapsulation of cellular
components that are to be degraded within a double membrane, called an autophagosome. The
autophagosome then transports its contents to a lysosome, where it fuses to form an autolysosome,
thereby degrading its contents [186]. So far 32 autophagy-related genes (Atg) have been identified in
yeast, with a similar number shown to be present in a number of different organisms, such as
mammals, plants, worms and flies, showing the importance of this highly conserved biological

mechanism [188].

Autophagy has four main steps: initiation, phagophore formation, membrane elongation and
nucleation and, finally, maturation. The initiation of autophagy is triggered by a strong stimulus, such
as amino acid starvation or a shift towards ADP in the ATP:ADP balance within a cell, as detected by
adenosine monophosphate kinase (AMPK); this results in inhibition of the mammalian (or
mechanistic) target of rapamycin (mTOR)1 complex (mTORC1), a key regulator of autophagy, which is

sensitive to hypoxia, in addition to growth factor, insulin and ATP signalling.

1.3.1 Initiation and phagophore formation

Under normal conditions mTORC1 (Figure 1.4), consisting of mTOR, regulatory associated
protein of mTOR (RAPTOR), Rheb and Rag, phosphorylates both Unc-51-like kinase 1 (Ulk1) and Atg13,
keeping them in inactive states. However, under starvation conditions, the mTORC1 complex is
inhibited and Ulk1 is dephosphorylated, which then allows Ulk1 to phosphorylate both Atg13 and FAK
family kinase-interacting protein of 200 kDa (FIP200), thus initiating nucleation [189]. Nucleation also
requires the presence of a phosphoinositide 3-kinase (PI3K) complex, comprising vacuolar protein
sorting 34 (Vps34), Beclinl (Bcll), p150, autophagy and Bcll regulator 1 (AMBRA1), Atgld, UV

resistance-associated gene (UVRAG) and Bifl, which is essential for nucleation of the phagophore.

35



Ulk1, when activated, phosphorylates both Bcll and AMBRA1, activating them both in the process.
Bcll increases the affinity of Vps34s for binding to other members of the PI3K complex, enhancing
Vps34s catalytic activity to convert phosphatidylinositol (Pl) to phosphatidyl inositol triphosphate
(PI3P). PI3P is essential for phagophore elongation and recruitment of a range of other autophagy
proteins to the phagophore membrane [186, 190, 191]. It is still debated what the source of the
phagophore membrane is; however, there have been strong indications that the membrane is largely
acquired from the endoplasmic reticulum (ER) [192]; other sources include the plasma membrane

[193], the mitochondria [194] and the ER-Golgi apparatus intermediate compartment [195].

1.3.2 Membrane elongation and nucleation

Elongation of the phagophore membrane involves two ubiquitin-like reactions, the first reaction
involves the binding of Atg5 to Atg12; Atg7 and Atg10 are part of the intermediate steps, to form Atg5-
Atgl2, and this pairing then binds with Atgl6L to form an Atg12-Atg5-Atgl6L complex. This complex
associates with the extending phagophore membrane, inducing its curvature by recruiting
microtubule-associated protein light chain 3 (LC3)-1l to the membrane in an asymmetric manner [186,
190, 196]. The second ubiquitin-like reaction involves LC3; this protein is cleaved by Atg4 upon
induction of autophagy, to form LC3-l. LC3-l is then activated by Atg7 and Atg3,
phosphatidylethanolamine (PE) then binds to form LC3-Il. LC3-ll is recruited to the phagophore
membrane in an Atg5-Atg12 dependent manner. p62 protein (also called sequestesome 1 (SQSTM1)
is involved in selecting the cargo to be degraded, by binding to ubiquitinated proteins and moving

them to the nucleating phagophore where they bind to LC3-II (Figure 1.4) [186, 190].

1.3.3 Autophagosome maturation and lysosomal fusion

Once the extending phagophore fully encapsulates the cargo, forming the autophagosome,
the Atgl2-Atg5-Atgl6L complexes on the outside of the membrane dissociate. The autophagosome
then migrates to lysosomes, in the perinuclear region of the cell, via microtubule and dynein-dynactin

motor complex dependent transport [197], the autophagosome then fuses with the lysosome to form
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an autophagolysosome. The fusion step of autophagy involves the formation of one of two complexes
containing soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins.
This process is performed by either of two SNARE complexes, STX7-SNAP29-YKT6 [198] and STX-17-
SNAP29-VAMP7/VAMPS8 [199, 200]. Several tethering factors are required to hold both the
autophagosome and lysosome close together for them to fuse; tethering factors include PLEKHM1
[201], the HOPS complex [202] and EPG5 [203]. Upon fusion, more than 60 proteases in the lysosome
are involved in degradation of the autophagosome cargo [204] and are extremely susceptible to pH
changes [205]. Once the cargo is degraded, the catabolites are exported back in to the cell via several

transporters on the lysosomal membrane [206]; however, this process is not well understood.

1.3.4 Autophagy and inflammation

Autophagy plays a central role in the differentiation, maintenance and function of various
immune cells to ensure appropriate immune responses; the immune cells include neutrophils [207,
208], monocytes and macrophages [209-211], dendritic cells [212], natural killer (NK) cells [213], T
cells [214] and B cells [215]. This indicates that dysregulation of this essential mechanism will have a

profound impact on the immune system.

Dysregulated autophagy underlies the pathogenesis of several autoinflammatory diseases. As
autophagy plays a vital role in regulation of the NLRP3 inflammasome, mutations that upregulate the
activation of the NLRP3 inflammasome can overwhelm the homeostatic mechanisms, leading to
autoinflammation [216]. Not only does autophagy prevent activation of the NLRP3 inflammasome, via
clearance of its components and removal of the activated NLRP3 inflammasome from the cell and pro-
IL-1B [217-219], but also plays an essential role in the removal of NLRP3 inflammasome activators,
such as mtDNA [220], ROS [221, 222], high-mobility group box protein 1 DNA [223], and B-amyloid
plaques [224]. In addition to this, the inhibition of autophagy results in an increase in NLRP3 activation
[225], leading to the conclusion that autophagy is central to the regulation of the NLRP3

inflammasome and prevention of inflammation.
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Other autophagic mechanisms directly involve individual autophagy proteins. Accumulation
of the autophagy protein, p62, has been shown to activate the p65 subunit of NF-kB and its
translocation to the nucleus, thus increasing activation of the NLRP3 inflammasome as well as
production of pro-inflammatory cytokines, IL-1B and IL-6 [226]. Atg5, on its own, helps to protect
against Mycobacterium tuberculosis (M. tuberculosis) infections, mediates neutrophil apoptosis and
reduces lung inflammation [227]. Various studies have shown that loss of individual autophagy
proteins, such as Atgl6lLl, Atg7 and Atg5, results in excessive IL-1B production with increased
frequency of infection by various pathogens, and the induction of pyroptosis [228-230]. Furthermore,
deficiencies in LC3 and Beclinl lead to increased caspase-1 activation, IL-1 and IL-18 secretion [231].

Complicating this story, however, are reports that inhibition of autophagy reduces IL-1B
secretion in neutrophils, while another study showed that inhibition of autophagy in macrophages
brought about an increase in IL-18 production but decreased production of TNF, IL-6 and IL-8 [219],
indicating that autophagy acts either to reduce cytokine secretion or increase it, depending on the
prevailing cellular context [232]. For example, the autophagy inducer, rapamycin, has been shown
to polarise macrophages to an M1 phenotype, which shows that, in some contexts, autophagy can be

a pro-inflammatory mechanism [233].
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Figure 1.4 - Main autophagy machinery. The molecular pathway of the core autophagy protein components is shown, starting from normal conditions, to the initiation
(under starvation conditions), with formation, elongation and nucleation of the phagophore, through to the fusion of the autophagosome and onto the lysosome to form the
autolysosome. Several autophagy proteins have been left out, for simplification. Adapted from Glick et al. 2010 [186] and Ravanan et al. 2017 [190]. Figure produced using

Smart Servier Medical Art.
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1.5 Mitophagy

Mitochondria are vital dynamic organelles, acting as the powerhouse of the cell and immunity,
as well as regulating cellular energy and cell death [234-236]. To maintain their quality, mitochondria
are constantly undergoing fusion and fission [237]. Accumulation of mtDNA mutations, as well as the

decline in mitochondrial activity, is believed to contribute to the normal ageing process [238].

Mitophagy is the selective degradation of damaged, dysfunctional or old mitochondria, via
the autophagic pathway, acting as an essential quality control mechanism for mitochondria.
Dysregulation of this pathway has been implicated in several metabolic, neurodegenerative, and
autoinflammatory diseases. There are many other forms of selective autophagy, but these are outside
the scope of this thesis; briefly, these forms of selective autophagy include pexophagy (removal of
peroxisomes) [239], er-phagy (the ER) [240], ribophagy (ribosomes) [241], lipophagy (lipid droplets)

[242], and xenophagy (invading organisms) [243].

Mitophagy can be split in to two different pathways, namely the PINK1/Parkin-mediated
mitophagy (canonical) pathway and the receptor-mediated mitophagy (non-canonical) pathway;
although both of these types of pathway have been well studied, it remains unknown as to how these

two types of mitophagy differ in their expression across different tissues and cells (Figure 1.5) [244].

1.5.1 Canonical Pathway

Under normal conditions, when the mitochondrial membrane is polarised, the
serine/threonine kinase, PINK1, moves to the mitochondrial outer membrane (OMM) and is
translocated across to the inner mitochondrial membrane (IMM), where it is degraded by
mitochondrial protease enzymes. However, when mitochondria become damaged, the mitochondrial
membrane is depolarised, leading to accumulation of PINK1 on the OMM (Figure 1.5) [245]. The E3
ubiquitin ligase, Parkin, is recruited by PINK1 on the OMM, phosphorylating Parkin at Ser65 and

activating it; PINK1 also phosphorylates ubiquitin at Ser65 which also activates Parkin [246-248]. The
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Figure 1.5 — Autophagic degradation of mitochondria (mitophagy). (A) Under normal conditions PINK1
migrates to the mitochondria where it fuses with the outer mitochondrial membrane (OMM) and inner
mitochondrial membrane (IMM), where it migrates into the mitochondria to be degraded by mitochondrial
proteases. (B) Once mitochondria become damaged/depolarised, PINK1 moves to the OMM where it resides
and is phosphorylated, it phosphorylated PINK1 then phosphorylates Parkin, causing it to bind and form a
complex with PINK1 on the OMM. Parkin is the ubiquitinated, and then goes on to ubiquitinate other OMM
proteins. Adaptor proteins on an expanding phagophore, such as p62, NDP52 and OPTN, bind to the
ubiquitin chains and target the mitochondria for autophagic degradation. (C) Receptor mediated mitophagy
occurs in a similar way to adaptor mediated mitophagy, however Parkin is not involved, and mitochondrial
membrane proteins are phosphorylated by phosphorylated PINK1, and then directly bind to LC3 on an
expanding phagophore to undergo autophagic degradation. Figure produced using Smart Servier Medical
Art.

polyubiquitination of Mfn 1 and 2, triggers their removal via the proteasome, and this leads to the
prevention of mitochondrial fusion and isolation of the damaged mitochondria, thereby reducing the
size of the mitochondria, making it easier to sequester them in autophagosomes with subsequent

removal [249, 250].

Parkin initiates ubiquitin binding to its substrates via K48 and K63 linkages; this ubiquitination
step acts as a signal to the autophagic machinery to remove the mitochondria leading to p62 binding

to the ubiquitin on the OMM, via its ubiquitin binding domain. Once bound, p62 interacts with LC3 on
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an expanding phagophore via its LC3-interacting motif, the mitochondria is encapsulated in the

expanding phagophore, facilitating the degradation of the mitochondria [251, 252].

There are several other ubiquitin binding proteins with an LC3-interacting motif involved in
mitochondrial degradation, other than p62; these include NBR1 [253], NDP52 (also known as
CALCOCO2) [254], TAX1BP1 [255] and optineurin (OPTN) [256-258]. OPTN is among the most studied
of the mitochondrial LC3 recruitment proteins, via the PINK1/Parkin pathway [258]. Once OPTN
recruits TBK1, both OPTN and NDP52 are phosphorylated by TBK1, further promoting mitophagy [259,

260].

1.5.2 Non-canonical pathway

There are several other mitophagy pathways which do not involve the PINK1-Parkin pathway.
The non-canonical pathway involves direct interaction between mitochondrial membrane proteins,
such as FUN14 domain containing 1 (FUNDC1) [261], Bcl2/adenovirus E1B 19kDa interacting protein
(BNIP3) [262], NIP3-like protein X (NIX/BNIP3) [263, 264] and LC3 on the expanding phagophore; these
receptors are found on the OMM (Figure 5). BNIP3 was initially found to be involved in cell death but
was later shown to contain a LIR domain and to be involved in mitophagy, where, upon binding of
BNIP3 to LC3, BNIP3 is phosphorylated at sites Serl7 and Ser24, inducing mitochondrial engulfment
by an expanding phagophore [262, 265, 266]. Cells that are deficient in BNIP3 have been shown to
induce the cleavage of PINK1 and, therefore, the inhibition of mitophagy, whereas in normal cells
under hypoxic conditions, BNIP3 is upregulated and expressed on the OMM, inhibiting the cleavage
of PINK1, and the stimulation of mitophagy [267]. BNIP3 has been shown to interfere with
mitochondrial dynamics, as well as the disassembly of OPA1, promoting mitochondrial fission, and

recruitment of Drpl to the mitochondria [268, 269].

Another mitophagy OMM protein, FUNDC1, is upregulated on the OMM and binds to LC3,
under hypoxic conditions, whereas under normal conditions FUNDC1 is phosphorylated at sites Ser13

and Tyrl8 by CK2 and Src, respectively [261]. When receptor-mediated mitophagy is induced,
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phosphoglycerate mutase family member 5 (PGAMS5) is activated and proceeds to dephosphorylate
FUNDC1, leading to its binding to LC3 [270]. There are multiple mechanisms to fine tune FUNDC1
mediated mitophagy, such as via the mitochondrial E3 ligase MARCH5 and RIPK1, which inhibit
FUNDC1-mediated mitophagy and induce apoptosis in the presence of cardiac injury [271, 272].
Recently, Ulk1l has been reported to play a role in mitophagy, via its phosphorylation of FUNDC1 at

site Serl7, whereby it induces mitophagy under stress conditions [273].

NIX also acts as a receptor for receptor-mediated mitophagy, via its direct interaction with
LC3, and is crucial in preventing the accumulation of damaged mitochondria, apoptosis and deficient
cellular differentiation [263, 274]. Again, under hypoxic conditions and regulated by HIFla, NIX is
phosphorylated at site Ser81 to induce mitophagy [275, 276]. NIX also retains a specialised motif,
located on the cytoplasmic domain in the mitochondria, which signals to upregulate other mitophagic
proteins [277]. Other more subtle regulations of mitophagy include the phosphorylation of NIX at
residues Ser34 and Ser35, which are located close to the LIR domain, and this increases the binding
affinity of NIX to LC3 [278]. Studies using C. elegans have also shown that DCT-1, the mammalian

homologue for both BNIP3 and NIX, maintains cellular homeostasis during aging [279].

The mechanisms by which BNIP3, FUNDC1 and NIX interact and modulate mitophagy are still
ill defined, further research to characterise the mechanisms will be highly interesting. However, there
have been some hints as to how NIX, FUNDC1 and BNIP3-mediated mitophagy interact, as one study

showed the involvement of Rheb GTPase in the mitophagic process [280].

There are other mitochondrial receptors, such as Prohibitin 2 (PHB2) [281] and cardiolipin
[282], involved in mitophagy, however, they are located on the inner mitochondrial membrane (IMM).
Upon Parkin-dependent disruption of the OMM, the IMM mitophagy receptors, PHB2 and cardiolipin,
become exposed to the cytosol and are ultimately bound by LC3BIl on an expanding phagophore [283,
284]. Unlike the other mitophagy receptors, cardiolipin is a phospholipid, which is synthesised and

located on the IMM; once the OMM is damaged, along with PHB2, cardiolipin moves to the OMM to
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interact with LC3BII [282]. Recently it has been shown in yeast that mitogen-activated protein kinase

(MAPK) and protein kinase C (PKC) are involved in cardiolipin mediated mitophagy [284].

1.5.3 Mitophagy and metabolism

Mitophagy contributes to metabolic changes during differentiation of cells, such as
adipocytes, when they are transitioning from beige to white adipocytes [285]. Hypoxia has also been
shown to induce a switch from oxidative phosphorylation to glycolysis which has been indicated to
increase HIFla, resulting in elevated NIX-dependent mitophagy during differentiation of retinal
ganglion cells (RGCs). During macrophage differentiation NIX-dependent mitophagy has also been
suggested to contribute towards an M1 pro-inflammatory and more glycolytic phenotype, but it does
not contribute to an M2 phenotype, as M2 macrophages rely on oxidative phosphorylation [285].
Inhibition of autophagy and mitophagy may result in increased mitochondrial mass and decreased

expression of glycolytic genes [285].

Inhibition of oxidative phosphorylation prevents repolarisation of macrophages from M1 to
M2 and inhibition of nitric oxide production, an important effector molecule in the polarisation of M1
macrophages, which results in a reduced rate of mitochondrial functional decline, improving
metabolism and, thus, repolarisation to M2 macrophages. This indicates that an improvement in
mitochondrial quality can lead to a switch from glycolysis, and a M1 macrophage pro-inflammatory
phenotype, to oxidative phosphorylation and a more M2 macrophage anti-inflammatory phenotype

[286].

PINK1 deficiency has been linked to the significantly decreased ability of induced pluripotent
stem cells (iPSCs) to reprogram and has been shown to spontaneously differentiate and form
heterogenous cell populations. PINK1-deficient IPSCs also present with considerable alterations in
various glycolytic and tricarboxylic acid cycle (TCA) related metabolites, such as a-ketoglutarate, an
important suppressor of cell differentiation in stem cells [287]. During cellular differentiation

mitochondria become long and tubular in shape, with an increased mass and metabolically switch to
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oxidative phosphorylation, thereby providing further evidence of the importance of mitochondria in

cellular differentiation [288].

1.5.4 Metabolism in CF

Although mitochondrial defects have been reported in CF, as far back as 1979, the state of
mitochondria and metabolism has not been investigated in any great detail. The first mitochondrial
defect to be found was in skin fibroblast cells from CF patients; these cells had a higher oxygen
consumption rate (OCR) with mitochondrial Complex | (mCx-I) found to be more sensitive to inhibition
by rotenone compared to HC cells [289]. The same group was also able to demonstrate, in skin
fibroblast cells, that the optimal pH and Km values are altered for NADH dehydrogenase [290], and
that Ca?* uptake is raised, which is likely to be related to altered respiratory system activity [291].
However, in 2009, another group found that Ca?* uptake into mitochondria was downregulated in
homozygous F508del-CFTR airway epithelial cells compared to non-CF cells, and that the mitochondria
were fragmented and mitochondrial membrane potential decreased; on the other hand, the
differences in results between the two groups could be due to the different cell types used [292].
Furthermore, nasal epithelial cells, from CF patients, presented with increased OCR and heightened
superoxide (0z) and peroxide (H203) production [293, 294]. After the Feigal group’s results in 1982, it
was suggested that the gene responsible for causing CF might be part of mCx-I; however, this
hypothesis was dismissed after the CFTR was found to be a CI" ion epithelial transport protein [290].
After this, interest in the mitochondria in CF decreased, with only a few more publications reporting
that mitochondrial proteins appeared abnormal through 2D-electrophoresis analysis [295] and that
there was increased activity of the four glycolytic enzymes hexokinase, phosphofructokinase, pyruvate
kinase and lactate dehydrogenase in skin fibroblasts [296], and, in addition, the intracellular pH was

raised upon workload in skeletal muscle in CF [297].

In more recent years, interest in the mitochondria in CF has begun to increase, with findings

such as the CFTR regulation of the expression of certain mitochondrial proteins, such as the CFTR
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dependent upregulation of the outer mitochondrial membrane protein CDGSH iron sulfur domain 1
(CISD1), which transports iron into the mitochondria [298], and mitochondrial NADH-ubiquinone
oxidoreductase chain 4 (MTND4), which is a subunit of mCX-1 [299]. The inhibition of CFTR has been
proposed to reduce mCx-I activity in several epithelial cell lines [300]; however, the inhibitors used
had been shown to alter the mitochondria in the absence of a functioning CFTR protein, indicating
that it was these inhibitors’ off target affects that altered the mitochondria [301]. As mCx-l and mCx-
Il are responsible for the majority of leakage of electrons from the electron transport chain (ETC) and,
therefore, for the production of mROS, as first suggested in 1992 [302], the dysregulation of mCx-I in

CF leads to increased mROS production [79].

The phosphatase and tensin homolog (PTEN) is a regulator of metabolism and cell
proliferation, and under normal conditions it forms a complex with the CFTR at the plasma membrane;
however, in CF, PTEN is unable to form a complex with the CFTR, leading to mitochondrial dysfunction
with increased mROS and succinate release, promoting colonisation of the lungs with P. aeruginosa
[303]. This is backed up by other studies, in CFTR KO mice and CF HBEC lines, showing that oxidative
stress is prevalent, with increased oxidation of mtDNA, ROS production and reduced mitochondrial
GSH [304]. The addition of GSH monoethyl ester increased the mitochondrial GSH levels in CFTR KO
mice and CF HBEC lines, and led to increased mCx-I activity with recovery of mitochondrial membrane
potential, showing the importance of the antioxidant balance between GSH and GSSG, and its effect
on mitochondrial function [305]. However, the nature of the link between abnormal mCx-I function
and GSH levels, as well as which is altered first, is still unknown. Clinical trials, using GSH administration
as a treatment, have thus far proven only mildly effective or not at all [306-308]. Using the CF HBEC
lines, CFBE410 and the WT equivalent, Reshkin et al were able to characterise mitochondrial function
in CF, with increased mROS production as well as abnormal mitochondrial membrane potential, OCR,
mCx-l and 1V, in addition to adenine nucleotide translocator-dependent ADP/ATP exchange. The use
of the CFTR modulators, lumacaftor and 4,6,4’-trimethylangelicin (TMA) was able to improve these

abnormalities to values closer to that of the WT [309], demonstrating that the mitochondrial defects
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found in CF are primarily caused by the dysfunction in CI- activity. The metabolomic profile of human
airway epithelial cells, taken from patients with CF, showed a unique profile compared to that of HC
participants [310], and glucose levels in the ASL and oxidative stress in epithelial cells were shown to

be modulated by glucose-related metabolic pathways [311].

1.5.5 Mitochondria and inflammation

The mitochondria in recent years have been shown to be key regulators of inflammation via
the NLRP3 inflammasome [312]. Given that many autoinflammatory diseases are driven by recurrent
sterile inflammation through NLRP3 inflammasome activation [313, 314], it stands to reason the
mitochondria play an important role in CF. Recent publications have linked a dysregulated UPR
response in CF monocytes and M1 macrophages to an altered metabolic state and hyperinflammation
through the IRE1a arm of the UPR, further demonstrating the mitochondria’s role in the pathogenesis

seen in CF [103].

Mitochondria can act as a scaffold for NLRP3 inflammasome activation, this process is
mediated by cardiolipin, where, upon depolarisation of mitochondria, cardiolipin moves to the OMM,
where it acts as a scaffold for NLRP3 inflammasome formation [315]. Another protein, mitochondrial
antiviral signalling (MAVS) protein, which is involved in retinoic acid-inducible gene (RIG)-I-mediated
IFN responses to viral infections, also acts as a platform for NLRP3 inflammasome activation [316].
The positioning of NLRP3 on the mitochondria is thought to enable the immediate recognition of
mitochondrial damage, emphasising the importance of the link between detecting mitochondrial

PAMPs and NLRP3 inflammasome activation.

Another recent insight into the role mitochondria play in regulation of the NLRP3
inflammasome is the discovery of mitochondrial micropeptide-47 (MmA47), located on the
mitochondria. siRNA knockdown of Mm47, as well as KO of Mm47 with CRISPR-Cas9, are both
associated with a deficient NLRP3 but normal NLRC4 and AIM2 responses, underlining the importance

of Mm47 in activation of the NLRP3 inflammasome [317].
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A prominent role of Ca?* mobilisation has also been demonstrated in activation of the NLRP3
inflammasome, via the promotion of mitochondrial damage [318, 319]. Binding of ATP to the
transmembrane ionotropic receptor, P2X purinoceptor 7 (P2RX7), increases intracellular Ca?* ion
levels, leading to damaged mitochondria [320]. The intracellular Ca®" ion concentration is closely
linked to mitochondrial activity, with increased intracellular Ca%* ions leading to increased metabolic
activity; however, a significant increase in Ca* ions can rupture mitochondrial membranes [321, 322].
The highest concentration of Ca?* ions is found in the ER, and comparatively the cytosol has relatively
low levels; upon activation of the ER Ca?* ion channel, 1, 4, 5-triphosphate-receptor (IP3R), Ca?* are
released into the cytosol and can be taken up by the mitochondria [321, 323]. This efflux of Ca?* from
the ER can occur in a much more regulated manner, via the mitochondria-associated membrane
(MAM); this is the name given to the contact site between the ER and mitochondria, which allows Ca?
ion release to be more closely regulated to influence the metabolism [324]. The release of Ca** ions

would have to be near mitochondria for this to have an effect, this is due to Ca?* ions being quickly

chelated in the cytosol [323].

Monosodium urate (MSU) crystals can indirectly result in damaged mitochondria, as MSU
crystals are enclosed by lysosomes eventually leading to their rupture. Lysosomal proteases, such as
Cathepsin B, are activated and released into the cytoplasm due to lysosomal rupture and this leads to
the mitochondrial membrane becoming damaged and eventually depolarised, releasing mitochondrial
contents and causing NLRP3 inflammasome activation, indicating that lysosomal damage is a DAMP

for NLRP3 activation [325, 326].

MROS is another activator of the NLRP3 inflammasome; given that mitochondria produce
mROS under normal conditions, as a by-product of respiration, only an increased production of mROS
is considered to be an inflammasome activator, as the mitochondria is likely to be damaged or have
an increased metabolic state [327]. The inhibition of MROS release has been shown to reduce NLRP3

driven inflammation in both MKD and TRAPS [164, 171].
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There are a number of feedback loops involving the NLRP3 inflammasome and mitochondria,
which either lead to enhanced activation of the inflammasome or inhibition of its activation; for
example, NLRP3 activation can lead to mitochondrial damage and inhibition of mitophagy through
caspase-1 cleavage of Parkin [328], further activating the inflammasome. Dysregulated mitophagy
may also cause excessive NLRP3 activation in MKD, leading to accumulation of damaged mitochondria
and increased IL-1B secretion [164, 329]. Loss of function of some autophagy proteins has been shown
to result in the accumulation of abnormal mitochondria and translocation of mtDNA to the cytosol, in

response to LPS and ATP stimulation, contributing to NLRP3 inflammasome activation [231].

1.6 Defective autophagy in CF

In CF the accumulation of substantial quantities of AF508 CFTR, has been reported to result in
defective autophagy, which was first demonstrated in 2010 in HBEC lines by Luciani et al. [79];
subsequently, this has also been shown to occur in bone marrow derived macrophages (BMDMs) from
a mouse model [330]. This significant protein accumulation amounts to ER stress and a pro-oxidative
environment, with excessive amounts of ROS being produced. This, in turn, leads to the small
ubiquitin-like modifier (SUMO)ylation of transglutaminase 2 (TG2), which inhibits the degradation of
TG2 (Figure 1.6). This occurs due to overactivation of protein inhibitor of activated STAT (PIAS)y, by
increased levels of ROS. PIASy regulates the SUMOylation of TG2 in a cascade reaction involving E3
ligases, which ultimately inhibits the ubiquitination of TG2, thus sustaining high levels of TG2 [331].
These deleterious effects on TG2s post translational modification activity have also been revealed by
inhibition and gene silencing of the CFTR, in WT CFTR cell lines [331]. In healthy cells, TG2 has a range
of important functions, acting as a regulator of the post-translational network and protein
degradation balance. TG2 is regulated by several factors, such as Ca?*, NO, ROS, and nucleotides. In a
high Ca?* environment, TG2 creates covalent bonds (cross-linkages) on targeted proteins, as a post-
translational modification, whereas in low Ca?* concentrations it can function as a G-protein or a

protein disulphide isomerase [332]. In CF however, these post-translational regulatory mechanisms
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are distorted. TG2, therefore, plays a key role in the impairment of autophagy, by creating cross-
linkages between several different autophagy proteins, such as Bcl1, Vps34, AMBRA1, which are key
components of the initiation step of autophagy. This results in their removal from the ER membrane
and accumulation, along with the CFTR and the anti-inflammatory peroxisome proliferator-activated
receptor (PPAR)y, in p62 positive aggresomes [79]. Defective autophagy has deleterious knock-on
effects, with the proteasome becoming overloaded, as it is unable to clear all the misfolded protein
that autophagy would normally clear. This exacerbates the degree of cellular stress, bacterial
clearance impairment, and results in exaggerated inflammation [79, 333].

Several autophagy genes have reduced expression in CF cells [330, 334]; although, the
ubiquitin binding protein p62 has been shown to be raised [79]. The p62 protein accumulates under
conditions where autophagy is defective and binds to the protein aggregates. The knockdown of p62,
via gene silencing, however, results in a reduction in these protein aggregates as well as improving
CFTR maturation and trafficking to the membrane, indicating p62s role in CF pathogenesis [79]. This
all occurs even though the faulty CFTR induces a pro-autophagy state, as there is a decreased
association of Bcl1 with its key regulator, Beclin2 (Bcl2), indicating a pro-autophagy environment [79].

It is well established that macrophages in CF have an impaired ability to remove bacterial
infections, and that, in healthy cells, the CFTR is expressed on the macrophage membrane, as well as
lysosomal and phagosomal membranes [73, 115, 335, 336]. More recently, a study of the DNA
methylation profile of CF macrophages showed that the promoter regions of Atg12 are significantly
more methylated than WT controls, resulting in decreased protein expression of Atgl2 and
compromised autophagy [337].

The depletion of p62 has been linked to an increase in B. cepacia complex clearance in CF
macrophages, whereas the overexpression of p62 results in increased B. cepacia complex survival. The
reduction in p62 has also been shown to release Bcll from the CFTR aggresomes and increase its
recruitment to the phagophore, thereby improving bacterial clearance [334]. The mTOR inhibitor,

rapamycin, also inhibits B. cepacia complex infection and reduces lung inflammation [330].
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1.7 Mitophagy in CF

So far, no research has been done as to whether mitophagy is functioning normally in CF. With
the obvious links between mitochondria, NLRP3-driven inflammation and dysregulated autophagy, it
stands to reason there are likely to be abnormalities in the selective degradation of mitochondria.
Another question worth investigating is, if mitophagy is dysregulated in CF, whether this leads to an
accumulation of mitochondria that are more damaged or more prone to being damaged, and whether

this results in altered metabolism and heightened inflammation.

1.8 Targeting autophagy as a treatment

A new combinational therapy of cysteamine, a re-purposed drug originally used to treat
cystinosis [338], and EGCG, the most common flavonoid in green tea, has recently been studied and
shows promising results. These effects have been shown, both in vitro and in vivo, in murine and
human studies, in subjects homozygous for the AF508 mutation or AF508/null-CFTR [79, 339-341];
however, this treatment seems to be ineffective in patients with more rare mutations [339].

Cysteamine, originally used for the treatment of cystinosis, where it is administered to prevent
intralysosomal cysteine accumulation, has been considered for a number of different applications,
including non-alcohol fatty liver disease and neurodegenerative diseases [342]. Cysteamine has been
shown to improve Bcll expression and restore autophagy in CF [79, 341], through inhibition of TG2
(Figure 1.6). It has also been demonstrated to act as a mucolytic agent, breaking down the thick mucus
in the CF lung and disrupting biofilm formation, as well as having bactericidal properties against P.
aeruginosa [343, 344]. Recently, the inability of macrophages to effectively internalise and clear
opportunistic infections from pathogens, such as P. aeruginosa, S. aureus and B. cepacia complex, has
been described, and can be directly linked to the defective CFTR ion channel and autophagy. The
restoration of autophagy in macrophages, by use of cysteamine, a proteostasis regulator, can restore
the macrophages’ ability to internalise and clear P. aeruginosa and reduce TNF production [345].

Cysteamine has also been shown to improve clearance of antibiotic-resistant bacteria in CF patients’
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peripheral blood monocyte-derived macrophages and alveolar macrophages [346], as well as
improving the expression of a partially functional CFTR on CF patients’ HBECs [79, 341]. A cysteamine
conjugate has also been tested with Orkambi and found to have an additive effect in improving

chloride efflux [347].

EGCG has been shown to inhibit CK2, an enzyme that regulates a number of targets, such as
NF-kB [348, 349] (Figure 1.6), JAK/STAT pathway [350], PI3K/Akt pathway [351] in a range of cells.
EGCG has also been shown to prevent fragmentation and degradation of the CFTR through inhibition
of CK2 [53, 340], as CK2 phosphorylates the CFTR at position T1471, decreasing its stability and
promoting its fragmentation [53]; this results in improved expression of the CFTR on the cell
membrane. EGCG has also been reported to reduce the methylation of Atg12 in CF macrophages, as
well as improving autophagy and restricting B. cepacia replication in CF mice [337].

Another small molecule, amiodarone, a Ca** channel blocker, has been found to complement
cysteamine in improving autophagic function and promoting expression of AF508 CFTR on the cell
membrane, although the mechanism by which amiodarone achieves this is unclear [352].
Furthermore, autophagy and proteostasis regulators are well covered in the recent review by Bodas
et al 2019 [353].

In combination, cysteamine and EGCG have been shown to reduce inflammatory cytokine
levels in CF patients’ sputum, with improved CFTR expression in patients’ nasal epithelial cells as well
as improving lung function and reducing the amount of Cl secreted in the sweat test to normal levels

[339, 340]. These data indicate their potential as an affordable therapy for patients with CF.
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The recent development of CFTR small molecule-based therapies provides an opportunity to

investigate the impact CFTR modulators have on the function of autophagy in CF.
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Figure 1.6 — Defective autophagy in cystic fibrosis. Improper folding of the CFTR due to mutation leads to
retention of CFTR within the ER, triggering cellular stress. The CFTR that does leave the ER is fragmented and
degraded, however the proteasome becomes overloaded and the CFTR becomes sequestered in aggresomes
within the cytosol. The increase in intracellular ROS due to the heightened cellular stress results in the increase
in SUMO E3-ligase PIASy, leading to the SUMOylation and inhibition of TG2 ubiquitination; therefore, a high
concentration of TG2 is retained within the cell. This increased level of TG2 mediates the formation of covalent
bonds, between several autophagy proteins, such as Beclinl. This causes them to move away from the ER
membrane to be retained in aggresomes in the cytosol, inhibiting autophagy. The clearance of ROS producing
mitochondria by autophagy is thus impaired, perpetuating the cycle. TG2 also creates cross-linkages between
PPARy and IxBa, promoting their ubiquitination and hence proteasome degradation, favouring the
inflammatory NF-kB translocation to the nucleus instead. Cysteamine and epigallocatechin gallate (EGCG) are
used here to inhibit TG2 and NF-kB respectively. Adapted from Villella et al [354]. Figure produced using Smart
Servier Medical Art.
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1.9 Hypotheses

The hypotheses shown below were established, based on the most recently published
literature as well as clinical observations made at the Cystic Fibrosis Adult Ward, St. James’s Hospital,

Leeds, UK.

The overarching hypothesis for this thesis is that autophagy is dysregulated in CF cells
homozygous for AF508 CFTR, which will lead to an accumulation of damaged/damage prone

mitochondria, abnormal metabolism, and will contribute to the inflammatory state in CF.

1.9.1 List of Hypotheses
Hypothesis 1: That the autophagy-lysosome pathway is in some way dysregulated in CF as a result of

defective CFTR expression and function.

Hypothesis 2: That autophagy will be partially improved by using CFTR modulators.

Hypothesis 3: That the clearance of mitochondria by autophagy is dysregulated, and leads to an
increased number of mitochondria that are damaged, or more prone to damage, as well as altered

metabolism in CF.

Hypothesis 4: That the use of cysteamine and EGCG may recover dysregulated autophagy and reduce

the hyperinflammatory state found in CF.

1.9.2 Aims and Objectives

Hypothesis 1:

1-To investigate the expression of autophagy genes and the turnover of autophagy proteins in HBECs,
both with and without CF mutations, as well as in monocytes and M1 macrophages from patients with

AF508 homozygous mutations, in comparison with HCs.

2 —To establish the number of autophagosomes being produced and turned over in CF and HC cells.
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3 —To clarify whether the quantity or quality of lysosomes found in CF differs from HC cells, and if this

contributes to dysregulated autophagy in CF.

Hypothesis 2:

1 — To investigate whether CFTR modulators affect the expression of autophagy proteins in HBECs,
both with and without CF mutations, as well as in monocytes and M1 macrophages from patients who

are AF508 homozygous, compared to HCs.

2 —To establish whether CFTR modulators affect the number of autophagosomes being produced and

turned over in CF and HC cells.

3 — To clarify whether CFTR modulators affect the quantity or function of lysosomes found in CF

compared to HC cells and if this contributes to dysregulated autophagy in CF.

Hypothesis 3:

1-To investigate whether there is an increase in mitochondrial damage or mitochondria that are more

prone to damage in CF.

2 — To clarify if metabolism is altered in mitochondria that are more damaged, or more prone to

damage in CF.

3 —To establish whether it’s the mutated CFTR’s lack of function that leads to damaged mitochondria

and altered metabolism.

Hypothesis 4:

1-To investigate whether cysteamine and EGCG help to alleviate the hypersecretion of inflammatory

cytokines and hyposecretion of anti-inflammatory cytokines in CF patient samples.
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2 — To investigate whether cysteamine and EGCG help to prevent apoptosis through recovery of

autophagy and anti-inflammatory affects.

3 —To establish if cysteamine recovers or improves autophagy in cells with a CFTR mutation.
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Chapter 2.0 — Methods
2.1 Culturing of Immortalised Cell Lines

HBEC lines were grown under sterile conditions in a category two tissue culture hood. The WT
cell line, Beas-2B (ATCC CRL-9609), was used as the HC cell line, as it expressed two WT CFTR channels.
The cell lines used as CF models were the 1B3-1 cell line (a gift from Professor Eric Blair, Leeds, UK)
containing the CFTR mutations AF508/W1282X, CuFi-1 cell line (ATCC CRL-4013) containing the
homozygous CFTR mutation AF508/AF508, and the CuFi-4 cell line (ATCC CRL-4015) containing a
heterozygous CFTR mutation AF508/G551D. Both Beas-2B and IB3-1 cell lines were cultured in LHC
basal medium (ThermoFisher Scientific) with 10% fetal bovine serum (FBS) (Gibco) and 50 IU/ml
penicillin, and 50 g/ml streptomycin (1% P/S) (Sigma), CuFi-1 and 4 cell lines were cultured in LHC-9
Media (Gibco 12680013). All cell lines were cultured initially in T75 and T175 positively charged flasks
(Sarstedt) at 37°C and 5% CO,, 95% air atmosphere. Cells were left to grow until 90% confluency was
reached, and then seeded in to 6 well positively charged plates (Sarstedt) at 1x10° per ml per well and

left overnight to allow cells to adhere to the plate.

2.2 Patient Cohort

Patients with CF were recruited from the Adult Cystic Fibrosis Unit at St James’s University
Hospital, Leeds. All patients were homozygous for the mutation AF508-CFTR and had clinical features
consistent with the diagnosis of CF. All CF patients who have had a lung transplant, were on CFTR
modulators or whose clinical condition was deemed unstable, were excluded from this study. Age and
sex matched HCs were recruited from the Wellcome Trust Brenner Building, University of Leeds, St.
James’ University Hospital, Leeds, UK. Informed written consent was obtained from all study

participants, HC (n=19) and CF (n=53), upon sample collection.

2.3 Processing of Patients’ Blood Samples

Blood samples were collected from patients in Vacuette tubes (Greiner-bio-one) containing

KsEDTA, and the PBMCs were separated from the blood using the lymphoprep® (Axis-Shield)

57



technique. Whole blood was mixed with phosphate buffered saline (PBS) in equal parts, layered on
top of 15 ml lymphoprep solution (Stem Cell 07861) in a 50 ml falcon tube and centrifuged at 1100 g
for 20 minutes, 22°C with the brake off. The falcon tube mixture separates in to 4 layers, serum,
PBMCs, lymphoprep solution and blood. PBMC buffy layer was pipetted into another falcon tube and
washed with PBS twice, 1100 g, 10 minutes, 22°C with the brake on. Once the PBMCs were separated
they were re-suspended in Rosswell Park Memorial Institute (RPMI) media (10% FBS, 1% P/S) and
seeded in to 12 well plates (Corning Costar) at 2x10° per ml and left overnight. All samples were
collected and processed on the same day, with stimulations being carried out the next day. Cells were

grown at 37°C, 5% CO,, 95% atmosphere.

2.4 Monocyte isolation

To isolate monocytes from patient blood samples, the EasySep Human Monocyte Isolation Kit
produced by Stem Cell Technologies (19359) was used. After PBMCs had been isolated from the blood,
the PBMCs were washed in PBS without Ca* and Mg?* containing 2% FBS and 1mM EDTA. The
manufacturers protocol was then followed to isolate monocytes. Upon isolation, monocytes were
resuspended in RPMI media (10% FBS, 1% P/S) to a concentration of 1x10° per ml and seeded in to 6
well plates (Corning Costar) at 1x10°cells per well. The cells were then left overnight in an incubator

at 37°C, 5% CO,, 95% atmosphere and stimulated the next day.

2.4.1 M1 macrophage differentiation

HC and CF PBMCs were collected and monocytes isolated (see above) in RPMI at 37°C, 5%
CO,, 95% atmosphere. Monocytes were stimulated to an M1 phenotype over 7 days, using GM-CSF
(20ng/ml) (PeproTech EC Ltd) for the first 6 days, RPMI media was supplemented with fresh RPMI
media (+50% volume) containing GM-CSF every 3 days. On the final day, the media was changed for

fresh RPMI containing LPS (50ng/ml) and IFNy (100ng/ml) (both PeproTech EC Ltd) for 24 hours.
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2.5 Cell stimulations and dyes

X X Manufacturer
Reagent Concentration Duration (Mfr.) Mfr. No. Pathway/target
r.
Chloroquine 50 uM 3 or 4 hours Sigma Aldrich C6628 Autophagosome
Tezacaftor 5uM 48 hours Vertex VX-661 CFTR stability
Ivacaftor 5uM 48 hours Vertex VX-770 CFTR function
ATP 5mM 0.5 hours InvivoGen Tirl-atpl K* pump
LPS 10 or 50 ng/ml 4 or 24 hours InvivoGen tlrl-3pelps TLR4, NFkB
ac-yvad-cmk 2ug/mi 1 hour Sigma SML0429 Caspase-1
Cysteamine 250 uM 24 hours Sigma Aldrich M9768 TG2
GM-CSF 20 ng/ml 72 hours PeproTech 300-03 Cell Proliferation
IFNy 100 ng/ml 24 hours PeproTech 300-02 Macrophage activation
Mitotracker . . .
10 nM 0.5 hours Invitrogen M22426 Mitochondria
Deep Red
Mitotracker . . .
10 nM 0.5 hours Invitrogen M7514 Mitochondria
Green
MitoSOX 1uM 0.5 hours Invitrogen M36008 mROS
Autopha 1x as per Mfr.
P gy P 0.5 hours Sigma MAK138-1KT Autophagosome
Assay Kit protocol
Autopha 0.5x as per Mfr
P ,gy P 0.5 hours Bio-Rad APO010B Autophagosome
Assay Kit protocol
Lysotracker .
50nM 0.5 hours Invitrogen L12492 Lysosomes
Deep Red
(R) BPO-27 100 nM 2 hours MedChemExpress HY-19778A CFTR inhibitor

Table 2.1 — Reagents and dyes used for cells.

2.6 ELISA

Supernatants were collected from each cell stimulation and stored at -80°C. The ELISA
Invitrogen CytoSet™ assay kits IL-6, TNF and IL-10 were used to analyse cytokine secretions in cell
supernatant, the manufacturer’s protocol was followed. Briefly, supernatants for ELISAs were
defrosted on ice and centrifuged before use (5 minutes, 13,200 rpm). 96 well Nunc-Immuno ELISA
plates (Thermo Scientific) were coated with the capture antibody and left overnight at 4°C. The wells
were washed twice with PBS containing 0.05% Tween-20 (PBST) and tapped dry. Supernatant samples
were loaded on to the plate in duplicate, along with the cytokine standards, followed by the detection
antibody, and incubated for 2 hours. The contents of the plate were aspirated off and the wells
washed 5 times with PBST. The anti-cytokine streptavidin-HRP conjugates were added to all wells and
incubated for 1 hour, then removed by aspiration and the wells washed 5 times with PBST. The TMB

substrate solution (Invitrogen) was incubated on the plate for 30 min and the reaction stopped with
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sulphuric acid stop solution (1 M). The absorbance of the wells was read at 450 nm and the reference

wavelength at 620 nm. The average cytokine levels were taken from the duplicate samples.

2.7 Western Blots

Cells were washed with PBS and then lysed after stimulations using radioimmunoprecipitation
assay (RIPA) buffer, containing a 10% (w/v) protease and phosphatase inhibitor cocktail (Roche and
Sigma respectively). Samples were centrifuged at 14,000 g for 10 min, and the protein content of the
resultant supernatant was quantified using bicinchoninic acid assay. Proteins were resolved by SDS-
PAGE using 10% polyacrylamide gels at 100 V for 1 hour and transferred to Immobilon P polyvinylidene
difluoride (PVDF) membrane (Bio-Rad) for 1 hour. The membrane was blocked by incubation for 1
hour at 22°C with PBS containing 0.1% (v/v) Tween 20 and 5% (w/v) dried milk powder. The primary
antibodies were incubated overnight at 4°C in PBS-Tween 20 5% (v/v) BSA and the secondary antibody
was incubated for 2 hours at room temperature in 5% (w/v) milk (Table 2.2). Washes were used in
between each stage using PBS Tween 20. Bound antibody was detected using enhanced
chemiluminescent (ECL) detection reagent (Promega). Both Chemidoc (BioRad) and Imagelab

software (BioRad) were used to analyse images obtained.

Target Host Dilution Manufacturer (Mfr) Mfr. Part No.
LC3B/MAP1LC3B Rabbit 1/2000 Novus Biologicals NB100-2220
p62/SQSTM1 Rabbit 1/2000 GeneTex GTX111393
Beclinl Rabbit 1/2000 Bethyl Laboratories A302-566A-M
Atg5-Atgl2 Rabbit 1/1000 GeneTex GTX113309S
Vps34 Rabiit 1/1000 GeneTex GTX129528
p150 Rabbit 1/1000 GeneTex GTX132466S
PINK1 Rabbit 1/1000 Novus Biologicals NB100-644
Parkin Rabbit 1/1000 Biorbyt Orb214359
B-actin Rabbit 1/10,000 GeneTex GTX124214
B-actin Mouse 1/20,000 Sigma-Aldrich A1978
COx4l1 Rabbit 1/1000 Cusabio Biotech CSB-PAO05832ESR1HU
TOM20 Rabbit 1/1000 Abbkine Scientific ABP52627-2
HRP anti-rabbit Goat 1/5000 Thermo Fisher Scientific 32260

HRP anti-mouse Goat 1/10,000 Thermo Scientific 31430

TG2 Rabbit 1/1000 Bethyl Laboratories A304-229A-M
LAMP1 (CD107a) Mouse 1/1000 BD Biosciences 555798

Nrf2 Goat 1/1000 R&D Systems Inc. AF3925-SP
KEAP1 Mouse 1/1000 Santa Cruz BioTech. Inc. Sc-365626
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OxPhos Cocktail Mouse ‘ 1/1000 Abcam ab110413
Table 2.2 — Antibodies for western blotting

2.8 Cathepsin D Activity Assay Kit

The kit was supplied by RayBiotech Inc. (68AT-CathD-S100) and kept at -20°C until needed.
Cells were cultured as normal and then harvested using cell lysis buffer supplied in kit following
manufacturers protocol. Samples were then stored at -80°C until needed. Protocol was carried out as

manufacturer’s instructions.

2.9 Confocal Microscopy

2.9.1 Lysotracker by Invitrogen

Collagen from human placenta (Sigma C7521) that was dissolved in 0.5 M acetic acid to a
concentration of 0.1%, once the collagen was dissolved it was diluted by a factor of 10 in PBS to make
0.01% final concentration. This solution was then used to coat Merck Millicell EZ 8-well glass slides
(PEZGS0816), the slides were left overnight at 37°C for collagen to attach. Collagen was then washed
three times using PBS and left to dry. HBECs were seeded at 50 thousand cells per well in 500 pl of
media, whereas monocytes and M1 macrophages were seeded at 100 thousand cells per well in 500
ul of media, cells were left overnight to attach and stimulated. Once stimulation had finished,
Lysotracker Deep Red (ThermoFisher L12492) was added at a concentration of 50 nM and left in the
incubator at 37°C for 30 minutes. Cells were then washed with PBS once and then fixed with 4%
paraformaldehyde at room temperature for 15 minutes, the formaldehyde was then removed and
NaHCOs (1M) was added to quench the formaldehyde. The cells were then washed 3x with PBS, the
cells coated with ProLong Gold Antifade Mountant with DAPI (Invitrogen P36931) and a cover slip put
on. The slide was left overnight in the dark at room temperature to dry and was imaged the next day

using a confocal scanning microscope Nikon A1R, running the Nikon NIS elements analysis software.
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2.10 Flow cytometry

Flow cytometry was utilised for several assays, the cytometer used was the CytoFLEX LX with

Cytexpert 2.3 for analysis.

2.10.1 Monocyte Characterisation

Classical monocytes were selected through targeting of the cell surface marker CD14 with an
antibody with the appropriate fluorochrome (Table 2.3) depending on the assay. After stimulation,
cells were detached from their culture plates using accutase, washed in PBS (2% FBS) and blocked with
both human IgG (Merck 12511) and mouse serum (Sigma M5905). After blocking, antibodies against
CD14 were added for 30 minutes, cells were then washed three times with PBS (2% FBS) and finally
resuspended in PBS (2% FBS), cells were kept at 4°C throughout this process as much as possible.

30,000 events were captured, and gates were set for each cell phenotype.

Target | Cell Type Fluorophore Per 10° cells Manufacturer (Mfr.) | Mfr. No.
CDh14 Monocyte AlexaFluor405 Sul R&D Systems Inc. FAB3832V
CD14 | Monocyte PE Sul Tonbo Biosciences 50-0149
CDh14 Monocyte AlexaFluor647 Sul BioLegend 301812

Table 2.3 — Antibodies used for flow cytometry analysis.

2.10.2 Autophagy Assay Kit

Two autophagy assay kits were used. For HBECs, the Sigma Aldrich (MAK138) kit was used,
but for monocytes the Bio-Rad (APO010A) kit was used, both kits were stored at -20°C until needed.
After stimulations had finished, cells were stained with autophagosome dye according to
manufacturer’s protocol, blocked and antibody stained. Cells were then washed three times with PBS

(2% FBS) and resuspended in PBS (2% FBS). 30,000 events were captured, gates were set based on cell

type.

2.10.3 MitoSOX Assay

Intracellular mROS in HC and CF monocytes were measured and analysed by flow cytometry

using Invitrogens MitoSOX assay (M36008). Monocytes were identified in the population using CD14
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(Alexafluor647), MitoSOX was used to determine intracellular mROS levels in monocytes. 65.87 ul of
DMSO was added to a 50 pug MitoSOX vial and diluted to a stock 1 mM in PBS. 500 pl of 1 uM MitoSOX
solution (2% FBS) was added to each sample and incubated for 30 minutes, the cells were then washed
twice with PBS (2% FBS), and finally resuspended in PBS (2% FBS) for analysis. 30,000 events were

captured, and gates were set based on cell type.

2.10.4 Mitotracker Assays

Both Mitotracker Deep Red (MTDR) (M22426) and Mitotracker Green (MTG) (M7514) were
both used at 10 nM to analyse both respiring (polarised) and non-respiring (depolarised) mitochondria
respectively, both reagents were supplied by Invitrogen. Cells were incubated in 500 ul of MTDR and
MTG solution (2% FBS) for 30 minutes at 37°C, washed twice with PBS (2% FBS). and finally

resuspended in PBS (2% FBS) for analysis. 30,000 events were captured, gates were set based

on cell type.

2.10.5 Annexin V Assay
The live/dead assay Annexin V Alexa Fluor 488 and Propidium lodide (Thermo Fisher Scientific)
was used with flow cytometry to assess whether cells were healthy, apoptotic or necrotic.

Manufacturers protocol was followed. 30,000 events were captured, gates were set based on cell

type.

2.11 Seahorse Metabolic Analyser

Live cell analysis of Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate
(ECAR) using the Mito Stress Test Kit on monocytes. This assay was performed using the Seahorse XF-
96 Extracellular Flux Analyser (Agilent Seahorse Bioscience). Monocytes were negatively selected
using the EasySep Human Monocyte Isolation Kit produced by Stem Cell Technologies (19359)
following the manufacturers separation protocol. Monocytes were suspended in Agilent Seahorse XF

RPMI Medium (103576-100), the media was supplemented with glucose, pyruvate and L-glutamine.
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At a concentration of 1x10°cells per 1ml of media, the monocytes were seeded in quadruplicate at
1.80x10° cells per well on to CellTak (Corning) coated XF-96 cell culture plates, which was prepared
according to manufacturer’s instructions. Stimulants supplied with the Mito Stress Kit, Oligomycin,
cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) and rotenone with antimycin A were used to

determine basal and maximum OCR and ECAR as per the manufacturer’s instructions.

2.12 Colorimetric Metabolic Assays

To analyse cellular metabolites, several Abcam colorimetric metabolic assays were utilised.
ATP and L-lactate production were quantified using Abcam kits ab83355 and ab65331 respectively.
Glucose consumption and succinate accumulation were analysed using Abcam kits ab136955 and

ab204718 respectively. For each kit the manufacturers protocol was followed.

2.13 RNA isolation and cDNA conversion

Cells were washed in PBS and then harvested using 1 ml TRIzol™ Reagent (ThermoFisher
A33251) and frozen at -80°C. RNA extraction was carried out using the Phasemaker Tubes (Thermo
fisher Scientific) and following manufacturer’s instructions. Upon extraction, the RNA was quantified
and checked for purity using the NanoDrop spectrophotometer, taking ratio measurements at
260/280 and 260/230. RNA samples with readings above 1.75 for 260/280 ratios and 1.90 for 260/230
ratios were chosen for conversion to cDNA. The RNA was then converted to cDNA using the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) following manufacturer’s

instructions and finally stored at -80°C until needed for RT-qPCR.

2.14 Quantitative polymerase chain reaction (q-PCR)

The genetic expression of various genes was quantified by g-PCR using the Applied Biosystems
7500 Real Time PCR System with Power SYBR Green PCR Master Mix (Thermo Fisher Scientific)
(4368577) in 96 well plates. Specific reverse and forward oligonucleotide primers were designed for
the genes of interest (Table 2.4) with Primer-Blast online and acquired from Integrated DNA

Technologies and used at a concentration of 300 nM. The expression of mRNA was calculated relative
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to the house keeping gene HPRT. Samples were added in triplicate with 20 ng of cDNA used in each

reaction and all results showing only one amplification curve, to demonstrate specificity of primers.

Target Forward Sequence (5’ to 3’) Reverse Sequence (3’ to 5’)
LC3B CTGTTGGTGAACGGACACAG CTGGGAGGCATAGACCATGT
Beclinl GGGCTCCCGAGGGATGG CTCGTGTCCAGTTTCAGGGG
Atg5 TGACGTTGGTAACTGACAAAGTG AATGCCATTTCAGTGGTGTG
Ulk1 GCTCTTTTGTTTCTCCGTTGGG CGTTGCAGTACTCCATAACCA
p62 AGCAGATGAGGAAGATCGCC CTGTAGACGGGTCCACTTCTT
BNIP3 GCCATCGGATTGGGGATCTA CCACCCCAGGATCTAACAGC
FUNDC1 CTGGCTGGTGTGCAGGATTT AGAAAGCCACCACCTACTGC
PINK1 GGATATGGAGCAGTCACTTACAG GGCAGCACATCAGGGTAGTC
Parkin CGACCCTCAACTTGGCTACT TCTTTAATCAAGGAGTTGGGACA
Mfnl GGAGACTTAGCATAATGGCAGA GTGGCTATTCGATCAAGTTCCG
Drpl GCTGCCTCAAATCGTCGTAG TCTGCTTCCACCCCATTTTCT
NIX CACACCAGCAGGGACCATAG GTGGAACTCCTTGGGTGGAA
VDAC1 TCCTCCCCTTCAAATGCTGTAA GACAACAGAAGAAGGATGAGGTT
PHB2 CAAGATGCTTGGAGAAGCACTGAG ACCCTTGATGAGGCTGTCAC
PGAMS5 GCAGGAGGAGGACAGTTACG CGAGTGATCTTGTCGGGAGG
G6PD CGACGACGAAGCGCAGA TGAAGGTGTTTTCGGGCAGA
HO-1 CTGCTCAACATCCAGCTCTTTG ATCTTGCACTTTGTTGCTGGC
NQO1 GCTGGTTTGAGCGAGTGTTC CTGCCTTCTTACTCCGGAAGG
GCLC ATTAGGCTGTCCTGGGTTCAC TTTCTTGTTAAGGTACTGAAGCG
Nrf2 AACTACTCCCAGGTTGCCCA TACAAACGGGAATGTCTGCG
KEAP1 CTCCCCAACCGACAACCAAGA AGATAAGCAACACCACCACCT
HPRT GGAAAGAATGTCTTGATTGTGGAAG GGATTATACTGCCTGACCAAGGAA

Table 2.4 — Primer sequences

2.15 Statistical analysis

GraphPad Prism V7 was used for data analysis, all data are presented as the mean + standard
error of the mean (SEM), no statistical methods were used to predetermine sample size and no test
was carried out to determine if samples represented a normal distribution. The statistical analysis
used in this study was a two-way ANOVA multiple comparisons statistical test with Tukey correction.
Comparisons were made between both HC and CF across the same stimulations, comparisons were
also made between different stimulations within HC and CF respectively. Mann-Whitney non-

parametric test was used to compare the median of different groups. Multiple t-test statistical analysis
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with Bonferroni-Dunn correction was also used. Values were considered significant when p < 0.05
(Table 2.5). See study limitations (Section 7.6) for an explanation as to why some of these statistical

tests are inappropriate.

Significance P value
Not significant P >0.05
* P <0.05
*x P<0.01
*xE P <0.001
HokkX P <0.0001

Table 2.5 - Statistical significance key
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Chapter 3.0 — Autophagy and CFTR modulators in Cystic

Fibrosis HBECs

3.1 Introduction

Autophagy is a vital process in maintaining the quality of the cell membrane and intracellular
organelles, thereby reducing oxidative stress, inflammation and, ultimately, preventing cell death
[186]. Several papers have been published indicating that autophagy is defective in CF HBECs;
however, these papers have used the IB3-1 (AF508/W1282X) cell line, with the C38 cell line as a WT
control [79]. This is sub-optimal, as the C38 cell line is not technically a WT HBEC, as it is the CF IB3-1
cell line transfected with a WT CFTR protein, via an adeno-associated viral vector. This means that the
C38 cell line has been further genetically modified, and still expresses the AF508 mutated CFTR
protein. This will likely have unforeseen effects on cellular pathways, such as autophagy [79] and
the UPR [355]. Comparing the C38 cell line to IB3-1, it was found that the number of
autophagosomes was reduced in the IB3-1 cell line, formation of the late stage autophagy protein
LC3B Il was also reduced, and p62, which binds to ubiquitin tagged organelles and proteins
targeting them for degradation, was raised; furthermore, ubiquitin was shown to be increased [79].
Accumulation of mutated CFTR into aggresomes [333] and the increase in intracellular mutated
CFTR, upon proteasome inhibition [356], indicates that the lack of clearance of cytosolic mutated
CFTR, and its subsequent accumulation, is not due to proteasome dysfunction but, most likely,

dysfunctional autophagy.

Briefly, the mechanism by which autophagy was proposed to be defective in this
comparative study was via AF508 CFTR forming aggregates [333], inducing an increase in
production of ROS, leading to post-translational modifications of TG2; thereby, inhibiting its

degradation and thus, sustaining high levels of TG2. As TG2 acts as a regulator of post translational
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modifications, its overactivation was linked to the creation of cross-linkages between several

autophagy proteins, and, ultimately, impairment of the autophagic mechanism [79, 331, 357].

With this in mind, it seemed pertinent to investigate the state of autophagy in several other
HBEC lines, with the class [l mutation AF508, which constitutes about 70% of mutations found in CF
[8], and to establish whether autophagy is defective in the way proposed. In addition, | sought to
clarify if different class mutations result in different outcomes for the state of autophagy. To date,
no research has been carried out as to whether the use of CFTR modulators can improve the
autophagic function of CF HBECs through partial recovery of CFTR folding and function.
Furthermore, | wanted to investigate what role lysosomes might play if autophagy is defective in
CF HBECs. In this chapter and proceeding chapters, the autophagic inhibitor, chloroquine, is used
to freeze autophagy at the final step (Figure 3.1), allowing for characterisation of the state of

autophagic flux.
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Figure 3.1 — Autophagic flux. In autophagy, an expanding double membrane, called a phagophore,
encapsulates damaged organelles and aggregated protein for degradation. An autophagosome is formed
once the expanding phagophore has encapsulated the cargo for degradation. A lysosome then fuses with
the autophagosome, releasing the lysosomal proteases into the autophagosome, to form an
autophagolysosome. The contents of the autophagolysosome are then degraded and exported back into
the cell. As autophagy is a dynamic process with autophagosomes being formed and then degraded,
autophagic inhibitors, such as chloroquine, are used to freeze autophagy at different stages of the pathway,
providing a snapshot of the mechanism in action. Figure produced using Smart Servier Medical Art.
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3.2 Results

3.2.1 Expression of autophagy genes in CF HBECs

The mRNA expression of key autophagy proteins was investigated in the Beas-2b (WT), IB3-1
(AF508/W1282X) and CuFi-1 (AF508/AF508) cell lines, under basal conditions. Both LC3 and Beclinl
genes were significantly upregulated in the CuFi-1 cell line (Figure 3.2), with both Atg5, Ulk1 and p62
showing no change compared to Beas-2b. The IB3-1 cell line, however, only showed a significant

decrease in the expression of p62.
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Figure 3.2 — Expression of autophagy genes in HBECs. gPCR was used to measure the expression of
autophagy genes in Beas-2b, IB3-1 and CuFi-1 cell lines. mRNA expression of LC3, Beclin1, Atg5, Ulk1 and
p62 were measured. All data are presented as mean + SEM. Statistical significance was calculated using a
non-parametric Mann-Whitney statistical test (p values *=< 0.05, **=< 0.01, ***=< 0.001 and ****= <
0.0001). n=4 for each cell line, where n is the number of experiments and passages of cell line.
3.2.2 Expression of autophagy proteins in CF HBECs
Next the protein expression of autophagy proteins was determined, using western blotting
(Figure 3.3) under basal condition and with the addition of chloroquine to inhibit the degradation step
of autophagy and, thereby determine the turnover rate of these proteins via autophagy.
Concentrations of autophagy proteins p62, Atg5, LC3BI and I, Vps34, p150 and Beclinl were
measured. Representative western blots are shown in Figure 3.3A. The ratio of LC3BII/I was used to

determine autophagic turnover, as LC3BI indicates early stage autophagy and LC3BIl indicates late

stage autophagy, when the autophagosome has fully formed (Figure 3.3D).
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Figure 3.3 — Expression of autophagy proteins in HBECs. Western blots were used to measure the expression
of autophagy proteins in Beas-2b, IB3-1 and CuFi-1 cell lines. Cells were stimulated for 3 hours with 50 uM
chloroquine. Representative blots shown (A), and protein expression of p62 (B), Atg5 (C), LC3BI (E) and Il (F),
Beclinl (G), VSP34 (H) and p150 (l) were normalised to B-actin and the ratios compared to Beas-2b WT. The
ratio of LC3BII/I was also determined (D). All data are presented as mean + SEM. Statistical significance was
calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<
0.05, **¥=<0.01, ***=<0.001 and ****=<0.0001). n=6 for each cell line and each stimulation, where n is the
number of experiments and passages of cell line.

There were no differences between any of the cell lines under basal conditions for p62, LC3BII

and the LC3BII/I ratio; however, upon autophagy inhibition with chloroquine, a significant increase

was shown across all cell lines (Figure 3.3B, D and F). With chloroquine, there were significant

differences in the LC3BII/I ratio between the CuFi-1 cell line and both Beas-2b and IB3-1; however,
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there was no significant difference between IB3-1 and Beas-2b (Figure 3.3D). Under basal conditions
Atg5 appeared upregulated in the I1B3-1 cell line but downregulated in CuFi-1, there was no change
with chloroquine stimulation (Figure 3.3C). LC3BI was downregulated in the CuFi-1 cell line compared
to Beas-2b, under basal conditions and with chloroquine (Figure 3.3E). Beclinl was also found to be
significantly upregulated in CuFi-1 compared to Beas-2b, under basal conditions, with I1B3-1 showing
no significant difference; however, upon chloroquine stimulation these differences disappear (Figure
3.3G). There were no significant differences, under basal conditions or with chloroquine, for Vps34

and p150 between any of the cell lines (Figure 3.3H and ).

3.2.3 Expression of autophagy proteins, with CFTR modulators in CF HBECs

The impact that the CFTR modulators, ivacaftor and tezacaftor (Symdeko), had on cell lines
carrying either AF508/W1282X or AF508/AF508 CFTR mutations was then investigated. It was decided
not to investigate Vps34 and p150 further as there were no differences established between these

cell lines (Figure 3.3). Representative western blots are shown in Figure 3.4A.

With the addition of Symdeko, there was a significant increase in p62 production in the CuFi-
1 cell line, compared to basal conditions, and a significant increase in p62 upon addition with
chloroquine across all cell lines (Figure3.4B). p62 appeared downregulated, compared to Beas-2b and
CuFi-1, upon addition of Symdeko and chloroquine (Figure 3.4B). Under basal conditions no
differences were apparent between the cell lines with Beclin1, but upon addition of Symdeko, there
was a significant increase between IB3-1 and Beas-2b (Figure 3.4C). Atg5 was downregulated under
basal conditions in the CuFi-1 cell line, with no change upon addition of Symdeko or chloroquine
(Figure 3.4D). The LC3BII/I ratio showed no difference with addition of Symdeko, with chloroquine
showing an increase compared to basal, with each cell line (Figure 3.4E). There were no changes in

LC3BI between the cell lines with Symdeko and chloroquine (Figure 3.4F). No change was observed in
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the expression of LC3BII, on the addition of Symdeko, but there were significant differences after the
addition of both Symdeko and chloroquine, between CuFi-1 and Beas-2b (Figure 3.4G).
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Figure 3.4 — Expression of autophagy proteins with CFTR modulators in HBECs. Western blots were used to
measure the expression of autophagy proteins in Beas-2b, IB3-1 and CuFi-1 cell lines. Cells were stimulated
with ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0 hours, then with
a media change and re-stimulated at 24 hours, chloroquine was added for final 3 hours at 50 puM.
Representative blots show (A). Protein expression of p62 (B), Beclinl (C), Atg5 (D), LC3BI (F) and Il (G) was
normalised to B-actin and the ratios were compared to Beas-2b WT. The ratio of LC3BII/I was also
determined (E). All data are presented as mean + SEM. Statistical significance was calculated using a two-
way ANOVA multiple comparisons statistical test with Tukey correction (p values ¥*=<0.05, **¥=<0.01, ***=<
0.001 and ****=<0.0001). n=6 for each cell line and each stimulation, where n is the number of experiments
and passages of cell line.
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3.2.4 Autophagosome production in CF HBECs

Next the number of autophagosomes were quantified using flow cytometry; a representative
autophagosome MFI is shown in Figure 3.5A. Under basal conditions there was no significance
between IB3-1 and Beas-2b cell lines; however, the CuFi-1 cell line showed a significant increase in the
number of autophagosomes (Figure 3.5B). Upon inhibition of autophagy with chloroquine, all cell lines
showed a significant increase in the number of autophagosomes as well as retaining the significant

difference between CuFi-1 and the other two cell lines (Figure 3.5B).
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Figure 3.5 — Autophagosome production in HBECs. Flow cytometry was used to measure autophagosome
production in Beas-2b, IB3-1 and CuFi-1 cell lines. Cells were stimulated for 3 hours with 50 uM chloroquine.
Autophagosomes were stained with a dye supplied by Sigma. Gating strategy shown in Appendix Figure 1.
Representative mean fluorescence intensity (MFI) (A) and MFI quantified (B). All data are presented as mean
+ SEM. Statistical significance was calculated using a two-way ANOVA multiple comparisons statistical test
with Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=6 for each cell line
and each stimulation, where n is the number of experiments and passages of cell line.
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3.2.5 Autophagosome production with CFTR modulators in CF HBECs

Upon addition of Symdeko (representative autophagosome MFI shown in Figure 3.6A,) there
was still a significant increase in autophagosome numbers between CuFi-1 and both Beas-2b and IB3-
1 (Figure 3.6B). Symdeko had significantly reduced the number of autophagosomes in the CuFi-1 cell
line, in comparison to basal conditions. There was no significance between IB3-1 and Beas-2b under
basal conditions, with Symdeko or with Symdeko and chloroquine. Upon addition of Symdeko and
chloroquine, none of the cell lines showed any increase in autophagosome number, when compared

to basal conditions.
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Figure 3.6 — Autophagosome production with CFTR modulators in HBECs. Flow cytometry was used to
measure autophagosome production in Beas-2b, IB3-1 and CuFi-1 cell lines. Cells were stimulated with
ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0 hours, then with a
media change and re-stimulated at 24 hours, chloroquine was added for final 3 hours at 50 pM.
Autophagosomes were stained with a dye supplied by Sigma. Gating strategy shown in Appendix Figure 1.
Representative mean fluorescence intensity (MFI) (A) and MFI quantified (B). All data are presented as mean
+ SEM. Statistical significance was calculated using a two-way ANOVA multiple comparisons statistical test
with Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=6 for each cell line
and each stimulation, where n is the number of experiments and passages of cell line.
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3.2.6 Expression of autophagy regulator with CFTR modulators
The concentration of TG2 was investigated in the Beas-2b, IB3-1 and CuFi-1 cell lines (Figure
3.7), with representative blots shown in Figure 3.7A. Western blots were quantified using

densitometry; however, due to the low n number statistical analyses could not be performed.
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Figure 3.7 — Expression of transglutaminase 2 (TG2) in CF HBECs. Western blots were used to measure the
expression of TG2 in Beas-2b, IB3-1 and CuFi-1 cell lines. Cells were stimulated with ivacaftor and tezacaftor
(combination Symdeko) at 5 uM for 48 hours, once at time 0 hours, then with a media change and re-
stimulated at 24 hours. All data are presented as mean + SEM. n=3 for each cell line and each stimulation,
where n is the number of experiments and passages of cell line.

3.2.7 Lysosomal quantity and CFTR modulators in CF HBECs

At this stage, as there were no differences between Beas-2b and IB3-1, it was decided to stop
investigating the IB3-1 cell line and to just focus on Beas-2b and CuFi-1. Also, as the data so far showed
an upregulation in the turnover rate of autophagy in the CuFi-1 cell line, it was decided to establish
whether the lysosomes were functioning normally. The number of lysosomes was quantified under
basal conditions and with Symdeko, first by western blotting for the lysosomal associated membrane
protein 1 (LAMP1) (Figure 3.8) and then by confocal microscopy, using Lysotracker Deep Red (LTDR)

(Figure 3.9).
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Representative western blots are shown in Figure 3.8A. There were no differences found
between Beas-2b and CuFi-1, both under basal conditions and with Symdeko (Figure 3.8B). Confocal
microscopy, representative images of Beas-2b and CuFi-1 shown in Figure 3.9A, statistical analysis was

not performed due to a low n value (Figure 3.9B).
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Figure 3.8 — Expression of lysosomal associated membrane protein 1 (LAMP1) with CFTR modulators in CF
HBECs. Western blots were used to measure the expression of LAMP1 in Beas-2b and CuFi-1 cell lines. Cells
were stimulated with ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0
hours, then with a media change and re-stimulated at 24 hours. All data are presented as mean = SEM.
Statistical significance was calculated using a two-way ANOVA multiple comparisons statistical test with
Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****= < 0.0001). n=6 for each cell line and
each stimulation, where n is the number of experiments and passages of cell line.
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Figur:3.9 — Lysosome number in HBECs. Confocal microscopy was used with Lysotracker Deep Red (Green)
to quantify the number of lysosomes within both the Beas-2b and CuFi-1 cell lines. DAPI was used to stain
the nucleus (Red). All images were taken using the same parameters. Representative images shown (A) and
quantification of lysosomes (B). Cells were stimulated with ivacaftor and tezacaftor (combination Symdeko)
at 5 uM for 48 hours, once at time 0 hours, then with a media change and re-stimulated at 24 hours. All data
are presented as mean * SEM. n=3 for each cell line and each stimulation, where n is the number of
experiments and passages of cell line.
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3.2.8 Lysosomal function and CFTR modulators in CF HBECs

To help establish lysosomal function, the activity of the lysosomal protease enzyme Cathepsin
D was measured through a colorimetric assay (Figure 3.10). Under basal conditions there was no
significant difference found in Cathepsin D activity between Beas-2b and CuFi-1 cell lines. Whereas,
after stimulation with Symdeko, Cathepsin D activity was significantly downregulated in the CuFi-1 cell
line, compared to baseline CuFi-1, but also compared to Beas-2b after Symdeko stimulation. There

was no change in Cathepsin D activity in the Beas-2b cell line after Symdeko stimulation.
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Figure 3.10 — Cathepsin D activity with CFTR modulators in CF HBECs. Colorimetric Cathepsin D assay kit
was used to measure the activity of Cathepsin D in Beas-2b and CuFi-1 cell lines. Cells were stimulated with
ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0 hours, then with a
media change and re-stimulated at 24 hours. All data are presented as mean + SEM. Statistical significance
was calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values
*=<0.05, ¥*=<0.01, ***=<0.001 and ****=<0.0001). n=6 for each cell line and each stimulation, where n
is the number of experiments and passages of cell line.
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3.2.9 Expression of autophagy proteins in class Ill mutation CF HBECs

Next, the autophagic mechanism of a CF cell line (CuFi-4 (AF508/G551D)), with both a class I
mutation (AF508) and a class lll mutation (G551D), was investigated in comparison to Beas-2b, using
western blotting; representative blots (shown in Figure 3.11A), both under basal conditions and with
chloroquine added. The western blots were quantified using densitometry but due to the low n

number, statistical analyses were not performed (Figure 3.11B-E).
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Figure 3.11 — Expression of autophagy proteins in class lll mutation CF HBECs. Western blots were used to
measure the expression of autophagy proteins in Beas-2b and CuFi-4 cell lines. Cells were stimulated for 3
hours with 50 uM chloroquine. Representative blots shown (A), and protein expression of p62 (B), LC3BII/I
ratio (C), LC3BI (D) and Il (E) were normalised to B-actin and the ratios compared to Beas-2b WT. All data are
presented as mean + SEM. n=3 for each cell line and each stimulation, where n is the number of experiments
and passages of cell line.
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3.2.10 Expression of autophagy proteins with ivacaftor, in class lll mutation CF HBECs

The CFTR modulator, ivacaftor, which corrects the function of the CFTR protein, was used to
see if just correcting CFTR function, alone, alters autophagy. Representative blots are shown in Figure
3.12A. The western blots were quantified using densitometry but due to the low n number, statistical

analyses could not be carried out (Figure 3.12B-E).
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Figure 3.12 — Protein expression of autophagy with CFTR modulators in class Ill mutation CF HBECs.
Western blots were used to measure the expression of autophagy proteins in Beas-2b and CuFi-4 cell lines.
Cells were stimulated with ivacaftor at 5 uM for 48 hours, once at time 0 hours, then with a media change
and re-stimulated at 24 hours, chloroquine was added for final 3 hours at 50 uM. Representative blots show
(A). Protein expression of p62 (B), LC3BII/I ratio (C), LC3BI (D) and Il (E) was normalised to B-actin and the
ratios were compared to Beas-2b WT. All data are presented as mean + SEM. n=3 for each cell line and each
stimulation, where n is the number of experiments and passages of cell line.
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3.2.11 Autophagosome production in class lll mutation CF HBECs
The number of autophagosomes produced by the CuFi-4 cell line, in comparison to the Beas-
2b cell line, was then measured by flow cytometry, and representative autophagosome MFI are shown

in Figure 3.13A. Due to the low number of replicates, statistical analysis was not carried out (Figure
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Figure 3.13 — Autophagosome production in class Ill mutation CF HBECs. Flow cytometry was used to
measure autophagosome production in Beas-2b and CuFi-4 cell lines. Cells were stimulated for 3 hours with
50 uM chloroquine. Autophagosomes were stained with a dye supplied by Sigma. Gating strategy shown in
Appendix Figure 1. Representative mean fluorescence intensity (MFI) (A) and MFI quantified (B). All data are
presented as mean + SEM. n=3 for each cell line and each stimulation, where n is the number of experiments
and passages of cell line.
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3.2.12 Autophagosome production and ivacaftor in class lll mutation CF HBECs

To establish the effect of ivacaftor on the production of autophagosomes, this compound was
added to both Beas-2b and CuFi-4 cell lines. Representative autophagosome MFI are shown in Figure
3.14A. Due to the low number of replicates, statistical analysis could not be performed on the data

(Figure 3.14B).
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Figure 3.14 — Autophagosome production with CFTR modulators in class Il mutation CF HBECs. Flow
cytometry was used to measure autophagosome production in Beas-2b and CuFi-4 cell lines. Cells were
stimulated with ivacaftor at 5 uM for 48 hours, once at time 0 hours, then with a media change and re-
stimulated at 24 hours, chloroquine was added for final 3 hours at 50 uM. Autophagosomes were stained
with a dye supplied by Sigma. Gating strategy shown in Appendix Figure 1. Representative mean
fluorescence intensity (MFI) (A) and MFI quantified (B). All data are presented as mean + SEM. n=3 for each
cell line and each stimulation, where n is the number of experiments and passages of cell line.
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3.3 Discussion

3.3.1 Autophagy function in CF HBECs

As shown in Figures 3.2, 3.3 and 3.5, autophagy is clearly abnormal in the CuFi-1 but not in
the IB3-1 cell line, both in comparison to the WT Beas-2b cell line” at the mRNA and protein level. This
contradicts the current literature that shows autophagy is dysregulated in the IB3-1 cell line compared
to the C38 cell line [79]. No statistical analyses were performed on Figure 3.11 and 3.13 due to low
replicate numbers. The CuFi-1 cell line showed dysregulated autophagy, with an increased turnover
ratio of LC3BII/I as well as increased production and turnover of autophagosomes (Figures 3.3 and
3.5). The turnover rate of p62, which binds to damaged organelles as well as misfolded/aggregated
protein, via ubiquitin, showed no difference across the three cell lines, indicating that autophagy is
removing these damaged organelles and proteins in a physiologically correct manner; furthermore,
IB3-1 did not show downregulation of Beclinl, p150 or Vps34 (Figure 3.3), again contradicting the
literature [79]. These data indicate that autophagy is turning over at a higher rate to that of WT in the

CuFi-1 CF cell line.

Finally, as the current published model for defective autophagy in CF revolves around TG2
accumulation and overactivation, TG2 was quantified in the Beas-2b, IB3-1 and CuFi-1 cell lines (Figure
3.7). As no statistical differences could be shown due to low replicate numbers, it is not possible to
make comparisons between these data and the current model of dysregulated autophagy in CF HBECs

[79, 331, 357].

Itis likely that the differences observed in the autophagic mechanism are due to the different
genotypes found in each cell line. The fact that the CuFi-1 (AF508/AF508) cell line showed autophagy
dysregulation but the IB3-1 (AF508/W1282X) cell line did not, implies that two protein producing
mutations are required to cause dysregulated autophagy in CF, as the IB3-1 cell line has one class |

mutation where no protein is produced, as well as a class Il mutation. This also implies that it’s the
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accumulation of mutated CFTR which leads to this abnormality as opposed to the lack of CFTR function

itself.

It was decided at a later stage to investigate the CuFi-4 cell line, as the initial aim was to
establish whether the presence of one or two AF508 mutations would lead to abnormal autophagy,
the G551D mutation containing cell line was added to establish whether the abnormal autophagy seen
in CuFi-1 was AF508 mutation specific, or whether other protein producing mutations could also lead

to abnormal autophagy.

However, the fact that these are different cell lines that have originated from different
individuals, as well as the fact that different culturing conditions are required for some of the cell lines,
makes it difficult to draw any strong conclusions. To help with this, a collaboration has been set up
with Professor Fabio Martinon (University of Lausanne), to utilise CRISPR/Cas9 to create a Beas-2b cell
line which is homozygous for AF508 as well as the creation of a CFTR KO Beas-2b cell line, as this would
enable the direct analysis of whether specific CFTR mutations lead to the differences seen in

autophagic control and regulation in CF.

3.3.2 Impact of CFTR modulators on autophagy in CF HBECs
As the impact of CFTR modulators on autophagy in CF hadn’t been investigated before, and
as there were some discrepancies between the results shown here and, in the literature, it seemed

appropriate to establish what impact these modulators have on autophagy in CF HBECs.

The purpose of adding CFTR modulators to CF HBECs was to establish whether a partial
correction of mutated CFTR structure and function was sufficient to correct the autophagic
abnormalities seen in the CF HBECs, and whether specific correction of the function of the CFTR, in
the class Il mutation CF HBECs using ivacaftor, was enough to affect or alter autophagic function. As
the prevailing theory behind why autophagy is dysregulated in CF HBECs is that the accumulation of

mutated CFTR leads to heightened intracellular ROS and post-translational modifications of autophagy
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proteins, leading to their accumulation and lack of dysfunction, | therefore hypothesised that clearing

the accumulated mutated CFTR from the cell will help improve autophagy.

However, upon addition of Symdeko, there was a significant increase in p62 in the CuFi-1 cell
line, with associated increased cellular stress, as well as more damaged intracellular organelles and
accumulated protein (Figure 3.4), but there was also a reduction in the LC3BII/I ratio and number of
autophagosomes, indicating a slower turnover rate of autophagy. This is interpreted as meaning that
either Symdeko might be slowing down the rate of autophagy in the CuFi-1 cell line, as the reduction
in LC3BII/I ratio implies, or that Symdeko is causing cellular stress, leading to an increase in the level

of expression of p62.

The impact Symdeko had on TG2 concentration could not be analysed due to the low number

of replicates (Figure 3.7).

The use of ivacaftor to correct the function of the G551D mutated CFTR protein could not be

assessed due to the low number of replicates (Figure 3.12 and 3.14).

3.3.3 Lysosomal function in CF HBECs

Whether lysosomes are functioning correctly or not in CF, as well as whether the CFTR is even
found in the membrane of lysosomes, are highly contentious areas of research, with various studies
purporting to show either that lysosome acidification is impaired or functioning correctly [114, 358-
361]; these discrepancies are largely due to disagreements over the correct methodology. The data
shown above (Figure 3.8 and 3.10) show no differences in the number of lysosomes, but a reduction
in the activity of the lysosomal protease enzyme, cathepsin D, indicates faulty acidification, as the
enzyme was unable to function properly. The use of Symdeko to partially recover the CFTR and
improve acidification of the lysosomes proved unsuccessful, which implies that the CFTR may not be

present on the membrane of the lysosome.
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In summary these results demonstrate that autophagy is abnormal in the CuFi-1 cell line and
that comparisons between the 1B3-1 and C38 cell lines should be cautiously interpreted. The data also
show that abnormal autophagy requires the presence of two CFTR protein producing mutations and
that the lysosomes also appear abnormal in CF. Further research into the morphological state of
lysosomes and their function in CF HBECs would be highly interesting, particularly with the

development of new dyes which can act as pH sensors.

85



Chapter 4.0 — Autophagy and CFTR modulators in CF

monocytes and M1 macrophages

4.1 Introduction

The previous chapter focused on autophagy in HBEC lines and current literature surrounding
that, whereas this chapter aims to clarify the state of autophagy within patients’ primary cells, namely
monocytes and M1 macrophages. After the publication of our groups’ recent work on monocytes and
M1 macrophages, in relation to the UPR [103] and hyperactivation of NLRP3 inflammasome [28], |
decided to investigate the state of autophagy in these same cells, especially as there are obvious links

between the UPR [362], NLRP3 inflammasome [363] and autophagy.

The current CF literature on autophagy in primary cells largely reports on mouse models and
shows that the autophagy mechanism is dysregulated in BMDMs and airway epithelial cells that are
homozygous for AF508 CFTR. The mouse models used so far have shown that AF508 homozygous
BMDMs are unable to clear B. cepacia infections correctly via autophagy, and that, upon stimulation
with the autophagy inducer, rapamycin, the vacuoles containing B. cepacia fuse with the lysosomes,
aiding in the removal of infection [330]. In the same study, it was also found that B. cepacia
downregulated several autophagy genes in BMDM s in both WT and CF mice. Depletion of the ubiquitin
binding adaptor protein, p62, in BMDMs, was found to increase the clearance of B. cepacia infection
[334]. Another report showed elevation of the microRNA cluster, Mirc1/Mirc17-92, which was shown
to downregulate autophagy in mouse BMDMs. Downregulation of Mirl7 and Mir20a improved the
state of autophagy and also improved B. cepacia clearance [364]. More recently, the same group
published another study, using a CF mouse model that purported to show that autophagy protein,
Atgl2, is highly methylated in BMDMSs compared to WT, leading to weakened autophagy [337]. Airway

epithelial cells in AF508 homozygous mice showed raised levels of p62 and decreased LC3B levels,
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implying that autophagy is dysregulated; however, this particular study failed to use autophagy

inhibitors to establish the turnover rate of these autophagic proteins [79].

There is limited research on autophagy in primary samples from patients with CF; Luciani et
al. focused on nasal epithelial cell brushings, taken from patients with CF, and found both upregulated
p62 and downregulated LC3BII formation, under basal conditions, indicating impaired autophagy [79];
however, again the study did not utilise autophagy inhibitors to see whether the mechanism in these

human samples was turning over correctly.

Given the obvious links between the UPR, M1 macrophages and autophagy, and that, to date,
there hasn’t been any research on the state of autophagy in monocytes or monocyte-derived M1

macrophages from patients with CF, | decided to clarify the state of autophagy in these cell types.
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4.2 Results

4.2.1 Expression of autophagy genes in CF monocytes and M1 macrophages

To establish the mRNA expression of several autophagy genes, qPCR was used for both
monocytes and M1 macrophages. The expression of autophagy genes LC3, Beclin1, Atg5, Ulk1 and p62
were quantified under basal conditions (Figure 4.1A and B). There were no significant differences
found between HC and CF samples for M1 macrophages; statistical analysis could not be performed

on monocytes due to the low n value.
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Figure 4.1 - Expression of autophagy genes in monocytes and M1 macrophages. gPCR was used to measure
the expression of autophagy genes in monocytes (A) and M1 macrophages (B). mRNA expression of LC3,
Beclin1, Atg5, Ulk1l and p62 were measured. All data are presented as mean + SEM. Statistical significance
was calculated using a non-parametric Mann-Whitney statistical test (p values *=< 0.05, **=<0.01, ***=<
0.001 and ****=<0.0001). Monocytes n=3 and M1 macrophages n=6, where n is the number of different

HC or CF samples.
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4.2.2 Expression of autophagy proteins in CF monocytes and M1 macrophages

The expression of autophagy proteins was then investigated in monocytes, and representative
blots are shown in Figure 4.2A. Under basal conditions there was a significant increase in the quantity
of p62, within CF monocytes in comparison to HC, with a significant increase in p62, in comparison to
baseline, with the addition of chloroquine in HC monocytes but not in CF monocytes (Figure 4.2B). The
expression of Beclin1, the LC3BII/I ratio, LC3BI and LC3BII all showed no difference between HC and
CF monocytes, at baseline (Figures 4.2C-F respectively), but did show significant increases in Beclini,
LC3BII/I ratio and LC3BII, in comparison to basal conditions, when chloroquine was added (Figures
4.2C, B and F respectively). LC3BI showed no change in its expression upon stimulation with

chloroquine (Figure 4.2E).
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Figure 4.2 — Expression of autophagy proteins in monocytes. Western blots were used to measure the
expression of autophagy proteins in both HC and CF monocytes. Cells were stimulated for 3 hours with 50
UM chloroquine. Representative blots shown (A). Protein expression of p62 (B), Beclinl (C), LC3BII/I ratio
(D), LC3BI (E) and Il (F) was normalised to B-actin and the ratios were compared to HC monocytes WT. The
ratio of was also determined. All data are presented as mean + SEM. Statistical significance was calculated
using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<0.05, **=<
0.01, ***=<0.001 and ****=<0.0001). n=11 for p62 and LC3B, and n=5 for Beclinl, where n is the number
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M1 macrophage autophagy protein expression was also measured, and representative blots
shown in Figure 4.3A. Under basal conditions, the expression of p62 was significantly higher in CF M1
macrophages in comparison to HC. With the addition of chloroquine to show autophagic flux, the
guantity of p62 in HC M1 macrophages significantly increased, in comparison to basal conditions, but
it failed to increase in CF M1 macrophages. With chloroquine, there were still significantly higher levels
of p62 in CF M1 macrophages compared to HC M1 macrophages (Figure 4.3B). At baseline, there were
no significant differences between levels of LC3BII/I ratio, LC3BI and LC3BIlI in HC and CF M1

macrophages (Figures 4.3D-F respectively). Statistical analysis could not be performed on Beclinl in
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Figure 4.3 — Expression of autophagy proteins in M1 macrophages. Western blots were used to measure
the expression of autophagy proteins in both HC and CF M1 macrophages. Cells were stimulated for 3 hours
with 50 uM chloroquine. Representative blots shown (A). Protein expression of p62 (B), Beclin1 (C), LC3BII/I
ratio (D), LC3BI (E) and Il (F) was normalised to B-actin and the ratios were compared to HC monocytes. The
ratio of was also determined. All data are presented as mean + SEM. Statistical significance was calculated
using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<0.05, **=<
0.01, ***=<0.001 and ****=<0.0001). n=10 for p62 and LC3B, and n=3 for Beclinl, where n is the number

of different HC or CF samples.
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M1 macrophages due to the low number of replicates (Figure 4.3C). There was also a significant
increase in both the LC3BII/I ratio and LC3BII, when chloroquine was added to both HC and CF M1
macrophages, in comparison to baseline (Figure 4.3D and F respectively). There was no change in
LC3BI concentrations when both HC and CF M1 macrophages were stimulated with chloroquine

(Figure 4.3E).

4.2.3 Expression of autophagy proteins with CFTR modulators in monocytes and M1
macrophages

The impact of the CFTR therapeutic, Symdeko (ivacaftor and tezacaftor), on the expression of
autophagy proteins was investigated in both monocytes and M1 macrophages. Symdeko was used,
instead of ivacaftor on its own, as the patients’ samples used were all AF508 homozygous and,

therefore, required a CFTR modulator that would recover CFTR’s folding, and not only its function.

Representative blots for monocytes with Symdeko are shown in Figure 4.4A. Under basal
conditions, p62 is significantly upregulated in CF monocytes compared to HC; upon stimulation with
Symdeko there is no change between baseline and Symdeko for CF monocytes. The addition of
Symdeko and chloroquine lead to a significant increase of p62 in HC monocytes but not in CF
monocytes (Figure 4.4B). Both Beclinl and LC3BI showed no difference across any stimulation or
between HC and CF monocytes (Figures 4.4C and E respectively). At baseline, and following Symdeko,
there were no significant differences observed between HC and CF monocytes, for both the LC3BII/I
ratio and LC3BI; however, upon Symdeko and chloroquine stimulation, there was a significant increase
for both HC and CF compared to baseline (Figures 4.4D and F respectively). There was also a significant

difference between HC and CF monocytes with Symdeko and chloroquine (Figure 4.4F).
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Figure 4.4 — Expression of autophagy proteins with CFTR modulators in monocytes. Western blots were
used to measure the expression of autophagy proteins in HC and CF monocytes. Cells were stimulated with
ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0 hours, then with a
media change and re-added at 24 hours, chloroquine was added for final 3 hours at 50 pM. Representative
blots shown (A). Protein expression of p62 (B), Beclinl (C), LC3BII/I ratio (D), LC3BI (E) and Il (F) was
normalised to B-actin and the ratios were compared to HC monocytes. All data are presented as mean *
SEM. Statistical significance was calculated using a two-way ANOVA multiple comparisons statistical test
with Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****= < 0.0001). n=6, where n is the
number of different HC or CF samples.

The impact of Symdeko on the expression of autophagy proteins was also investigated in M1
macrophages; representative blots, shown in Figure 4.5A, reveal that the p62 level was raised under
basal conditions in CF M1 macrophages compared to HC; upon addition of Symdeko there was a
significant increase in p62 in both the HC and CF M1 macrophages. When chloroquine and Symdeko
were used, there is a significant increase in p62 in the HC M1 macrophages but not the CF samples in
comparison to baseline (Figure 4.5B). There was no significant change found with any of the
stimulations, within or between both HC and CF M1 macrophage samples, for Beclinl (Figure 4.5C).

Under basal conditions there was no significant difference between HC and CF M1 macrophages for

LC3BII/I ratio, LC3BI and LC3BII expression (Figures 4.5D-F respectively). The addition of Symdeko
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resulted in no change on expression for both LC3BII/I ratio and LC3BII expression (Figures 4.5D and F
respectively) for both HC and CF. LC3BI showed a significant difference between CF M1 macrophages,
compared to HC, following both Symdeko and Symdeko with chloroquine, under basal conditions
(Figure 4.5E). Both the LC3BII/I ratio and LC3BIl showed a significant increase, both upon Symdeko

and chloroquine stimulation, for both HC and CF M1 macrophages (Figures 4.5D and F respectively).
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Figure 4.5 — Expression of autophagy proteins with CFTR modulators in M1 macrophages. Western blots
were used to measure the expression of autophagy proteins in HC and CF M1 macrophages. Cells were
stimulated with ivacaftor and tezacaftor (combination Symdeko) at 5 uM for 48 hours, once at time 0 hours,
then with a media change and re-added at 24 hours, chloroquine was added for final 3 hours at 50 uM.
Representative blots shown (A). Protein expression of p62 (B), Beclin1 (C), LC3BII/I ratio (D), LC3BI (E) and Il
(F) was normalised to B-actin and the ratios were compared to HC M1 macrophages. All data are presented
as mean * SEM. Statistical significance was calculated using a two-way ANOVA multiple comparisons
statistical test with Tukey correction (p values *=< 0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=8,
where n is the number of different HC or CF samples.
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4.2.4 Autophagosome production in CF monocytes

The production and turnover of autophagosomes in monocytes was then established, and a
representative autophagosome MFI is shown in Figure 4.6A. As the state of autophagy in CF M1
macrophages seemed to be exactly the same as in CF monocytes, | decided to focus my attention
purely on monocytes, so that | could develop the monocyte story to a much greater degree than if |
had carried on with both monocytes and M1 macrophages. | also decided to stop using Symdeko at
this point; this was because it failed to show any positive effect on the state of autophagy, in either

the CF monocytes or M1 macrophages.

Under basal conditions there was no significant difference in autophagosome MFI between
HC and CF monocytes; however, upon the addition of chloroquine, there was a significant increase in

autophagosome MFI in both HC and CF samples compared to baseline (Figure 4.6B).

A Multi-sample : P4

o Kkk

(== BRI

= M He Basal 2.01 i . HC

] [ HC Chioraguine T

M CF Basal CF
@ cF chloraguine 1.5+
O Na dye

100
1

p—

Cournt

o
3,]
1

50
relative to unstimulated
-

o
I

Autophagosome fluorescence

0.0~ T T

| |
1 _ K‘\ Chloroquine - +

— T T
0 108 107
Autophagosomelye Y61 0-mCHERRY-A

Figure 4.6 - Autophagosome production in monocytes. Flow cytometry was used to measure
autophagosome production in both HC and CF monocytes. Cells were stimulated for 3 hours with 50 uM
chloroquine. Autophagosomes were stained with a dye supplied by BioRad. Gating strategy shown in
Appendix Figure 2. Representative mean fluorescence intensity (MFI) (A) and MFI quantified (B). All data are
presented as mean * SEM. Statistical significance was calculated using a two-way ANOVA multiple
comparisons statistical test with Tukey correction (p values *=< 0.05, **=<0.01, ***=<0.001 and ****=<
0.0001). n=4, where n is the number of different HC or CF samples.
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4.2.5 Protein expression of autophagy regulator in monocytes and M1 macrophages
The expression of TG2 was quantified in both monocytes and M1 macrophages and
representative blots are shown for the expression of TG2 in monocytes in Figure 4.7A. Under basal

conditions there was no change in the expression of TG2 in the CF monocytes in comparison to HC

samples (Figure 4.7B).
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Figure 4.7 — Expression of transglutaminase 2 (TG2) in monocytes. Western blots were used to measure
the expression of TG2 in both HC and CF monocytes. Representative blot shown (A), protein expression of
TG2 (B) was normalised to B-actin and the ratios were compared to HC monocytes. All data are presented
as mean + SEM. Statistical significance was calculated using a non-parametric Mann-Whitney statistical
test (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=6 for HC and n=7 for CF, where n

is the number of different HC or CF samples.

The expression of TG2 in M1 macrophages was also established, representative blots are

shown in Figure 4.8A. There was no significance found between HC and CF M1 macrophages in the

expression of TG2 under basal conditions (Figure 4.8B).
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Figure 4.8 — Expression of transglutaminase 2 (TG2) in M1 macrophages. Western blots were used to
measure the expression of TG2 in both HC and CF M1 macrophages. Representative blot shown (A),
protein expression of TG2 (B) was normalised to B-actin and the ratios were compared to HC M1
macrophages. All data are presented as mean * SEM. Statistical significance was calculated using a non-
parametric Mann-Whitney statistical test (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001).
n=6 for HC and n=7 for CF, where n is the number of different HC or CF samples.
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4.2.6 Lysosomal quantity in CF monocytes and M1 macrophages

As no significant increases under basal conditions of p62, as well as no increase in p62
concentration upon stimulation with chloroquine, were observed in both CF monocytes and M1
macrophages, (Figures 4.2 and 4.3 respectively), it implied that p62 was not being cleared from the
cell correctly. This, coupled with the observation that autophagic turnover is occurring normally with
the turnover of LC3BI to LC3BIlI (LC3BII/I ratio), as in Figures 4.2 and Figure 4.3, and that
autophagosome production and turnover is normal in CF monocytes (Figure 4.6), again indicates that
the autophagic mechanism is turning over correctly and that, therefore, there might be lysosomal
dysfunction instead. Therefore, | decided to establish both the quantity and function of lysosomes in

both CF monocytes and M1 macrophages.

Firstly, the lysosomes were quantified in monocytes by western blotting for LAMP1;
representative blots shown in Figure 4.9A; under basal conditions and with chloroquine there was no

significant difference in LAMP1 expression, between HC and CF monocytes (Figure 4.9B).
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Figure 4.9 — Expression of lysosomal associated membrane protein 1 (LAMP1) in monocytes. Western blots
were used to measure the expression of LAMP1 in both HC and CF monocytes. Representative blot shown
(A), protein expression of LAMP1 (B) was normalised to B-actin and the ratios were compared to HC
monocytes. All data are presented as mean + SEM. Statistical significance was calculated using a two-way
ANOVA multiple comparisons statistical test with Tukey correction (p values *=< 0.05, **=< 0.01, ***=<
0.001 and ****=<0.0001). n=8, where n is the number of different HC or CF samples.

The quantity of lysosomes was also established in monocytes using LTDR with confocal
microscopy, and representative images shown in Figure 4.10A. There were no significant differences

found between HC and CF monocytes, under basal conditions (Figure 4.10B).
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Figure 4.10 — Lysosome number in monocytes. Confocal microscopy was used with Lysotracker Deep Red
(Green) to quantify the number of lysosomes within both HC and CF monocytes. DAPI was used to stain the
nucleus (Red). All images were taken using the same parameters. Representative images shown (A) and
quantification of lysosomes (B) was normalised to HC monocytes. All data are presented as mean + SEM.
Statistical significance was calculated using a non-parametric Mann-Whitney statistical test (p values *=<
0.05, *¥*=<0.01, ***=<0.001 and ****=<0.0001). n=6, where n is the number of different HC or CF samples.

The expression of LAMP1 was also investigated in M1 macrophages, representative blots
shown in Figure 4.11A. Under both basal conditions and with post-chloroquine there was a significant

increase in the concentration of LAMP1 in CF M1 macrophages, compared to HC (figure 4.11B).
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Figure 4.11 — Expression of lysosomal associated membrane protein 1 (LAMP1) in M1 macrophages.
Western blots were used to measure the expression of LAMP1 in both HC and CF M1 macrophages.
Representative blot shown (A), protein expression of TG2 (B) was normalised to B-actin and the ratios were
compared to HC M1 macrophages. All data are presented as mean * SEM. Statistical significance was
calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<
0.05, *¥*=<0.01, ***=<0.001 and ****=<0.0001). n=8, where n is the number of different HC or CF samples.
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The concentration of lysosomes in M1 macrophages were also established using LTDR and

confocal microscopy (Figure 4.12A). There were no significant differences found between HC and M1

macrophages under basal conditions (Figure 4.12B).
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Figure 4.12 — Lysosome number in M1 macrophages. Confocal microscopy was used with Lysotracker Deep
Red (Green) to quantify the number of lysosomes within both HC and CF M1 macrophages. DAPI was used
to stain the nucleus (Red). All images were taken using the same parameters. Representative images shown
(A) and quantification of lysosomes (B) was normalised to HC M1 macrophages. All data are presented as
mean = SEM. Statistical significance was calculated using a non-parametric Mann-Whitney statistical test (p

values ¥*=<0.05, ¥**¥=<0.01, ***=<0.001 and ****=<0.0001). n=6, where n is the number of different HC or
CF samples.

4.2.7 Lysosomal function in CF monocytes and M1 macrophages

Next, lysosome function was investigated in monocytes and M1 macrophages. Activity of the

lysosomal protease enzyme, Cathepsin D, was used as a readout of lysosomal function. There was no
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Figure 4.13 — Cathepsin D activity in monocytes. Colorimetric Cathepsin D assay kit was used to measure
the activity of Cathepsin D in both HC and CF monocytes. Results were normalised to HC monocytes. All data
are presented as mean * SEM. Statistical significance was calculated using a non-parametric Mann-Whitney
statistical test (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=10 for HC and n=11 for CF,
where n is the number of different HC or CF samples.
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significant difference in Cathepsin D activity, between HC and CF samples, for both monocytes (Figure
4.13) and M1 macrophages (Figure 4.14).
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Figure 4.14 — Cathepsin D activity in M1 macrophages. Colorimetric Cathepsin D assay kit was used to
measure the activity of Cathepsin D in both HC and CF M1 macrophages. Results were normalised to HC M1
macrophages. All data are presented as mean + SEM. Statistical significance was calculated using a non-
parametric Mann-Whitney statistical test (p values *=<0.05, **=<0.01, ***=<0.001 and ****= < 0.0001).
n=8 for HC and n=6 for CF, where n is the number of different HC or CF samples.
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4.3 Discussion

4.3.1 Autophagy function in CF monocytes and M1 macrophages

From these data, it is clear that autophagy is dysregulated in monocytes and M1
macrophages; the accumulation and lack of clearance of p62 (Figure 4.2B and 4.3B) indicates that the
autophagic mechanism is unable to clear this ubiquitin binding protein from the cell. However, the
turnover rate of LC3BI to LC3BII (Figures 4.2 and 4.3), as well as the turnover of autophagosomes
(Figure 4.6) indicate that the mechanism is turning over properly but is unable to clear the
autophagosome contents. This observation is in spite of the fact that expression of autophagy genes
in CF monocytes and M1 macrophages is not dysregulated (Figure 4.1). The concentration of TG2 was
investigated and found to be not significantly different between HC and CF, for both monocytes and
M1 macrophages (Figure 4.7 and 4.8). This contradicts what has been published in the literature so

far, as the current model for defective autophagy in CF requires TG2 to be significantly upregulated.

Between 55-80% of newly synthesised WT CFTR protein is polyubiquitinated and targeted for
proteasomal degradation, due to improper folding [356]. This means that, when the CFTR is mutated,
an even higher percentage of CFTR is improperly folded and targeted to the proteasome, resulting in
proteasome overload [79] and cytosolic accumulation of PPARy and mutated CFTR [79, 333, 357, 365].
p62 is a central player in regulating the formation and removal of protein aggregates [366]. Previously,
raised p62 levels had been shown in CF mouse models and HBECs, and had been reported to bind to
ubiquitinated AF508 CFTR protein, targeting it for degradation, via autophagy [79, 354]. The increased
p62, found in CF monocytes and M1 macrophages, could indicate the binding of p62 to ubiquitin
tagged mutated CFTR aggregates, as well as ubiquitin tagged damaged organelles, which are not being

cleared from the cell in the correct manner.

The raised levels of p62, in both CF monocytes and M1 macrophages, is highly interesting. This
is due to recent work showing hyperactivation of the NLRP3 inflammasome in CF [28] and previous

studies showing that p62 and autophagy are both essential in regulation of NLRP3 inflammasome

100



activation [218, 367]. Raised levels of p62 have been linked to pathogenicity in a number of diseases,
such as Gaucher disease (GD) [226], Parkinson’s disease (PD) [368], systemic-onset juvenile idiopathic
arthritis (SJIA) [369] and many others, all of which have distinct IL-1 signatures. p62 upregulation has
also been linked to defective autophagy, and increased NF-kB activation, as well as the promotion of

tumorigenesis [370].

In GD, the dysregulation of autophagy and lysosomes in macrophages has been shown to lead
to anincrease in p62. This increase has been linked to the over translocation of NF-kB into the nucleus,
resulting in increased expression of NLRP3, as well as pro-IL-13 and pro-IL-18. p62 was also shown, in
GD, to bind to the NLRP3 inflammasome component, ASC, but was unable to migrate to
autophagosomes, thereby exacerbating the activation of the NLRP3 inflammasome [226]. In CF, there
are inherently high levels of NF-kB [120, 371, 372] and decreased levels of the NF-kB regulators, IkBa

[373] and A20 [374], which could partly be caused by the significant increase in p62.

Although NF-kB primarily upregulates the inflammatory response, it also has negative
feedback loops to restrain inflammation. NF-kB can also inhibit inflammasome activation, by inducing
the accumulation of p62 in LPS primed macrophages, whereby, upon activation of the NLRP3
inflammasome, p62 is recruited to damaged mitochondria. These damaged mitochondria produce
NLRP3 inflammasome activation signals and are subsequently removed from the cell, via p62-
mediated autophagy [367, 375]. p62 knockdown in macrophages has been shown to greatly increase
the accumulation of damaged mitochondria and leads to increased IL-1B production in macrophages
and neutrophils in a mouse model [367]. Therefore, the dysregulation of autophagy and subsequent
accumulation of p62, may lead to damaged mitochondria, which will contribute to the excessive

NLRP3 inflammasome-driven inflammatory responses seen in CF.

The elevated and sustained levels of p62 could potentially have an impact on the nuclear
factor erythroid 2-related factor 2 (Nrf2)-Kelch-like ECH-associated proteinl (KEAP1) system [376].

The transcription factor, Nrf2, and its regulator, KEAP1, constitute a major oxidative stress response
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pathway, that controls the expression of important antioxidant proteins, to protect against oxidative
damage to the cell. Under normal conditions, Nrf2 is bound to by KEAP1, preventing its translocation
into the nucleus, by targeting it for proteasomal degradation. However, under oxidative stress p62 is
upregulated and binds to KEAP1, targeting it for degradation via autophagy, thereby allowing Nrf2 to
translocate into the nucleus and upregulate antioxidant proteins [377]. As p62 is greatly upregulated
in CF monocytes and M1 macrophages, but oxidative stress is also prevalent in CF, it is possible that
this pathway is either dysregulated or just unable to properly manage the level of oxidative stress

found in CF.

As autophagy plays a central role in the differentiation of cells [378], such as monocytes
differentiating in to either M1 or M2 macrophage phenotypes, dysregulation of autophagy may help
to explain why the M2 macrophage population is significantly decreased in CF and why M1

macrophages present with a hyperinflammatory phenotype in CF [103].

4.3.2 Impact of CFTR modulators on autophagy in CF monocytes and M1 macrophages

CFTR modulators were used in an attempt to partially correct the structure and function of
the mutated CFTR protein, reducing the accumulation of mutated CFTR within the cell, sufficiently to
recover autophagy and proteostasis. The data shown above indicate that this was not the case
however, as the addition of Symdeko to CF monocytes had no impact on the increased levels of p62,
and significantly increased the amount of p62 in the HC monocytes, indicating that Symdeko induced
cellular stress (Figure 4.4B). Stimulation of M1 macrophages with Symdeko significantly increased the
quantity of p62, in both HC and CF M1 macrophages (Figure 4.5B), again showing that Symdeko may
be stressing the cells, possibly increasing protein and organelle ubiquitination. In both monocytes and
M1 macrophages, Symdeko had no impact on the turnover of LC3BI to LC3BII (Figure 4.4D-F and 4.5D-
F respectively), indicating that it didn’t alter autophagic flux. These results could potentially be due to
Symdeko being added at too high a concentration; however, previous work has used the same

concentration (5 uM) of these modulators (ivacaftor and tezacaftor) [63, 379]. | also wanted to assess
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the effect of the highly effective CFTR modulator combination elexacaftor, tezacaftor and ivacaftor

but was unable to gain access to these medications through Vertex Pharmaceuticals.

4.3.3 Lysosomal function in CF monocytes and M1 macrophages

As autophagosome production and turnover appeared normal, but p62 was still accumulating
within the cells, | decided to investigate the state of lysosomes within CF monocytes and M1
macrophages. There was no difference in the quantity or function of lysosomes in either CF monocytes
(Figures 4.9, 4.10 and 4.13) or M1 macrophages (4.12 and 4.13) compared to HC, apart from the

concentration of LAMP1 in CF M1 macrophages which was significantly raised (Figure 4.11).

CFTR has been shown to associate with LAMP1 [360, 380] and has been found to be essential
to the acidification of phagosomes in neutrophils [380]. So, it is possible that the increased expression
of LAMP1 in the M1 macrophages is to compensate for the lack of functioning CFTR protein available
to bind to and facilitate the acidification of phagosomes. CF macrophages have been found to be
unable to phagocytose and kill pathogens, for example S. aureus, indicating the presence of
autophagic and lysosomal dysfunction [381]. The reason why an increase in LAMP1 in CF monocytes

is not found could be due to macrophages playing a much greater role in phagocytosis.

Previously, LAMP1 expression has been shown to be downregulated in CF HBECs and non-
responsive to LPS stimulation [382], whereas, in COPD patients’ primary lung epithelium samples,
LAMP1 has been found to be raised and is associated with decreased lung function [383]. This
difference may be due to variations in study methodology, where the CF study focused on cell lines

and the COPD study was performed on primary samples.
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Chapter 5.0 — Oxidative stress and mitochondprial function in
CF monocytes

5.1 Introduction

Oxidative stress is a key driver of inflammation in several diseases, such as cardiovascular
disease [384], neurodegenerative disease [385], COPD [386] and CF [387]. Oxidative stress has also
been found to reduce CFTR mRNA stability and protein expression [388]. There are several
mechanisms that cells use to manage oxidative stress, with one of the main mechanisms being the

Nrf2 pathway [389].

The Nrf2 pathway represents a key anti-inflammatory mechanism, whereby anti-oxidant
proteins are upregulated, NF-kB is downregulated and NLRP3 inflammasome activity is inhibited
[389]. Under basal conditions, Nrf2 is bound to by KEAP1, ubiquitinating Nrf2 and targeting it for
degradation via the proteasome [390-392]. In contrast, upon oxidative stress, KEAP1 undergoes
modification of specific cysteine residues, leading to its dissociation away from Nrf2 and its
subsequent translocation into the nucleus, to upregulate the expression of anti-oxidant genes [393].
This pathway is referred to as the canonical Nrf2 mechanism; however, the non-canonical Nrf2
pathway involves the interaction of KEAP1 and p62. Upon oxidative stress, p62 is upregulated and
binds to KEAP1, targeting KEAP1 for its degradation via autophagy, which prevents proteasomal

degradation of Nrf2, allowing its nuclear translocation (Figure 5.1) [394-397].

One of the main targets of Nrf2 activation is increased expression of an anti-oxidant enzyme,
heme oxygenase (HO)-1. HO-1 is the rate limiting enzyme for degradation of biliverdin into bilirubin,
and heme into carbon monoxide (CO) and iron. Free heme acts as a DAMP, causing oxidative damage
and inflammation, via activation of innate immune cells, whereas CO and bilirubin have anti-
inflammatory properties. CO has been shown to inhibit NF-kB activation in monocytes, after LPS
activation [398], and bilirubin has been reported to have potent anti-oxidant properties [399].

Furthermore, HO-1 downregulates inflammatory cytokine expression [400] and upregulates anti-
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inflammatory cytokine expression [400, 401]; therefore, the activation of HO-1 is an important

homeostatic mechanism.

Other Nrf2 target genes include NADPH dehydrogenase quinone (NQO)1, which reduces ROS
generating quinones to hydroquinones, making the removal of quinones an important anti-oxidant
mechanism [402]. Glutamate cysteine ligase catalytic (GCLC) is another Nrf2 target gene and is the
rate limiting step enzyme for production of the anti-oxidant, glutathione (GSH) [403]. Another Nrf2
target gene, glucose-6-phosphate dehydrogenase (G6PD), is essential for the production of NADPH
and maintaining cellular redox homeostasis; a deficiency in G6PD has been shown to lead to defective

autophagy, excessive inflammation, insulin resistance and infection [404].

The Nrf2 pathway is also a key regulator of cytokine secretion, as it prevents LPS-induced
upregulation of IL-6 and IL-1B; moreover, in a mouse model, KO of Nrf2 results in increased IL-6 and
IL-1B production [405, 406]. The Nrf2 target genes, HO-1, NQO-1 and GCLC have been shown to inhibit
production of IL-6, TNF, monocyte chemoattractant protein (MCP)-1, in a mouse model [407]. Nrf2
has also been reported to regulate activation of the NLRP3 inflammasome, via upregulation of NQO1
which inhibits the accumulation of ROS and subsequent NLRP3 priming [408]. However, a study in
2014, demonstrated that, as well as being involved in inhibition of NLRP3 inflammasome activation,
the Nrf2 pathway is also required for activation of both the NLRP3 and AIM2 inflammasomes but not

the NLRC4 inflammasome [409].

Previously, Nrf2 expression and function has been shown to be downregulated in CF airway
epithelial cells, with raised cytokine secretion and H,0, production [410, 411]. However, to date, little
research has been devoted to the study of whether the Nrf2 pathway is functioning normally, in
primary monocytes and monocyte derived M1 macrophages from CF patients. In a mouse model, the
knockdown of Nrf2 has been reported to lead to a reduction in CFTR expression [412]. Inhibition of
the function of CFTR with CFTRimmib-172 has also been found to decrease activity of Nrf2 in epithelial

cells [410]. Use of tezacaftor or lumacaftor to correct the misfolding of AF508 mutated CFTR has been

105



reported to recover Nrf2 activity, leading to increased expression of NQO1 and GCLC [413]. A recent
study demonstrated binding of the Nrf2-KEAP1 complex to the mitochondrial membrane protein
serine/threonine-protein phosphatase (PGAM)5, and this interaction was required for trafficking of
mitochondria to areas of high metabolic activity [414, 415]. PGAMS5 has also been shown to be a

central player in driving mitochondrial dysfunction in lung fibrosis in mice [416].
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Figure 5.1 — Non-canonical Nrf2-KEAP1 oxidative stress pathway. The non-canonical nuclear factor
erythroid 2-related factor (Nrf)2 pathway represents a key anti-oxidative stress pathway. Under normal
conditions Kelch-like ECH-associated protein (KEAP)1 binds to and ubiquitinates Nrf2, targeting it for
proteasomal degradation. Upon cellular stress, p62 is upregulated and binds to KEAP1, preventing it from
binding to Nrf2, targeting KEAP1 for autophagic degradation. Nrf2 translocates into the nucleus to
upregulate the expression of several anti-oxidant proteins, such as, heme oxygenase (HO)-1, NADPH
dehydrogenase quinone (NQO)1, glutamate cysteine ligase catalytic (GCLC), phosphoglycerate mutase
family member (PGAM)5 and glucose-6-phosphate dehydrogenase (G6PD). Figure produced using Smart
Servier Medical Art.

Several clinical trials investigating the clinical benefit of anti-oxidants GSH, B-carotene,
selenium, as well as vitamin E and C, have delivered conflicting results as to their efficacy, with a

Cochrane review concluding that more research is needed [417, 418]. A recent clinical trial sought to
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elucidate whether GSH levels are low in BALF in young children with CF, as well as investigating the
extent of the role oxidation plays in GSH deficiency and what effect respiratory infections might have
on GSH levels. The authors found a strong correlation between bronchiectasis and MPO, in BALF and

glutathionylation of airway proteins [419].

One of the key drivers of oxidative stress and inflammation is damaged/depolarised
mitochondria, evidenced by the fact that several autoinflammatory diseases present with damaged
mitochondria and altered metabolism [158, 159, 164, 170, 171, 180]. Defective autophagy also plays
an important role in the pathogenicity of these diseases, as there is a failure to clear
damaged/depolarised mitochondria, exacerbating the inflammatory phenotype further [160, 161,

163, 170, 171, 231].

Dysregulation of autophagy in CF patients’ primary cells in the previous chapter led to my
hypothesis that there may be some associated mitochondrial abnormalities and heightened oxidative
stress, due to lack of clearance of damaged/depolarised mitochondria. Mitochondrial abnormalities
would be likely to add to the exacerbated inflammation already seen in CF, with excessive activation
of the NLRP3 inflammasome [28], as well as an altered metabolic state [103]. Furthermore,
mitochondria have been found to be central players in the development of several lung diseases [420].
Damaged mitochondria not only release NLRP3 inflammasome activating signals, such as mROS and

mtDNA (Figure 5.2), but also act as a platform for NLRP3 inflammasome formation [421, 422].

Binding of ATP to P2RX7 receptor, leading to K* efflux, has been shown to increase intracellular
Ca?, alter mitochondrial metabolism and may damage mitochondria [320-322], as well as the addition
of ATP leading to production of mROS [423]. Mitochondria have also been revealed to activate the

NLRP3 inflammasome, independently of K* efflux [424].

NLRP3 inflammasome activation in human macrophages, with LPS and ATP (Figure 5.2),
induced an association between p62 and a component of the NLRP3 inflammasome, called ASC,

targeting this component for degradation via autophagy [218]. Whereas dysregulated autophagy
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leads to an accumulation of p62, and possible build-up of damaged mitochondria, the knockdown of
p62 in macrophages has been shown to lead to an accumulation of damaged mitochondria and
enhanced IL-1B production [367], highlighting the delicate balance of p62 expression in mitochondrial

function.

Figure 5.2 — NLRP3 inflammasome activation. Activation of the NLRP3 inflammasome is triggered in
response to two signals, pathogen associated molecular patterns (PAMPs), such as LPS, and danger
associated molecular patterns (DAMPs), such as ATP. LPS acts as a PAMP for the NLRP3 inflammasome
through binding to toll-like receptor (TLR)4 and activating the NF-kB signalling pathway, NF-kB translocates
into the nucleus to upregulate the expression of pro-IL-18 and NLRP3. LPS can also act as a PAMP via TLR4
by shifting metabolism in the cell to glycolysis and producing the metabolite, succinate, which activates the
transcription factor, hypoxia inducible factor (HIF)1a, which also upregulates expression of pro-IL-1B and
NLRP3. ATP acts as a DAMP for the second signal by inducing efflux of K* by triggering the ATP dependent K*
channel P2X7. mROS produced by damaged mitochondria can also act as a DAMP for the second signal.
Upon detection of the second signal, the NLRP3 components assemble, cleaving pro-IL-13 and pro-IL-18 to
form IL-1B and IL-18 respectively, which are then subsequently secreted from the cell. Figure produced using
Smart Servier Medical Art.

In recent years, immunometabolism has become an area of acute interest in the field of
immunology, with several pathways identified as being involved in regulation of the NLRP3
inflammasome [425]. Under resting conditions cells produce ATP, via oxidative phosphorylation

(OXPHOS) via the electron transport chain (ETC) in the mitochondria, with the Krebs cycle upstream
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of this. OXPHOS is a highly efficient, but time-consuming pathway, whereby 34 ATP per one glucose
molecule are produced; however, upon cellular stress, such as an immune cell reacting to a PAMP or
DAMP, cellular metabolism switches to glycolysis. Glycolysis is a much more rapid but inefficient way
for cells to generate ATP, as only 2 ATP are produced for every glucose molecule, which enables

immune cells to react quickly to new and imminent threats, such as bacterial infection.

Everts et al. showed, in 2012, that stimulation of TLRs on monocyte-derived dendritic cells
shift the cells to aerobic glycolysis, with a decline in OXPHOS production. This was found to be due to
NO production and its inhibitory effect on OXPHOS, switching the cell to glycolysis and inducing ETC

complex 1 to produce mROS to augment the innate immune response [426].

Several metabolites have also been shown to induce highly interesting immune responses,
upon LPS challenge. Succinate production in macrophages after LPS stimulation, for example, has been
linked to an elevated inflammatory gene expression profile, with succinates inhibition resulting in an
anti-inflammatory outcome [427, 428]. This inflammatory gene profile was found to be dependent on
the transcription factor, HIF-1a, as an increase in succinate leads to increased ETC complex 1 mROS
production, which activates HIF-1a nuclear translocation and IL-1B expression [429, 430]. Another
intermediate metabolite, itaconate, has been found to have anti-inflammatory properties, via its
modification of cysteine residues on KEAP1, with dissociation of KEAP1 from Nrf2, thereby promoting
Nrf2s translocation into the nucleus and upregulation of anti-oxidant and anti-inflammatory genes
[431]. Glycolytic enzyme, hexokinase 1, the first enzyme in the glycolytic pathway, has also been found
to be a key regulator of the NLRP3 inflammasome, as it directly interacts with NLRP3, leading to NLRP3

inflammasome activation and IL-1B secretion [432].
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5.2 Results

5.2.1 Expression of Nrf2 system genes and proteins in CF monocytes and M1 macrophages
As no research has been carried out on the Nrf2 pathway in CF patient primary cells and the

obvious links between p62 and Nrf2 function (see Figure 5.1), | decided to test the hypothesis that the

Nrf2 pathway is dysregulated in CF monocytes and M1 macrophages, and may be partly responsible

for the hyperinflammatory state we see in CF.

The expression of genes involved in the Nrf2 pathway was first measured using qPCR in HC
and CF monocytes, both under basal conditions, and with LPS (Figure 5.3). There was no significant
difference between HC and CF monocytes under basal conditions, or with LPS. However, there was a
significant reduction in expression of HO-1 after LPS stimulation in the CF monocytes. After this, the
protein expression of both Nrf2 and KEAP1 was measured, using western blotting (representative
blots shown in Figure 5.4A), both under basal conditions and with LPS. There was no significant
difference found between HC and CF monocytes under basal conditions, and with LPS stimulation, for

both KEAP1 (Figure 5.4B) and Nrf2 (Figure 5.4C).

Nrf2 System Monocytes
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Figure 5.3 — Expression of Nrf2 system genes in monocytes. qPCR was used to measure the expression of
Nrf2 system genes in both HC and CF monocytes. mRNA expression of PGAMS5, G6PD, HO-1, NQO1, GCLC,
Nrf2 and KEAP1 were measured under basal conditions and after 4 hours stimulation with 10 ng/ml LPS. All
data are presented as mean * SEM. Statistical significance was calculated using multiple t-test statistical
analysis with Bonferroni-Dunn correction (p values *=< 0.05, **=< 0.01, ***=< 0.001 and ****= < 0.0001).
n=6 for HC and n=9 for CF, where n is the number of different HC or CF samples.
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Figure 5.4 — Expression of Nrf2 and KEAP1 in monocytes. Western blots were used to measure the
expression of Nrf2 and KEAP1 in both HC and CF monocytes under basal conditions and after 4 hours
stimulation with 10 ng/ml LPS. Representative blots shown (A), protein expression of KEAP1 (B) and Nrf2
(C) was normalised to B-actin and the ratios were compared to HC monocytes. All data are presented as
mean * SEM. Statistical significance was calculated using a two-way ANOVA multiple comparisons
statistical test with Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=8
for KEAP1 and n=6 for Nrf2, where n is the number of different HC or CF samples.

The expression of Nrf2 pathway genes was also investigated in M1 macrophages, under basal
conditions, and after LPS stimulation using gPCR (Figure 5.5). There was no significant difference
between HC and CF M1 macrophages, under basal conditions, or with LPS. Nrf2 and KEAP1 protein
expression was also investigated using western blots in M1 macrophages under basal and LPS
conditions, representative western blots shown in Figure 5.6A. There was no significance found across

HC and CF for either condition for KEAP1 (Figure 5.6B) and Nrf2 (Figure 5.6C).
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Figure 5.5 — Expression of Nrf2 system genes in M1 macrophages. qPCR was used to measure the
expression of Nrf2 system genes in both HC and CF M1 macrophages. mRNA expression of PGAM5, G6PD,
HO-1, NQO1, GCLC, Nrf2 and KEAP1 were measured under basal conditions and after 4 hours stimulation
with 10 ng/ml LPS. All data are presented as mean * SEM. Statistical significance was calculated using
multiple t-tests statistical analysis with Bonferroni-Dunn correction (p values *=< 0.05, **=< 0.01, ***=<
0.001 and ****=<0.0001). n=4, where n is the number of different HC or CF samples.
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Figure 5.6 — Expression of Nrf2 and KEAP1 in M1 macrophages. Western blots were used to measure the
expression of Nrf2 and KEAP1 in both HC and CF M1 macrophages under basal conditions and after 4 hours
stimulation with 10 ng/ml LPS. Representative blots shown (A), protein expression of KEAP1 (B) and
Nrf2 (C) was normalised to B-actin and the ratios were compared to HC M1 macrophages. All data are
presented as mean + SEM. Statistical significance was calculated using a two-way ANOVA multiple
comparisons statistical test with Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<
0.0001). n=6 for KEAP1 and n=4 for Nrf2, where n is the number of different HC or CF samples.
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5.2.2 Expression of mitophagy genes

As there were no significant differences found in the Nrf2 pathway, | decided to focus on
another potential source of oxidative stress dysregulation, mitochondria. Expression of several genes,
which are involved in clearance of damaged mitochondria from the cell via mitophagy, were
investigated using gPCR in both HC and CF monocytes (Figure 5.7) and M1 macrophages (Figure 5.8)

under basal conditions. Due to the low number of replicates statistical analyses were not performed
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Figure 5.7 — Expression of mitophagy genes in monocytes. qPCR was used to measure the expression of
mitophagy genes in both HC and CF monocytes. mRNA expression of BNIP3, FUNDC1, PINK1, Parkin, Mfn1,
Drp1, NIX, VDACI1 and PHB2 were measured under basal conditions. All data are presented as mean + SEM.
n=3, where n is the number of different HC or CF samples.
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Figure 5.8 — Expression of mitophagy genes in M1 macrophages. qPCR was used to measure the expression
of mitophagy genes in both HC and CF M1 macrophages. mRNA expression of BNIP3, FUNDC1, PINK1, Parkin,
Mfn1, Drp1, NIX, VDACI1 and PHB2 were measured under basal conditions. All data are presented as mean
+ SEM. Statistical significance was calculated using multiple t-tests statistical analysis with Bonferroni-Dunn
correction (p values ¥*=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=7 for HC and n=9 for CF, where

n is the number of different HC or CF samples.
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on the monocyte data (Figure 5.7). There was no significance found between HC and CF for the

expression of any of these genes in M1 macrophages (Figure 5.8).

5.2.3 Expression of mitophagy and electron transport chain complex proteins

After finding no significant difference in gene expression of several mitophagy proteins in
monocytes and M1 macrophages, | decided to focus on monocytes. This was because both CF
monocytes and M1 macrophages appeared to function very similarly regarding autophagy/mitophagy
and oxidative stress, this would allow me to investigate CF monocytes to a greater extent than if |

continued with M1 macrophages at the same time.

Next the protein expression of TOMMA40, COX4il, PINK1 and Parkin were investigated in
monocytes under basal conditions, representative blots shown in Figure 5.9A. There was no

significance found between HC and CF monocytes (Figure 5.B).
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Figure 5.9 — Expression of mitophagy proteins in monocytes. Western blots were used to measure the
expression of mitophagy proteins in both HC and CF monocytes under basal conditions. Representative
blots shown (A), protein expression of PINK1, Parkin, TOMM40 and COX4i1 (B) was normalised to B-actin
and the ratios were compared to HC monocytes. All data are presented as mean + SEM. Statistical
significance was calculated using multiple t-tests statistical analysis with Bonferroni-Dunn correction (p
values *=< 0.05, **=<0.01, ***=<0.001 and ****= < 0.0001). n=6 and n=4 for TOMMA40, where n is the
number of different HC or CF samples.

Expression of the mitochondrial ETC complexes was also investigated, using western blots for
both HC and CF monocytes, representative blots shown in Figure 5.10A. There was no significant

difference found between HC and CF monocytes for any of the ETC complexes (Figure 5.10B).
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Figure 5.10 — Expression of mitochondrial electron transport chain proteins in monocytes. Western blots
were used to measure the expression of mitophagy proteins in both HC and CF monocytes under basal
conditions. Representative blots shown (A), protein expression of PINK1, Parkin, TOMMA40 and COX4i1 (B)
was normalised to B-actin and the ratios were compared to HC monocytes. All data are presented as mean
+ SEM. Statistical significance was calculated using multiple t-tests statistical analysis with Bonferroni-
Dunn correction (p values *=< 0.05, **=< 0.01, ***=< 0.001 and ****= < 0.0001). n=8, where n is the
number of different HC or CF samples.
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5.2.4 Mitochondrial damage
As autophagy was dysregulated, indicated through the increased prevalence and lack of
clearance of p62 in CF monocytes, | decided to investigate the state of mitochondria and whether

dysregulated autophagy possibly leads to damaged or damage prone mitochondria.

First, | established the best way to induce and measure mitochondrial damage. | decided to
try both low and high concentrations of LPS as well as trying the classic NLRP3 inflammasome
activating signals, LPS and ATP in combination. To measure mitochondrial damage, | utilised flow
cytometry with Mitotracker dyes Deep Red (MTDR) and Green (MTG), acquired from Invitrogen. MTDR
stains functional/polarised mitochondria that have a stable mitochondrial membrane potential
(AWm), whereas MTG can stain all mitochondria if they are functional/polarised, or if they are
damaged/depolarised. This means that, upon mitochondrial damage, MTDR (y axis of Figure 5.11A)
will be unable to stain mitochondria, leading to a shift downwards towards MTG (x axis of Figure

5.11A). This allows for quantification of the percent of damaged mitochondria in the monocyte
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population, as the more damaged the mitochondria are the higher the percent of mitochondria there

are that are just stained with MTG.

Figure 5.11A shows representative MFIs for HC monocytes stained with MTDR and MTG under

basal conditions, with LPS 10ng, LPS 50ng and LPS 10ng with ATP 5mM. Quantification of the percent

of depolarised/damaged mitochondria in HC monocytes is shown in Figure 5.11B.

number of replicates, statistical analyses could not be performed. (Figure 5.11B).
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Figure 5.11 — Mitochondrial damage in HC monocytes. Flow cytometry was used to measure mitochondrial
damage in HC monocytes under basal conditions and after 4 hours stimulation with LPS at 10 and 50 ng. 4
hours of LPs (10 ng) with 0.5 hours ATP (5mM) was also used. Respiring mitochondria were stained with
Mitotracker Deep Red (MTDR) and all mitochondria were stained with Mitotracker Green (MTG), both dyes
were acquired from Invitrogen. Gating strategy shown in Appendix Figure 3. Representative mean
fluorescence intensity (MFI) (A) and percentage of damaged/depolarised mitochondria quantified (B). All
data are presented as mean + SEM. n=3, where n is the number of different HC or CF samples.
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The percent of damaged mitochondria in CF monocytes was then compared to that
of HC under basal conditions, and with LPS and ATP using flow cytometry, representative MFls shown
in Figure 5.12A. There was no significant difference under basal conditions between HC and CF
monocytes in percent of damaged/depolarised mitochondria. However, there was a significant
increase in percent of damaged mitochondria with LPS and ATP in CF monocytes compared to basal

(Figure 5.12B).
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Figure 5.12 — Mitochondrial damage in monocytes. Flow cytometry was used to measure mitochondrial
damage in both HC and CF monocytes under basal conditions and after 4 hours stimulation with LPS (10 ng)
and the addition of ATP (5mM) for the last 0.5 hours. Respiring mitochondria were stained with Mitotracker
Deep Red (MTDR) and all mitochondria were stained with Mitotracker Green (MTG), both dyes were
acquired from Invitrogen. Gating strategy shown in Appendix Figure 3. Representative mean fluorescence
intensity (MFI) (A) and percentage of damaged/depolarised mitochondria quantified (B). All data are
presented as mean + SEM. Statistical significance was calculated using a two-way ANOVA multiple
comparisons statistical test with Tukey correction (p values *=< 0.05, **=<0.01, ***=< 0.001 and ****= <
0.0001). n=10, where n is the number of different HC or CF samples.
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5.2.5 Mitochondrial ROS production

Another measure of mitochondrial damage is production of mROS, and to measure this
MitoSOX dye (Invitrogen) was utilised with flow cytometry; a representative MFI shown in Figure
5.13A. mROS production in HC and CF monocytes was measured under basal conditions, with LPS
(10ng) and with LPS (10ng) and ATP (5mM) (Figure 5.13B). Under basal conditions, LPS and LPS with
ATP there was a significant increase in production of mROS in CF monocytes compared to HC. There
was also a significant increase in production of mROS in CF monocytes upon LPS and ATP stimulation,

but not LPS on its own when compared to basal conditions.
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Figure 5.13 — Mitochondrial reactive oxygen species (mROS) production in monocytes. Flow cytometry was
used to measure mROS production in both HC and CF monocytes under basal conditions and after 4 hours
stimulation with LPS (10 ng) and LPS with the addition of ATP (5mM) for the last 0.5 hours. MitoSOX was
used at 1 uM. Gating strategy shown in Appendix Figure 4. Representative mean fluorescence intensity (MFI)
(A) and quantified MFI (B). All data are presented as mean + SEM. Statistical significance was calculated using
a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<0.05, **=<0.01,
***¥=< 0.001 and ****=<0.0001). n=5, where n is the number of different HC or CF samples.

118



5.2.6 Oxidative phosphorylation

Due to mitochondrial damage in CF monocytes, | decided to evaluate the state of OXPHOS in
these cells, to establish whether damaged mitochondria in CF lead to metabolic abnormalities. To
achieve this the metabolic analyser, Seahorse XF-96 Extracellular Flux Analyser (Agilent Seahorse
Bioscience), was utilised with sequential addition of oligomycin, carbonyl cyanide-4-phenylhydrazone
(FCCP) and rotenone/antimycin A to elicit various responses from mitochondria (Figure 5.14). Oxygen
consumption rate (OCR) was used as an indicator of mitochondrial respiration to establish basal
respiration, ATP production, proton leak, maximal respiration and spare respiratory capacity. The first
injection, oligomycin, prevents ATP production by inhibiting ATP synthase (complex V of the ETC), the
reduction in OCR after addition of oligomycin is used to calculate ATP production. FCCP is then
injected, disrupting AWm and the proton gradient across the mitochondrial membrane but leaving the
ETC uninhibited, allowing for maximal oxygen consumption via complex IV of the ETC. This increase in
OCR is considered the maximal respiration and can be compared to ATP production and used to
calculate spare respiratory capacity. The final injection is a combination of rotenone and antimycin A,

which inhibit ETC complexes | and Ill, respectively, preventing mitochondrial respiration from taking
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Figure 5.14 — Mitochondrial Respiration - Seahorse XF Cell Mito Stress Test Profile. Basal respiration, ATP
production, proton leak, maximal respiration and spare respiratory capacity were measured. Oligomycin,
carbonyl cyanide-4-phenylhydrazone (FCCP) and rotenone/antimycin A were used to inhibit various
components of the mitochondria. Figure taken from Seahorse XF Mito Stress Report Generator.
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The mitochondrial respiration of HC and CF monocytes was investigated under basal
conditions, with LPS, and with LPS and ATP, representative OCRs shown in Figures 5.15A-C
respectively. CF monocyte basal respiration and ATP production were significantly increased under
basal conditions compared to HC (Figure 5.15A). With LPS and ATP, there was a significant increase in
basal respiration, ATP production as well as proton leak between CF monocytes and HC. Proton leak
showed a significant increase when comparing CF monocytes with LPS and ATP to LPS. Maximal
respiration showed a significant reduction when comparing CF monocytes with LPS and ATP to both
LPS and basal conditions. There was a significant reduction shown in spare respiratory capacity for CF

monocytes, upon addition of LPS and ATP, compared to both LPS and basal conditions.
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Figure 5.15 — Oxidative phosphorylation in CF monocytes. A seahorse XF-96 extracellular flux analyser was
used to measure the real time oxygen consumption rate (OCR) in both HC and CF monocytes under basal
conditions and after 4 hours stimulation with LPS (10 ng) and the addition of ATP (5 mM) for the last 0.5
hours. Oligomycin used at 1 uM, FCCP at 1 uM and rotenone/antimycin A at 0.5 uM. Basal OCR, proton leak,
maximal respiration, spare respiratory capacity and ATP production (A). Real time OCR (B). All data are
presented as mean + SEM. Statistical significance was calculated using a two-way ANOVA multiple
comparisons statistical test with Tukey correction (p values *=< 0.05, **=< 0.01, ***=< 0.001 and ****= <
0.0001). n=8, where n is the number of different HC or CF samples.

5.2.7 Glycolysis

Extracellular acidification rate (ECAR) was also measured in the same experiment, this is used
as a readout for glycolysis as measurement of pH changes correlates with amount of lactic acid being
produced by the cell and therefore rate of glycolysis. Representative ECAR readouts for basal

conditions, LPS and LPS with ATP shown in Figure 5.16A. Under basal conditions there is a significant
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increase in ECAR in CF monocytes compared to HC, with a significant increase in ECAR upon addition
of LPS for both HC and CF monocytes relative to basal conditions (Figure 5.16B). Upon addition of LPS
the difference between CF and HC monocytes becomes even more significant. When LPS and ATP is

added to the cells, there is a significant increase in ECAR for both HC and CF compared to basal

conditions.
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Figure 5.16 — Extracellular acidification rate in CF monocytes. A seahorse XF-96 extracellular flux analyser
was used to measure the real time extracellular acidification rate (ECAR) in both HC and CF monocytes under
basal conditions and after 4 hours stimulation with LPS (10 ng) and the addition of ATP (5 mM) for the last
0.5 hours. Oligomycin used at 1 pM, FCCP at 1 uM and rotenone/antimycin A at 0.5 uM. Real time ECAR (A),
quantification of average real time ECAR (B). All data are presented as mean + SEM. Statistical significance
was calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values

*=< 0.05, ¥*=< 0.01, ***=< 0.001 and ****= < 0.0001). n=8, where n is the number of different HC or CF
samples.
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To further establish the rate of glycolysis in CF monocytes, Dr Thomas Scambler and Dr Heledd
Jarosz-Griffiths measured ATP and L-lactate production, glucose consumption and succinate
accumulation using colorimetric assays (Abcam) (unpublished data). ATP is measured here (Figure
5.17A) as the final product of both OXPHOS and glycolysis and is used as a marker for how
metabolically active the cells are, as a greater amount of ATP would correlate with greater energy
demands. In glycolysis, pyruvate is reduced by lactate dehydrogenase to form lactate (normally the L-
lactate isomer), measuring L-lactate (Figure 5.17B) in extracellular fluid can be correlated with the rate
of glycolysis. Glucose is the main substrate for ATP production for both OXPHOS and glycolysis, making
measurement of its consumption (Figure 5.17C) an imperfect measurement of ATP production via
glycolysis. However, as OXPHOS requires the products of glycolysis, namely pyruvate and acetyl-
coenzyme A for the Krebs cycle, glucose consumption is a good measurement of glycolysis and
therefore metabolic activity but not what pathway is being fed into. The Krebs cycle metabolite,
succinate, was also measured (Figure 5.17D) as it is known to accumulate upon LPS stimulation, when

the cell switches from OXPHOS to glycolysis for ATP production.

Due to the low n number, statistical analyses could not be performed on Figure 5.17.

123



—~ 15+
- 1.59
ij _ - Hl HC
z s CcF
T 109 T - S — 1.0
< - o
2 = ° =
© a o
> o E --
Tg 59 E Q o5
: _i :
o -
: I
< - T 0.0+ T T
LPS - + + LPS - + +
ATP - - + ATP - - +
C os- D 151
5 —
S 061 — = g
g E 10- - -
" o ~
62 P —
o o 0.4+ =
3 & - 3
g = s 5
S 0.2 a
oL
0.0~ T T T 0- ] ] T
LPS - + + LPS - + +
ATP - - + ATP - - +

Figure 5.17 — Glycolysis in monocytes. ATP and L-lactate production, glucose consumption and succinate
accumulation were measured using colorimetric assays (all Abcam) in both HC and CF monocytes under basal
conditions and after 4 hours stimulation with LPS (10 ng) and the addition of ATP (5 mM) for the last 0.5
hours. Data provided by Dr Thomas Scambler and Dr Heledd Jarosz-Griffiths, unpublished data. All data are
presented as mean = SEM. n=3, where n is the number of different HC or CF samples.
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5.2.8 Mitochondrial damage with CFTR inhibition

To investigate the link between CFTR lack of function and increased damaged mitochondria
the CFTR inhibitor, R enantiomer (R) benzopyrimido-pyrrolo-oxazinedione (BPO)-27
(MedChemExpress), was utilised with flow cytometry and Mitotracker dyes, MTDR and MTG. A
comparison was made between HC monocytes, with and without the CFTR inhibitor, (R) BPO-27. (R)
BPO-27 was used at 100 nM for 2 hours, as previous publications had reported its ability to inhibit
CFTR effectively at this concentration and time [433]. | decided to avoid the commonly used CFTR
inhibitor CFTRinib-172, due to its reported ability to alter mitochondrial function, independently of its

inhibition of CFTR function [301].

The same flow cytometry assay utilised in Figure 5.12 was used, with representative MFls
shown in Figure 5.18A. Under basal conditions, there was no significant difference between HC
monocytes with and without (R) BPO-27, and the same was found after addition of LPS (Figure 5.18B).
Upon stimulation with LPS and ATP, there was a significant increase in the percentage of damaged
mitochondria in HC monocytes, both with and without (R) BPO-27, with no significant differences

found between the HC samples with or without the inhibitor.
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with CFTR inhibitor. Flow cytometry was used to B
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from Invitrogen. Gating strategy shown in Appendix 0~
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5.2.9 Mitochondrial ROS production with CFTR inhibition

MitoSOX was also utilised to measure mROS production, with and without (R) BPO-27;
representative MFls from the flow cytometry assay are shown in Figure 5.19A. Under basal conditions
there was no significant difference found between HC monocytes with or without the CFTR inhibitor
(Figure 5.19B). Upon addition of LPS, there was a significant increase in mROS production, compared
to basal, and with LPS and ATP there was an even more significant increase, for both HC monocytes
with and without (R) BPO-27. There was no significant difference found between HC monocytes with

and without (R) BPO-27.
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Figure 5.19 — Mitochondrial reactive oxygen species (mROS) production in HC monocytes with CFTR
inhibitor. Flow cytometry was used to measure mROS production in both HC and CF monocytes under basal
conditions and after 4 hours stimulation with LPS (10 ng) and LPS with the addition of ATP (5mM) for the
last 0.5 hours. (R) BPO-27 was used at 100 nM for 2 hours to inhibit the CFTR. MitoSOX was used at 1 uM.
Gating strategy shown in Appendix Figure 4. Representative mean fluorescence intensity (MFI) (A) and
quantified MFI (B). All data are presented as mean + SEM. Statistical significance was calculated using a two-
way ANOVA multiple comparisons statistical test with Tukey correction (p values *=<0.05, **=<0.01, ***=<
0.001 and ****=<0.0001). n=4, where n is the number of different HC or CF samples.
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5.2.10 Oxidative phosphorylation with CFTR inhibition

The impact inhibition of CFTR function with (R) BPO-27 was then investigated, to establish
whether there was a link between CFTR function in monocytes and metabolism. The same Seahorse
assay was performed as in Figure 5.15, with representative OCR readouts for basal, LPS, and LPS with
ATP shown in Figure 5.20B. Under basal conditions, with LPS, and with LPS and ATP, there was no
significant change in basal respiration or ATP production for both HC monocytes with and without (R)
BPO-27 (Figure 5.20A). For proton leak, there was no significant difference between HC with and
without (R) BPO-27 across any of the stimulations. There was a significant reduction in maximal
respiration under basal conditions for HC monocytes with (R) BPO-27 compared to HC under the same
conditions. Upon addition of LPS, there was a significant increase in maximal respiration for the HC
monocytes with (R) BPO-27 but not the monocytes without (R) BPO-27. When LPS and ATP were
added, there was a significant reduction in maximal respiration compared to basal conditions for HC
monocytes with (R) BPO-27. Spare respiratory capacity showed no significant difference between HC
monocytes with and without (R) BPO-27. When stimulated with LPS, there was a significant increase
in spare respiratory capacity for HC monocytes with (R) BPO-27 but not without the inhibitor. With
LPS and ATP there was a significant decrease in spare respiratory capacity for HC monocytes without

(R) BPO-27 compared to baseline, there was no difference with the inhibitor.
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Figure 5.20 - Oxidative phosphorylation in HC monocytes with CFTR inhibitor. A seahorse XF-96

extracellular flux analyser was used to measure the real time oxygen consumption rate (OCR) in HC

monocytes under basal conditions and after 4 hours stimulation with LPS (10 ng) and the addition of ATP (5
mM) for the last 0.5 hours. (R) BPO-27 was used at 100 nM for 2 hours to inhibit the CFTR. Oligomycin used
at 1 uM, FCCP at 1 uM and rotenone/antimycin A at 0.5 pM. Basal OCR, proton leak, maximal respiration,
spare respiratory capacity and ATP production (A). Real time OCR (B). All data are presented as mean + SEM.
Statistical significance was calculated using a two-way ANOVA multiple comparisons statistical test with
Tukey correction (p values *=<0.05, **=<0.01, ***=<0.001 and ****=<0.0001). n=4, where n is the number
of different HC or CF samples.

129



5.2.11 Glycolysis with CFTR inhibition

ECAR was also measured in the same experiment, representative ECAR readouts shown in
Figure 5.21A. There was no significant difference found between HC monocytes with or without the
(R) BPO-27 under basal conditions, with LPS, or with LPS and ATP (Figure 5.21B). However, there was
a significant increase in ECAR upon addition of LPS and ATP for HC monocytes without (R) BPO-27, but

not with (R) BPO-27.
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Figure 5.21 - Extracellular acidification rate in HC monocytes with CFTR inhibitor. A seahorse XF-96
extracellular flux analyser was used to measure the real time extracellular acidification rate (ECAR) in both
HC and CF monocytes under basal conditions and after 4 hours stimulation with LPS (10 ng) and the addition
of ATP (5 mM) for the last 0.5 hours. (R) BPO-27 was used at 100 nM for 2 hours to inhibit the CFTR.
Oligomycin used at 1 uM, FCCP at 1 uM and rotenone/antimycin A at 0.5 pM. Real time ECAR (A),
quantification of average real time ECAR (B). All data are presented as mean + SEM. Statistical significance
was calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values
*=<0.05, *¥*=<0.01, ***=< 0.001 and ****= < 0.0001). n=4, where n is the number of different HC or CF
samples.
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5.3 Discussion

5.3.1 Oxidative stress in CF

Oxidative stress and Nrf2 dysregulation are well-established characteristics of CF airway
epithelial cells [410, 411] with up to a 70% reduction in expression of Nrf2 [410]. In contrast to this,
based on data in this chapter, the Nrf2 pathway is largely not dysregulated in both CF monocytes and
M1 macrophages under basal conditions, or with LPS as a stimulant. The only significant difference
found between HC and CF monocytes in the Nrf2 pathway was significantly reduced gene expression
of HO-1 after LPS stimulation compared to basal conditions, as there was no such reduction in HO-1
expression in HC monocytes after LPS stimulation. This could potentially indicate that in response to
bacterial infection the inflammatory response is less restrained, due to the increased presence of HO-
1 substrates (heme and biliverdin) which are not broken down into their anti-inflammatory forms (CO
and bilirubin). This dysregulation of HO-1 could add to the hyperinflammatory state seen in CF [28,
103], due to CO, bilirubin’s and HO-1’s anti-inflammatory and anti-oxidant properties [398-401]. There
was no change in protein expression of Nrf2 in HC and CF M1 macrophages after LPS stimulation; this

should be tested again with a larger n number to elucidate if a significant difference exists.

It was a surprising result to find no significant difference in protein expression of KEAP1 and
Nrf2 as the expression of p62 was significantly raised under basal conditions in CF monocytes and M1
macrophages. As p62 binds to KEAP1 under cellular stress, targeting it for degradation via autophagy,
| expected KEAP1 to be raised in CF under basal conditions relative to HC due to the lack of autophagic
flux shown in the previous chapter. This is coupled with the fact that the Nrf2 pathway has been shown

to play a protective role against pulmonary fibrosis in both a mouse model and HBECs [434].

5.3.2 Mitochondrial damage in CF monocytes

There was no significant difference found in the expression of several mitophagy genes and
proteins; however, the mitochondrial association of these mitophagy proteins may be abnormal, so

western blots would need to be performed on isolated mitochondria to establish whether p62, PINK1
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and Parkin are associating with the mitochondria correctly in CF. Furthermore, no significant
difference was found between HC and CF monocytes in protein expression of the ETC complexes,
implying CF monocytes have the same number of mitochondria as HC. However, as ETC | and lll are
the largest producers of mROS it might be expected that these could be overexpressed in CF due to

overproduction of mROS.

Mitochondrial depolarisation has been shown in the CF IB3-1 HBEC line relative to the C38
“WT” cell line [79], and was linked to dysregulated autophagy. Based on data presented in this
chapter, | can state that the mitochondria in monocytes, which are homozygous for AF508, are more
damaged and are more prone to damage upon stimulation. This is since the mitochondria in CF
monocytes produce significantly more mROS under basal conditions, as well as with LPS and ATP
stimulation compared to HC, in addition to the observation that CF monocytes are more depolarised

upon LPS and ATP stimulation compared to HC.

Given that mitochondria are damaged and more prone to damage in CF monocytes, it is likely
that this contributes to the inflammatory phenotype found in CF and may contribute to dysregulated
autophagy as well. As the current model of dysregulated autophagy in CF depends on significantly
increased levels of ROS upstream of dysregulated autophagy [79]. Furthermore, mROS has been
reported to be able to induce NLRP3-dependent lysosomal damage in BMDMs of mice, leading to
lysosomal membrane permeabilisation and deacidification, this effect was significantly reduced upon
use of mROS scavenger mitoTEMPO [435]. A potentially useful biomarker for inflammatory diseases,
like CF, which are known to have mitochondrial damage as part of their phenotype, would be the
measurement of serum levels of mtDNA or small extracellular vesicles with a specific mitochondrial
signature [436, 437]. This could potentially be a useful indicator as to the presence of mitochondrial

damage.

Binding of ATP to the K* channel, P2X7, has been shown to lead to mitochondrial damage due

to an influx of Ca?* depolarising the mitochondria [318, 320]. So it is likely that given the ionic
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imbalances already reported in CF monocytes [28], raised levels of intracellular Ca?* in CF neutrophils
[40], CF PBMCs [438], CF lymphocytes [439], and in the CF IB3-1 cell line [121], there may be raised
intracellular Ca?* contributing to the damaged mitochondrial phenotype seen in CF monocytes. In
addition to this, the important mediator of innate inflammation, sTREM-1, which has been reported
to be raised in CF [87, 88], is able to induce the rapid mobilisation of Ca?* [86, 440], which may also
contribute to any increased intracellular Ca?* concentration found in CF. Furthermore, Ca®
movement, upon ATP stimulation, has been shown to be critical to inducing mitochondrial damage
and inducing NLRP3 inflammasome mobilisation [318, 319]. Na* have also been shown to contribute

to mitochondrial depolarisation [441].

The Ca? ion channel blocker, amiodarone, has been reported to increase autophagic markers
in the CF HBEC line, Cfbe41o-, with further increases upon stimulation with cysteamine as well [352].
The same study also found that amiodarone was able to improve AF508 CFTR membrane retention in
Cfbedlo-. However, the mechanism by which amiodarone achieves this is unclear, but it was
suggested to perhaps be due to its upregulation of autophagy [352]. One recent study provided a
possible explanation for this, as an increase in cytosolic Ca?* has been found to induce dynamin and
calcineurin-dependent internalisation of CFTR, the inhibition of Ca* channels would result in
decreased cytosolic Ca?*, and therefore, increased CFTR cell membrane retention [38]. This link
between increased cytosolic Ca?* and reduced CFTR membrane expression was initially found to be
induced by cigarette smoke (CS) [442]. Increased cytosolic Ca?* concentration, via dysregulation of

calcium selective ion channel, Orail, has also been linked to increased IL-8 production in CF [443].

Another explanation for an increase in damaged mitochondria is the protein kinase, CK2,
which has been found to be overactive in CF [53]. As CK2 has been reported to regulate the mitophagy
protein, FUNDC1, by phosphorylating it and effectively downregulating its activity, the overactivity of

CK2 may result in a downregulation in FUNDC1, leading to reduced rate of mitophagy [261].
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Inflammatory signals, such as LPS and ATP, have been shown to induce autophagy at the same
time as inducing activation of the NLRP3 inflammasome [218]. So, once the NLRP3 inflammasome is
activated, negative feedback loops are already at work restraining its activation. As autophagy is
dysregulated in CF monocytes, this important regulation of the NLRP3 inflammasome is defective and
results in excessive inflammation. NF-kB has been found to be upregulated in CF and plays a key role
in promoting the inflammatory phenotype in CF; however, NF-kB has also been reported to be
involved in anti-inflammatory processes in macrophages, such as the clearance of damaged
mitochondria via upregulation of p62 [367]. As there is a build-up and lack of clearance of p62 in both
CF monocytes and M1 macrophages, it is possible that NF-kB dysregulation contributes to this p62
accumulation.

The mitophagy inducer, p62-mediated mitophagy inducer (PMI), has been shown to induce
mitophagy independently of AWm collapse and could, therefore, be an interesting avenue of future
research to establish if inducing clearance of damaged mitochondria in CF results in a reduction in
NLRP3 inflammasome activation. PMI is unique to other mitophagy inducers, such as urolithin A and
acitonin, in that it doesn’t damage mitochondria to induce mitophagy. Instead it induces the Nrf2
pathway via directly binding to Nrf2s regulator, KEAP1, driving the non-canonical Nrf2 pathway and
resultant anti-inflammatory and anti-oxidant response [444]. PMI has also been reported to increase
poly-ubiquitination of mitochondria and promote localisation of autophagy protein, LC3, to
mitochondria, increasing the clearance of damaged mitochondria [444]. Another small molecule
found to induce mitophagy, berberine (BBR), has been reported to reduce lung inflammatory injury,
release of ROS, as well as inhibiting release of MCP-1 and TNF in mice infected with influenza [445].
BBR has also been shown to inhibit NLRP3 inflammasome activation in a mouse macrophage cell line
(J774.1) by decreasing mROS and increasing AWm via mitophagy [446]. Furthermore, BBR has been
shown to act via PERK of the UPR to upregulate the Nrf2 pathway and ameliorate LPS induced acute
lung injury [447]. Due to these molecules beneficial effects in clearing damaged mitochondria,

resolving inflammation and ameliorating acute lung injury, they may be of therapeutic interest for
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treatment of CF. As their ability to induce mitophagy without damaging the mitochondria has already

been published, it would be interesting to establish what impact these molecules have on metabolism.

5.3.3 Metabolism in CF monocytes

Itis clear from the data presented in this chapter that CF monocytes have an increased
metabolic phenotype, with raised basal respiration and ATP production through OXPHOS, but also
raised glycolysis, indicated by a significantly increased ECAR under basal conditions compared to HC.
Also, as protein expression of the ETC complexes is the same between HC and CF monocytes, the rate
of OXPHOS has increased in CF monocytes despite having the same quantity of mitochondria. Not only
are OXPHOS and glycolysis raised under basal conditions but upon LPS challenge there is a heightened
sensitivity to switch to glycolysis, meaning a greater inflammatory response upon stimulation. An
increased metabolic state, metabolic reprogramming and heightened inflammation has already been
reported in M1 macrophages in CF, with hyperactivation of the IRE1a-XBP1 pathway of the UPR being
one of the main pathways contributing to this [103]. Another paper has also shown this metabolic
switch in CF neutrophils, with increased secretion of IL-1 and its subsequent inhibition upon use of
2-deoxy-D-glucose (2DG), an inhibitor of glycolysis, emphasising the link between the metabolic
switch and inflammation [92]. This shift to glycolysis upon LPS challenge has been shown, in
macrophages by several reports, to drive inflammation [427, 429, 448]. A recent study demonstrated
that neutrophils in both a CF mouse model and patients with CF, retain an increased glycolytic state
with increased NLRP3 inflammasome activation. Upon specific inhibition of the NLRP3 inflammasome,
with MCC950, they found reduced IL-1 production with improved clearance of P. aeruginosa in the

lungs of CF mice [185].

This heightened energy demand could be linked to the increased activity of ENaC, leading to
anincrease in intracellular Na* and decreased intracellular K*, this might result in the activation of the

Na*/K* channel with ATP to restore ionic homeostasis [28, 449]. This process requires considerable
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energy to try and maintain ionic homeostasis, and therefore drives up the energy demand of the cell

with increased OXPHOS and glycolysis to fuel increased demand.

Given that proton leak is significantly increased upon addition of LPS and ATP in CF monocytes
relative to HC, it indicates that mitochondrial membranes in CF monocytes become more
compromised by this stimulation than it does in HC monocytes, showing that mitochondria in CF are
more prone to damage, and therefore, more prone to inducing an NLRP3 driven inflammatory
response. This may be responsible for the significant reduction in maximal respiration seen in CF
monocytes, and therefore, the spare respiratory capacity as well, despite ATP production still being

significantly raised.

Increased ECAR indicated heightened glycolysis, to further establish this observation, other
glycolytic markers were investigated; however, more patient samples are required before statistical

analyses can be performed, and any conclusions drawn.

Raised levels of succinate have been previously linked to a downregulation of the central
regulator of metabolism, PTEN, as the CFTR mutation has been shown to result in diminished PTEN
activity in human epithelial cell line, HTC116, and HBEC line 16HBE. This was found to promote the
colonisation of the airway by P. aeruginosa, as the bacteria metabolise succinate, leading to an anti-
inflammatory host response [303]. PTEN may also be downregulated in CF monocytes and be partially

responsible for the altered metabolic state described.

Increased cytosolic and mitochondrial Ca?*levels have been reported to drive ATP production,
as Ca** modulates Krebs cycle enzymes, pyruvate dehydrogenase, isocitrate dehydrogenase and a-
ketoglutarate dehydrogenase [321, 450-452]. With intracellular ionic imbalances already established
(Na* and K*) in CF monocytes [28], it is likely that there are other intracellular ionic imbalances, such
as Ca?*. Raised intracellular Ca?* levels have already been shown in the 1B3-1 CF HBEC line, and has
been linked to increased activation of NF-kB and raised inflammation [121]. Given that primary

neutrophils, taken from AF508 homozygous CF patients, have been found to have raised intracellular
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Ca?* concentrations [40], it is likely that monocytes with the same mutations would have similar
intracellular Ca?* levels. Furthermore, increased intracellular Na* and decreased K* have been shown
in CF monocytes [28], and through P2X7 has been found to increase mitochondrial Ca* levels [320].
In all, this makes it likely that raised intracellular Ca* levels contribute to the heightened metabolic

state seen in CF monocytes.

5.3.4 Mitochondrial damage and metabolism link to CFTR function

To establish what role the lack of a functional CFTR protein plays in damaged mitochondria
and heightened metabolic state found in CF monocytes, the CFTR inhibitor (R) BPO-27 was used in HC
monocytes. This was to establish what role the function as opposed to accumulation of mutated CFTR

played in these findings.

| was unable to find any significant difference in mitochondrial damage upon LPS and ATP
stimulation when the CFTR inhibitor was used, although this may be because (R) BPO-27 needed a
higher concentration or more time to see these cellular effects downstream of CFTR inhibition to take
effect. Although a recent publication has shown effective inhibition of CFTR function at similar time

and concentrations [433].

However, there were some metabolic differences found between HC monocytes with and
without (R) BPO-27, as maximal respiration was found to be downregulated in monocytes with (R)
BPO-27 added, this is contrary to what was seen in in CF patient monocytes. It is unclear how inhibition
of CFTR would lead to a decrease in maximal respiration. Addition of LPS and ATP lead to an increase
in ECAR in HC monocytes without (R) BPO-27 but not in monocytes with (R) BPO-27, again it is unclear
why this is the case, but for both of these differences it may just be due to variability between primary
cells and use of a low n number; therefore, this would need to be repeated with more samples and

with a higher concentration of (R) BPO-27.
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As there was no change in mitochondrial damage or metabolism, upon inhibition of the
function of WT CFTR, this indicates that the mitochondrial differences seen between HC and CF could
largely be due to PTEN. This is because PTEN is a key regulator of metabolism and cell proliferation,
but in CF, is unable to bind to AF508 CFTR; this implies that the structure of CFTR plays a bigger role

in regulation of mitochondrial damage and metabolism than CFTR ion channel function [303].
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Chapter 6.0 — Cysteamine and EGCG as a therapy in CF
6.1 Introduction

As autophagy has been reported to be defective in CF [79, 334, 337, 364], several studies have
focused on therapies with the potential to recover this mechanism, and therefore, improve the
phenotype found in CF AF508 homozygous cells [330, 339, 340, 343-346, 453]. The combination
therapy of cysteamine and EGCG has been extensively covered in the introduction; in summary, it has
been suggested that autophagy is dysregulated due to TG2 being overactive, thereby creating cross-
linkages between multiple autophagy proteins, and leading to autophagy not functioning correctly.
Cysteamine has been reported to inhibit TG2 and, therefore, recover autophagy function [79, 339,
340], EGCG complements cysteamine by improving the stability of CFTR and, therefore, increasing
CFTR cell membrane retention [53, 340], as well as by demethylating the autophagy protein, Atg12
[337]. Cysteamine has also been reported to have mucolytic activity, with disruption of biofilm
formation, and helping to kill P. aeruginosa, B. cepacia, and antibiotic resistant pathogens [343-346,
453]. EGCG has also been reported to inhibit NF-kB and JAK-STAT activity, via inhibition of CK2 [348-
350]. However, a combination of both treatments has been reported to be ineffective in patients with

rare CFTR mutations [339].

Despite the development of new CFTR modulator therapies, there is still considerable interest
in other therapies for CF; this is mainly due to the high cost of current CFTR modulator therapies,
therefore cheaper alternatives may still have a role to play in the treatment of CF. For instance, CFTR
modulator therapies have been shown to have an anti-inflammatory effect [63], but little work has
been done on investigating whether cysteamine and EGCG also exhibit anti-inflammatory properties
in CF. Given how the addition of these CFTR modulators have failed to improve the function of
autophagy, as outlined in previous chapters but still exhibit anti-inflammatory properties, | decided to
investigate whether the recovery of autophagy would lead to a reduction in the inflammatory

signature.
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6.2 Results

6.2.1 Inflammation in CF PBMCs with cysteamine and EGCG

To establish the anti-inflammatory properties of cysteamine and EGCG on PBMCs, ELISA
assays for TNF, IL-6 and IL-10 were utilised. Cysteamine and EGCG were used, both separately and in
combination; it was expected, due to previous studies, that any anti-inflammatory effect the
treatment might have would be more potent in combination than when administered separately. The
concentrations and times used for cysteamine and EGCG stimulation were acquired from multiple

previous studies, using these molecules [339, 340, 343, 346, 453].

Under basal conditions there was no significant differences between HC and CF samples for
TNF, IL-6 and IL-10 (Figure 6.1). However, upon LPS stimulation, there was a significant increase in
both TNF and IL-6 (Figure 6.1A and B respectively), in comparison to basal conditions for both HC and
CF, with a significant difference found between HC and CF with TNF. IL-10 secretion also significantly
increased upon LPS stimulation, with the HC samples but not the CF samples, and there was a
significant difference between HC and CF upon LPS stimulation (Figure 6.1C). The addition of
cysteamine and EGCG, on their own, elicited no response for any of the cytokines (Figure 6.1A-C). The
addition of cysteamine had no effect on cytokine secretion, on LPS stimulation. However, the addition
of EGCG significantly reduced the secretion of TNF in CF PBMCs, on LPS stimulation, and significantly
reduced IL-6 in both HC and CF PBMCs (figure 6.1B). IL-10 secretion from HC PBMCs showed a
significant reduction, upon EGCG and LPS stimulation compared to LPS (Figure 6.1C). Cysteamine and
EGCG in combination didn’t show any increase in cytokine secretion. Cysteamine and EGCG, in
association with LPS stimulation, showed a significant reduction in cytokine secretion compared to

LPS (figures 6.1A-C).
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Figure 6.1 — TNF, IL-6 and IL-10 secretion in PBMCs with cysteamine and EGCG. ELISA assays were used to
detect (A) TNF, (B) IL-6 and (C) IL-10 secretion in both HC and CF PBMC supernatants. Stimulations used are
4 hours stimulation with LPS (10 ng), 24 hours cysteamine (250 uM) and 24 hours EGCG (100 uM). All data
are presented as mean * SEM. Statistical significance was calculated using a two-way ANOVA multiple
comparisons statistical test with Tukey correction (p values ¥*=< 0.05, **=< 0.01, ***=< 0.001 and ****=<
0.0001). n=8 for TNF, n=7 for IL-6 and n=5 for IL-10, where n is the number of different HC or CF samples.
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6.2.2 Annexin V live/dead assay with cysteamine and EGCG in HC PBMCs

As EGCG was able to dramatically reduce the secretion of TNF, IL-6 and IL-10, for both HC and
CF PBMCs, | decided to investigate the toxicity of EGCG at different concentrations (25, 50, and 100
UM). | also ran a sample with different concentrations of cysteamine (50, 100 and 250 uM) as a control.

To achieve this, | utilised flow cytometry and the Annexin V live/dead assay (Sigma-Aldrich).

Representative MFls are shown in Figures 6.2C, with no propidium iodide in Figure 6.2D and
no annexin V in Figure 6.2E. Due to the low number of replicates, statistical analyses could not be

carried out on Figure 6.2A and 6.2B.
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Figure 6.2 — Live/dead Annexin V with cysteamine and EGCG in HC PBMCs. Flow cytometry was used to
measure proportion of HC PBMCs that were either in a healthy, apoptotic or necrotic state. Gating strategy
shown in Appendix Figure 5. Cells were stimulated with (A) cysteamine at 50 pM, 100 uM and 250 uM, (B)
EGCG was used at 25 uM, 50 uM and 100 puM. (C) Representative MFI, (D) no PI, (E) no annexin V. All data
are presented as mean + SEM. n=1 for cysteamine and n=3 for EGCG, where n is the number of different HC
or CF samples.
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6.2.3 Annexin V live/dead assay with fresh EGCG in HC PBMCs

As EGCG was found to result in a significant increase in necrosis, | decided to try fresh EGCG,
as opposed to the aliquoted EGCG that had been frozen and then thawed for use. Annexin V live/dead
assay was utilised again, with flow cytometry using a broader range of EGCG concentrations with HC
PBMCs; representative MFI are shown in Figure 6.3A. Due to the low number of replicates, statistical

analyses could not be carried out on Figure 6.3B.
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Figure 6.3 — Live/dead Annexin V with fresh EGCG in HC PBMCs. Flow cytometry was used to measure
proportion of HC PBMCs that were either in a healthy, apoptotic or necrotic state. Gating strategy shown in
Appendix Figure 5. Cells were stimulated with (A) cysteamine at 50 uM, 100 uM and 250 uM, (B) EGCG was
used at 25 pM, 50 uM and 100 uM. (C) Representative MFI, (D) no PI, (E) no annexin V. All data are presented
as mean = SEM. n=3, where n is the number of different HC or CF samples.
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6.2.4 Inflammation in HC PBMCs after fresh EGCG

Instead of using frozen and then thawed EGCG, fresh EGCG was used to see if it had any effect
on inflammation in HC PBMCs. To achieve this ELISA assays for both TNF and IL-6 were performed,
using a range of fresh EGCG concentrations (Figure 6.4A and B respectively). Upon addition of LPS
there was a significant increase in secretion of both TNF and IL-6, compared to basal conditions (Figure
6.4A and B respectively). With increasing concentrations of EGCG, from 10 uM to 200 uM, there was

no reduction in the secretion of TNF or IL-6 compared to LPS on its own.
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Figure 6.4 — TNF and IL-6 secretion in HC PBMCs with fresh EGCG. ELISA assays were used to detect (A) TNF
and (B) IL-6 and secretion in HC PBMC supernatants. Stimulations used are 4 hours with LPS (10 ng) and 24
hours EGCG (10, 25, 50, 75, 100 and 200 uM). All data are presented as mean * SEM. Statistical significance
was calculated using a two-way ANOVA multiple comparisons statistical test with Tukey correction (p values
*=< 0.05, *¥*=< 0.01, ***=< 0.001 and ****= < 0.0001). n=4, where n is the number of different HC or CF

samples.

6.2.5 Recovery of autophagy and mitochondrial damage

As cysteamine has been shown to recover autophagy in several studies, and in the previous
chapter | have shown mitochondrial damage which may be linked to dysregulated autophagy, |
decided to investigate whether cysteamine was able to improve the state of mitochondria in CF

monocytes, by utilising the MTDR and MTG flow cytometry assay from the previous chapter. LPS and
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ATP were used to induce mitochondrial damage, and cysteamine was used to see if it helped to

prevent mitochondrial damage.

Representative MFIs are shown in Figure 6.5A. Due to low number of CF samples, | was unable

to perform stats on this experiment.
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Figure 6.5 — Mitochondrial damage in HC monocytes with
cysteamine. Flow cytometry was used to measure B
mitochondrial damage in both HC and CF monocytes under T -
basal conditions and after 4 hours stimulation with LPS (10

ng) and the addition of ATP (5mM) for the last 0.5 hours.
Cysteamine was used for 24 hours at 250 pM. Respiring
mitochondria were stained with Mitotracker Deep Red
(MTDR) and all mitochondria were stained with Mitotracker
Green (MTG), both dyes were acquired from Invitrogen.
Gating strategy shown in Appendix Figure 3. Representative
mean fluorescence intensity (MFI) (A) and percentage of
damaged/depolarised mitochondria quantified (B). All data
are presented as mean + SEM. n=4 for HC and n=2 for CF,
where n is the number of different HC or CF samples.
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6.2.6 Role of NLRP3 inflammasome in mitochondrial damage

As LPS and ATP are classic NLRP3 inflammasome inducers, and NLRP3 inflammasome

activation has been reported to prevent clearance of damaged mitochondria, as a positive feedback

loop to further activate the inflammasome, | decided to investigate how much of a role the

overactivation of the NLRP3 inflammasome in CF plays in preventing the clearance of damaged

mitochondria in CF.

The caspase-1 inhibitor, ac-yvad-cmk, was utilised with the MTDR and MTG flow cytometry

assay, and representative MFls are shown in Figure 6.6A. This experiment was run at the same time

as Figure 6.5, so the results shown for basal and LPS with ATP are the same in Figure 6.5 as Figure 6.6.

Again, due to the low number of replicates, statistical analyses could not be performed on Figure 6.6B.
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Figure 6.6 — Mitochondrial damage in HC monocytes with caspase-1 inhibitor. Flow cytometry was used to
measure mitochondrial damage in both HC and CF monocytes under basal conditions and after 4 hours
stimulation with LPS (10 ng) and the addition of ATP (5mM) for the last 0.5 hours. Caspase-1 inhibitor, ac-
yvad-cmk was used at 2pg/ml for 1 hour. Respiring mitochondria were stained with Mitotracker Deep Red
(MTDR) and all mitochondria were stained with Mitotracker Green (MTG), both dyes were acquired from
Invitrogen. Gating strategy shown in Appendix Figure 3. Representative mean fluorescence intensity (MFI)
(A) and percentage of damaged/depolarised mitochondria quantified (B). All data are presented as mean +
SEM. n=4 for HC and n=2 for CF, where n is the number of different HC or CF samples.
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6.3 Discussion

6.3.1 Impact of cysteamine and EGCG on inflammation

As inflammation plays such a large role in the pathogenesis of CF, development of new
therapies which help to reduce inflammation is vital for the long-term wellbeing of patients with CF.
This chapter reports that the combination of cysteamine and EGCG failed to produce beneficial anti-
inflammatory effects in vitro. The anti-inflammatory impact of cysteamine and EGCG in Figure 6.1 may
be due to necrosis of the cells, which might be largely due to EGCG being used after it was frozen and
then thawed for use. Fresh EGCG was then used to investigate if fresh EGCG induces necrosis, but no
conclusion could be drawn due to the low number of replicates. It is unclear why the freeze-thaw
process might have such a profound impact on the effect EGCG has on the cells. However, as far back
as 2004, EGCG has been reported to induce protein expression and activate caspases 3, 8 and 9, driving
the cells towards apoptosis, and subsequently, it has been of interest as a preventative treatment
against cancer [348]. Other reports have shown EGCG to induce apoptosis and depolarise
mitochondria in the hepatocellular carcinoma cancer cell line, HCCLM®6, but not in non-cancerous liver
cells [454], as well as its ability to promote apoptosis in a number of cancer cell lines, including the
human breast cancer cell line MCF-7 [455], as well as human adrenal cancer NCI-H295 cells [456], and

in HepG2 cancer cells [457].

Despite this, several other studies have also found EGCG to possess various anti-inflammatory
and anti-oxidant properties [348, 458-461]; however, due to its ability to promote apoptosis, it may
not be of particular use in autoinflammatory diseases, such as CF, apart from in certain specific
contexts where apoptosis would be beneficial, such as with neutrophils in the lungs of patients with
CF. More recently, EGCG has been shown to inhibit both canonical and non-canonical inflammasome
activation in LPS and amyloid-B induced microglial cells in vitro and in vivo in a mouse model [462]. In

addition, EGCG has been reported to inhibit intracellular ROS production and suppress mtDNA
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synthesis to prevent NLRP3 inflammasome activation in mouse macrophages, thereby preventing the

progression of acute gout [463].

The combination of cysteamine and EGCG has been reported to improve the stability and
function of the CFTR protein [339, 340], as with CFTR modulators. As it has recently been shown that
these CFTR modulators have anti-inflammatory effects [63], it is possible that, as well as the anti-
inflammatory effects helping the recovery of autophagy [339, 340], the improved function of CFTR
protein with cysteamine and EGCG may be partly responsible for the inhibition of inflammation.
However, a recent report, by Armirotti et al 2019, indicated that cysteamine does not rescue CFTR
function, and furthermore, that study also purported to show that cysteamine and EGCG, when used

together, have deleterious effects upon bronchial epithelia [464].

Other potential anti-inflammatory and autophagy modulating therapies have been
investigated, such as the innate defence regulator (IDR)-1018, which is an anti-inflammatory peptide
found to induce autophagy, via modulation of AMPK. In flagellin-stimulated CF cells, IDR-1018 was
shown to induce the clearance of LC3B and autophagosomes, leading to a reduction in inflammatory
markers [465], thus indicating the potential benefits of recovering autophagy on the inflammatory
phenotype in CF. The polypeptide, thymosin a-1 (Ta-1), has also been proposed, by Romani et al as a
potential autophagy and CFTR corrective therapy in CF, in 2017 [466]; however, these results were
called into question when other laboratories were unable to replicate the results [467, 468]. This
development has lead to Romani et al publishing a response questioning some of the methodology of
these studies [469], which was then answered with a further report, again showing no improvement
of CFTR function with Ta-1, and ending with the recommendation that both Ta-1 and cysteamine not

be used in future clinical trials, due to demonstrable lack of efficacy [464].

6.3.2 Impact of cysteamine and ac-yvad-cmk on mitochondrial damage
The variability in n number, between HC and CF used for these experiments, was due to the

patient cohort for this study starting to run out. This is because of the introduction of CFTR modulator
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therapies, as standard care for all patients with CF, as opposed to just patients who are prescribed
CFTR modulators on compassionate grounds. As a result of this | was unable to obtain any further

samples which are comparable to previous samples collected.

Due to the low n number for CF samples, nothing conclusive can be drawn from the
cysteamine and caspase-1 inhibitor, ac-yvad-cmk, mitochondrial damage assays. However, a tentative
hypothesis can be considered for these assays. The addition of cysteamine to the mitochondrial
damage assay appears to partially lower the quantity of damaged mitochondria in CF monocytes,
closer to that of HC. Based on published literature on the use of cysteamine in CF, this could be due
to cysteamine’s ability to aid in the recovery of autophagy, and, therefore, to improve clearance of
damaged mitochondria [339, 340]. Inhibition of caspase-1 would be expected to lead to an
improvement in mitochondrial quality, due to caspase-1’s ability to prevent clearance of damaged

mitochondria.
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Chapter 7.0 — Discussion

The aim of this study was to further clarify the state of autophagy in innate immune cells,
containing CF mutations, and to investigate whether there were specific cellular abnormalities that
could be linked to any dysregulation of autophagy found. The project was divided up into four main
objectives: (1) Clarify whether HBECs with CF mutations show any dysregulation of autophagy. (2)
Investigate the impact homozygous AF508 CFTR mutations have on autophagy in patients’ primary
cells. (3) Establish whether mitochondria are abnormal in CF, as a possible result of dysregulated
autophagy. (4) To investigate the impact small molecule autophagy-augmenting therapies would have

on inflammation and mitochondria in CF.

7.1 Autophagy is dysregulated in CF cells

This study has shown that autophagy is dysregulated in CF; however, there were some
interesting differences found between dysregulated autophagy in CF HBECs and primary cells from CF
patients, bearing the same mutations. Following up on previous published studies on autophagy in CF,
which were focused on sub-optimal HBEC cell line comparisons between a CF cell line (IB3-1) and a
“corrected” IB3-1 cell line (C38), | decided to try and produce an improved comparison study between
an actual WT HBEC cell line and several other CF HBEC cell lines. | found that, in the cell lines, there
was an increased autophagic flux in the CuFi-1 cell line but not in the I1B3-1 cell line, relative to WT,
with a normal turnover of p62. However, the primary patients’ monocytes and M1 macrophages had
a significantly increased level of p62 but no change in autophagic flux. CFTR modulators failed to alter
autophagic flux for both cell lines and primary cells. The reason why CF HBECs have a different kind of
dysregulation of autophagy to CF primary cells is unclear; however, a few reasons may be suggested,
such as the HBECs have been genetically modified, which might have altered the autophagic
mechanism in some way. Also, the HBEC cell lines are from different patients and, therefore, will
present with some degree of variability anyway, not just based on the different mutations. Another

reason could be due to the fact that they are different cell types and, as the CFTR is expressed to
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different degrees in each cell type, perhaps the increased level of expression of mutated protein in
epithelial cells alters the autophagy mechanism in a different way to the lower level of expression
found in monocytes and M1 macrophages, and this could be due to the different levels of protein

aggregation found across these cell types.

Several studies investigating CFTR modulators that also augment autophagy have focused on
the E3 ubiquitin ligase, RNF5/RMA1, which is involved in the early stages of CFTR biosynthesis and
promotes its degradation [470]. It was found, via screening of an siRNA library for known CFTR
interacting proteins, that inhibition of RNF5 results in a significant rescue of AF508 CFTR. The same
study also showed that RNF5 inhibition resulted in improved intestinal absorption in mice and led to
an improvement in CFTR function in intestinal epithelial cells [471]. Furthermore, a recent study
identified inh-02 as a small molecule RNF5 inhibitor that reduces ubiquitylation of AF508 CFTR,
rescues AF508 CFTR function and augments autophagy [472]. This augmentation of autophagy was
linked to regulation of Atg4B and LC3 by RNF5, modulating the basal level of autophagy [473].

Lysosomes also exhibited differences between CF HBECs and CF primary monocytes and M1
macrophages, as M1 macrophages were found to have a raised concentration of LAMP1 relative to
HC. Raised expression levels of LAMP1 have been associated with the progression of a number of
diseases, such as Alzheimer’s disease [474] and several types of cancer [475-477], raising the
possibility that patients with CF are also at a higher risk of developing other diseases. It is unclear why
these differences between these cell types exist; however, it could be partially due to the same
reasons mentioned above. The work presented here did not investigate whether CFTR function plays
a role in the pH calibration of lysosomes but did fail to find any dysregulation of either the quantity or
function of lysosomes. Whether lysosomes in CF have an altered pH and whether this is linked to the
function of the CFTR protein remains controversial, with studies purporting to show that either the
ion channel does have an impact on lysosomal function [111, 112, 358, 360] or does not [113, 114,
359]. Given that the CFTR plays an important role in modulating the extracellular pH in the ASL, it

would be surprising if the CFTR did not also contribute to regulating the pH of lysosomes in the cell.
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The latest study, in 2012, reported that although the mutated CFTR does not alter baseline lysosomal
pH, the CFTR still plays a vital role in the reacidification of alkalised lysosomes, both in epithelial cells

and in isolated lysosomes [360].

There are several similarities between CF and neurodegenerative diseases as protein
aggregation disorders; for example, dysregulated autophagy and heightened inflammation are
prevalent pathologies found in both disorders. It is well established that low grade systemic
inflammation is found in neurodegenerative disorders, such as Alzheimer’s and Parkinson’s disease,
with an inflammatory phenotype of increased IL-1B, TNF and IL-6 markers found in cerebral spinal
fluid and serum [478-480]. Neuroinflammation in neurodegenerative disorders in recent years has
been investigated, with the aim of establishing whether this neuroinflammation is just a symptom of
these disorders or is also a contributing factor to the pathology of these patients. There have been
several studies recently which have focused on inhibiting inflammation in these disorders and
reporting a reduction in the rate of cognitive decline [481, 482]. Based on the fact that CF patients
have low grade systemic inflammation [483] and the CFTR is found throughout the brain [19, 484-
488], there is the potential, that as survival increases in people with CF, a similar rate of decline in
cognition and potentially dementia could occur, and be comparable to these neurodegenerative
disorders. The introduction of CFTR modulators, as standard care for patients with CF in the UK was a
significant milestone for CF patients’ treatment; however, with the increased life span of these
patients there may be new challenges to overcome. The introduction of anti-inflammatory therapies
in CF and the finding that CFTR modulators have anti-inflammatory properties themselves [63] could

potentially act as a protective strategy in preventing any cognitive decline that might occur.

This thesis focused on macroautophagy, the other forms of autophagy, microautophagy and
CMA have not been investigated so far. As the main mechanism of autophagy is dysregulated in CF, it
is likely that the other forms of autophagy are defective in some way too. For example, the chaperone

protein, Hsp70, is essential for CMA, as it binds to misfolded proteins and targets them for degradation
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via direct fusion with lysosomes via LAMP-2A [188]. As Hsp70 has been found to associate with AF508
CFTR due to exposed hydrophobic residues and AF508 CFTR has been found to aggregate in the cell
[47, 48], it is possible that Hsp70 binds to this aggregated CFTR protein but is unable to clear it. This
would mean this chaperone protein would be unable to carry out its usual function as it is retained in

the aggresomes.

Autophagy plays a vital role in multiple cellular processes, with autophagy being dysregulated
in CF, there may be abnormalities in these other cellular processes not covered in this thesis.
Regarding the immune system, autophagy is key for its correct function, and although this thesis
focuses on innate immunity in CF, autophagy is also important for the adaptive immune system.
Autophagy regulates lymphocyte cell differentiation and survival, as well as antigen processing and
presentation; and so, autophagy’s dysregulation is likely to have an impact on these processes.
Autophagy’s dysregulation may play a role in the adaptive immune dysfunction in CF with
hyperinflammatory CD3+ lymphocytes, disrupted Th17 and Th2 cell responses, as well as
downregulation in Treg population and upregulation in invariant NK cells [439, 489, 490]. The impact
correction of autophagy would have on these cellular defects in CF would be highly interesting,

especially in clearance of bacterial infections.

7.2 Mitochondria and metabolism are abnormal in CF monocytes

Correctly functioning mitochondria are profoundly important in maintaining proper cell
function, with abnormal/damaged mitochondria being linked to a plethora of inflammatory diseases
[158, 159, 164, 170, 180]. As previous studies have shown that deficient autophagy results in an
accumulation of damaged mitochondria and heightened NLRP3 inflammasome activation [231], |
decided to investigate whether this is the case in CF. Furthermore, cell lines treated with ethidium
bromide and lacking mtDNA, exhibit impaired caspase-1 activation and, therefore, reduced IL-1B and
IL-18 production [231, 491], underlining the link between autophagy dysregulation, mitochondrial

damage and NLRP3 inflammasome activation.
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This study has demonstrated that there were significant differences in both mitochondrial
integrity and function in CF monocytes relative to HC, and also, that mitochondria in CF monocytes
were more depolarised upon stimulation, producing greater amounts of mROS with significantly
increased metabolic rates relative to HC. Although | was unable to fully link these results to
dysregulated autophagy, it is likely that the recovery of autophagy in CF would lead to improved
mitochondrial integrity, and a partial reduction in the heightened metabolic state. However, further
work will be required to establish a definitive link between dysregulated autophagy and the
accumulation of damaged mitochondria and altered metabolism. Metabolism has been shown to be
a crucial determinant in proper cell differentiation, and the finding that metabolism is abnormal in CF
may partly explain why certain cell populations are abnormal in CF [28]. A recent study has established
that, in macrophages, the NLRP3 inflammasome helps to modulate glycolysis in an IL-13 dependent
manner. IL-1B was found to upregulate the glycolytic enzyme, 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKFB3), an essential driver of glycolysis via its modulation of a rate limiting step in
glycolysis [492]. It will be most interesting to establish what effect(s) the introduction of CFTR

modulator therapies have on metabolism in CF.

As a result of pancreatic malabsorption and increased cellular metabolism, driven in part by
both infection and inflammation, patients with CF require a high calorie and high fat diet (HFD).
However, there is evidence that HFDs may contribute to systemic inflammation and lung fibrosis [493-
495]. Recently, a HFD in mice has been linked to the downregulation of an autophagy and Nrf2
regulating protein, sestrin2, leading to a reduction of the Nrf2 oxidative stress response [496].
Sestrin2, once activated, has been found to induce autophagy via activation of AMPK, leading to
inhibition of mTOR and subsequent stimulation of autophagy. This induction of autophagy has been
linked to activation of the Nrf2 pathway, via autophagic degradation of KEAP1, leading to Nrf2 release
and increased nuclear translocation with consequent increased anti-oxidant gene expression [497].
The mice with a HFD also showed reduced insulin sensitivity, which, along with the high glucose diet

and CFTR-driven pancreatic dysfunction [498], may help explain why diabetes is so prevalent in people
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with CF [496]. Furthermore, an accumulation of damaged mitochondria within B-cells has been
associated with the development of diabetes [499]. Another study, also in mice, reported that
sestrin2, via its induction of autophagy, plays a protective role against obesity-induced insulin
resistance and helped to prevent diabetes [500]. These factors may contribute to the altered

metabolic state and damaged mitochondria seen in CF.

Clearance of damaged mitochondria has proven to be a double edged sword, with excessive
clearance resulting in inhibited apoptosis, prolonged cell survival and development of fibrosis [501],
whereas, dysregulated clearance results in inflammation and fibrosis [251, 502]. Recently, the
mitochondrial protein, PGAMS5, has been found to be a key driver of mitochondrial dysfunction in
idiopathic pulmonary fibrosis (IPF), with PGAMS57- mice showing reduced lung fibrosis relative to
controls [416]. PGAMS5 was reported to maintain mitochondrial integrity of mitochondrial structure
and function; however, blockage of mitochondrial clearance improved mitochondrial homeostasis.
This indicates that PGAM5 can improve mitochondrial function but also induce mitochondrial damage

depending on the context [416].

Mitochondria also undergo fusion and fission to maintain a healthy population of
mitochondria. Under stressed conditions the balance between fusion and fission is tipped towards
fission to ensure swift amputation and removal of damaged sections of mitochondria via mitophagy.
As mitochondrial damage has been shown to be present in CF monocytes, it is likely that mitochondria
will be undergoing an increased rate of mitochondrial fission. Asymmetric mitochondrial fission results
in accumulation of mitochondria with varying AWm, which would then, under normal conditions, be
cleared via autophagy [499, 503]; however, due to dysregulated autophagy, this might not be the case
in CF. This could mean that due to the oxidative stress found in CF cells, an upregulation in
mitochondrial fission might be partly responsible for the increase in damaged mitochondria found in
CF monocytes. Moreover, inhibition of either mitochondrial fission proteins Drpl or OPA1 is enough

to result in an accumulation of damaged mitochondria [499].
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Transforming growth factor (TGF)B is a cytokine that has been shown to be a master regulator
of pulmonary health and disease [504]. Polymorphisms of TGFf3, C-509T and T29C, have been found
to be linked to a more severe form of CF lung disease, with increased expression of TGFf [505, 506].
Increased expression of TGFP has been found to result in mitochondrial depolarisation, increased
mROS and PINK1 production and increased lung fibrosis [507]. Therefore, it is possible that raised

TGFB found in CF, could be linked to the abnormal mitochondria found in CF monocytes.

A dysregulated UPR has been linked to a heightened inflammatory and metabolic state in CF
[103], so with the obvious links between the ER and mitochondrial function, it is likely that a
dysregulated UPR would also contribute to the mitochondrial dysfunction seen in CF [323, 324, 508].
In addition, the antioxidant MitoQ, has been shown to protect against acute lung injury in rats,
highlighting the link between the mitochondrial dysfunction and lung injury [509]. Mitochondrial and
pulmonary dysfunction are well-known characteristics of the protein aggregation disorder,
Parkinson’s disease [510, 511], further exemplifying the similarities between CF and other protein
aggregation disorders. From these results it is clear that no one feature is responsible for the
mitochondrial dysregulation seen in CF, but several overlapping causes are present, feeding into each
other. Further research is therefore required to elucidate how much of a role CFTR function plays in

mitochondrial dysregulation.

7.3 Cysteamine and EGCG as therapy in CF

Despite the interest in cysteamine and EGCG in the past decade, no clear picture has emerged
as to whether cysteamine and EGCG improve CFTR processing and membrane retention, with studies
claiming to show both an improvement [339, 340] and lack of improvement [464]. This study aimed
to clarify whether cysteamine and EGCG, either in combination or independently, had any anti-
inflammatory properties that would be of benefit in CF, as well as whether cysteamine could improve
mitochondrial integrity. These results demonstrate that neither molecule had an anti-inflammatory

impact, but cysteamine might improve mitochondrial integrity; however, this result is extremely
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tentative due to the low n numbers used. The results also fail to show any role played by the NLRP3

inflammasome in mitochondrial damage.

Trying to reduce inflammation in CF has been suggested to be highly important, as drugs that
target inflammation have been shown to reduce the rate of decline in lung function as well as
improving survival [512, 513]. New anti-inflammatory therapies are being investigated for CF, such as
the potential use of the NLRP3 inflammasome inhibitor, MCC950 [185], as well as the inhibition of

ENaC also decreasing NLRP3 inflammasome activation [28].

The augmentation of autophagy in general for various diseases has been considered already,
with research on autophagy stimulation in COPD [514], neurodegenerative disease [515],
cardiovascular disease [516], and Crohn’s disease [517]. Targeting dysfunctional mitochondria and
improving mitophagy have been considered as potential therapeutic targets for some time, with
potential benefits in several diseases, such as neurodegeneration [518], cancer [519] and
cardiovascular disease [520]. Mitophagy-inducing therapies that don’t damage the mitochondria
would be of significant interest in CF, as they could establish whether there is any therapeutic benefit
to clearing damaged mitochondria, with the aim of reducing inflammation and decreasing the raised

metabolic state to normal levels.

7.4 CF as an autoinflammatory disorder

The definition of autoinflammatory disease is the excessive activation of the innate immune
system in the absence of infection, leading to increased production of inflammatory cytokines; an
adaptive immune response such as B cells, T cells and autoantibodies is absent [142, 152]. With the
finding that dysregulated autophagy, abnormal mitochondria and a hyperinflammatory response are
present in CF and that these are all prominent characteristics of autoinflammatory diseases, CF may

also be considered an autoinflammatory disease.

CF has been described as an autoinflammatory disease previously [142], with inflammation in

the lungs [83], dysregulated UPR-driven inflammation [103], excessive neutrophil infiltration, and an
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overactive NLRP3 inflammasome [28, 185]. The recent finding that correction of the CFTR mutation
leads to a significant reduction in inflammatory markers adds weight to this argument, as it indicates

that the physiological drive towards inflammation is primarily due to CFTR dysfunction [63].

7.5 Concluding remarks

Based on the current literature, and the results shown in this study, it can be concluded that
autophagy is dysregulated in CF, and that mitochondrial quality and function are also abnormal with
many similar characteristics in CF to that of autoinflammatory diseases. With the recent discovery of
NLRP3-driven inflammation in CF [28, 185], and the findings that mitochondria are abnormal and
producing NLRP3 inflammasome activating signals, it will be of interest to establish whether

recovering autophagy would hold any benefit for patients with CF in future studies.

7.6 Study limitations

There are several noteworthy limitations in this study; firstly, due to the low number of
replicates, two of the statistical tests performed were not appropriate. Both the two-way ANOVA test
and multiple t-tests are parametric tests assuming a normal distribution, as the number of replicates
were low for some of the figures, it was inappropriate to use a parametric test, as you can’t assume a
normal distribution. This led to low P values for some of the figures where a non-parametric test would
have found a much higher P value. Also, as stated in the statistical methods section, no test was carried
out to check if samples represented a normal distribution; and therefore, | should not have used
parametric statistical tests. More appropriate statistical tests would have been a non-parametric
Friedman’s two-way ANOVA instead of the two-way ANOVA used, and a non-parametric Mann-

Whitney instead of multiple t-tests wherever they were used.

Another limitation to consider is the Seahorse assays baseline reading. The Seahorse assay
had multiple HC samples each time the assay was performed, each time the assay was run, every
sample was made relative to one of the HC baseline samples. This was to try and standardise between

assay runs to try and reduce variability due to human error; however, to get a more accurate baseline
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reading, the average of all HC baseline samples should have been used, and then all samples made

relative to that, this would have provided a more accurate baseline reading.

In addition, the cell lines are from different individuals, and although the cells underwent the
same immortalisation process, there may be different reactions to the immortalisation process, based
on different genotypes in the range of individuals. Furthermore, both the Beas-2b and IB3-1 cell lines
were grown in the same LHC basal media, whilst the CuFi-1 and CuFi-4 cell lines were cultured in LHC-
9 media. Future work would optimally use the WT control cell line, NuLi-1 (ATCC® CRL-4011"), which
is grown in the same LHC-9 media as the CuFi-1 and CuFi-4 cell lines. Ideally, primary epithelial cells
would be acquired to clarify the state of autophagy in HBECs. Other limitations involve the patient
cohort used, which was selected on the basis of CF patients’ clinical stability, genotype (AF508
homozygous) and age (18 years old and older). The variety of medications the patients were taking
was not considered, other than CFTR modulators used, as there is a great range of medications and a
large sample size was required. Moreover, M1 macrophages in this study were monocyte-derived
macrophages that were grown in vitro with GM-CSF; although this is a well-established protocol, there
are limitations as to how much this can be considered comparable to in vivo. Nearing the end of the
study, the patient cohort was beginning to be transferred to CFTR modulator therapies, as the new
standard of care; this means that it was not possible to carry out a number of planned experiments
near the end of the study. Unfortunately, due to the COVID-19 pandemic, several experiments also

had to be cancelled.

7.7 Future Directions

To make the cell lines more comparable, it would be useful to utilise CRISPR/Cas9 to either
insert the faulty CFTR gene, AF508, into the Beas-2B cell line or knockout the CFTR gene, this would
allow for a direct comparison between a WT HBEC cell line, a homozygous AF508 cell line and a KO

CFTR cell line. Another line of investigation would be to acquire the NulLi-1 cell line (ATCC® CRL-4011"),
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as it is a cell line specifically developed to be the WT HBEC for both the CuFi-1 and CuFi-4 cell lines and

is also grown using the same LHC-9 media.

| plan to use the RNA-seq next generation sequencing service, provided by Novogene, to
sequence the mRNA of 5HC and 5CF monocyte samples, under basal conditions. This will provide me
with a huge amount of data to compare the expression of genes between HC and CF monocytes, |
intend to use this data to compare both autophagy, mitochondrial and NLRP3 inflammasome related

genes to further characterise their state in CF.

Another mechanism that plays an essential role in maintaining cellular homeostasis through
protein degradation and clearance involves the proteasome pathway; in this study | have established
that autophagy was dysfunctional, but it would also be useful to clarify the state of the proteasome
pathway. Another important experiment would be to solidify the link between dysregulated
autophagy and mitochondrial abnormalities. In this regard, it would be ideal to isolate mitochondria
from monocytes with homozygous AF508 CFTR mutations, and perform western blots to establish
whether autophagy proteins are correctly associating with the mitochondria in CF. | predict that there
would be an accumulation of p62 and LC3BIl on mitochondrial membranes in CF, and that these p62-
bound mitochondria will not be cleared from the cell correctly, due to dysregulated autophagy.

With the introduction of CFTR modulator therapies, as standard care, it will be of interest to
track the changes in mitochondrial function and p62 expression, as this protein binds to ubiquitinated
proteins and organelles to target them for degradation. The overall concentration of ubiquitin in the
cell could be quantified as well. | hypothesise that there will be a reduction in metabolic rate as well
as a decrease in p62 and ubiquitin concentration in CF cells. The link between Ca?* and mitochondrial
integrity and function in CF should be further investigated, as the recent findings linking Na* and K*
ionic imbalance to NLRP3 inflammasome in CF indicate that other ionic imbalances may be present
and important to the excessive inflammation found in CF. Another area of interest would be to use

the serum samples collected from patients with CF and to establish whether there are any differences
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in mtDNA quantity and small extracellular vesicle with a mitochondrial signature [436, 437]. Whether

CFTR modulators, over a period of 3 months, alter this would be of great interest.

Although this study failed to find any improvement of autophagy function upon the use of
CFTR modulator therapies, Symdeko and ivacaftor, the development of the new triple therapies, such
as Trikafta (elexacaftor, tezacaftor and ivacaftor in combination), could still be shown to improve
autophagy. This is an exciting area as the new triple therapies have been reported to improve CFTR

function to a greater extent than the current CFTR modulator therapies.
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Appendix Figure 1 — Flow cytometry gating for HBECs with autophagosome dye. (A) HBECs gated based on
forward and side scatter, (B) gated based on forward scatter area and height, (C) gated based on live/dead
dye, and (D) gated based on autophagosome dye (Sigma).

A

P1c7a.39%)

Mo GO14 405 P2
] P30 35%)

HC Basal . All Events

100

Mothing 1 P1
P2009.05%)

o autophagosome dye  P3
] Fa(0 60%)

(10t
(x10%

o1ty
200 @)

200

BEC-A
FSC-H
85G-A

100
85C-A

y
10 408 10t 105 10f 07 i 100 10% 10® 10* 10° 10% 10

il 50 100 1
FSC-A 0104 FSC-A (x10%h CD14v450-PB-A AutophagosomeDye Y81 0-mCGHERRY-A

Appendix Figure 2 — Flow cytometry gating for CD14+ monocytes with autophagosome dye. (A) Monocytes
gated based on forward and side scatter, (B) gated based on forward scatter area and height, (C) gated based

on CD14 antibody, and (D) gated based on autophagosome dye (Bio-Rad).
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Appendix Figure 3 — Flow cytometry gating for CD14+ monocytes with MTDR & | EEEES]
and MTG. (A) Monocytes gated based on forward and side scatter, (B) gated £81
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Appendix Figure 5 — Flow cytometry gating for PBMCs with annexin V live/dead assay. (A) PBMCs

gated based on forward and side scatter, (B) gated based on forward scatter area and height, (C) gated
based on propidium iodide, and (D) gated based on annexin V Alexa Fluor 488 (Thermo Fisher Scientific).
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Professor Daniel Peckham
Professor of Respiratory Medicine
University of Leeds

Cystic Fibrosis of Unit, JOB&

St. James's University Hospital
Beckett Street, Leads

LS9 7TF

Email: hra.approvali@nhs.net

24 May 2017

Dear Professor Peckham

Letter of HRA Approval

Study title: Identifying the biochemical signalling pathways involved in
lung inflammation and arthropathy in patients with cystic
fibrosis

IRAS project ID: 201570

REC reference: 17YH/0084

Sponsor University of Leeds

| am pleased to confirm that HRA Approval has been given for the above referenced study, on the
basis described in the application form, protocol, supporting documentation and any clarifications

noted in this letter.

Participation of NHS Organisations in England
The sponsor should now provide a copy of this letter to all participating NHS organisations in England.

Appendix B provides important information for sponsors and participating NHS organisations in
England for arranging and confirming capacity and capability. Please read Appendix B carefully, in
particular the following sections:

» Participating NHS organisations in England - this clarifies the types of participating
organisations in the study and whether or not all organisations will be undertaking the same
activities

» Confirmation of capacity and capability - this confirms whether or not each type of participating
NHS organisation in England is expected to give formal confirmation of capacity and capability.
Where formal confirmation is not expected, the section also provides details on the time limit
given to participating organisations to opt out of the study, or request additional time, before
their participation is assumed.

= Allocation of responsibilities and rights are agreed and documented (4.1 of HRA assessment
criteria) - this provides detail on the form of agreement to be used in the study to confirm
capacity and capability, where applicable,

Further information on funding, HR processes, and compliance with HRA criteria and standards is also
pravided.
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It is critical that you involve both the research management function (e.g. R&D office) supporting each
organisation and the local research team (where there is one) in setting up your study. Contact details
and further information about working with the research management function for each organisation
can be accessed from www.hra.nhs.uk/hra-approval.

Appendices

The HRA Approval letter contains the following appendices:
e A List of documents reviewed during HRA assessment
s B — Summary of HRA assessment

After HRA Approval
The document “After Ethical Review — guidance for sponsors and investigators”, issued with your REC
favourable opinion, gives detailed guidance on reporting expectations for studies, including:

s Registration of research

» Motifying amendments

« Motifying the end of the study
The HRA website also provides guidance on these topics, and is updated in the light of changes in
reporting expectations or procedures.

In addition to the guidance in the above, please note the following:
= HRA Approval applies for the duration of your REC favourable opinion, unless otherwise
notified in writing by the HRA.
* Substantial amendments should be submitted directly to the Research Ethics Committee, as
detailed in the Affer Ethical Review document, Non-substantial amendments should be
submitted for review by the HRA using the form provided on the HRA website, and emailed to

hra.amendments{@nhs.net.

s The HRA will categorise amendments (substantial and non-substantial) and issue confirmation
of continued HRA Approval. Further details can be found on the HRA website.

Scope
HRA Approval provides an approval for research invalving patients or staff in NHS organisations in
England.

If your study involves MHS organisations in other countries in the UK, please contact the relevant
national coordinating functions for support and advice. Further information can be found at
[www . hra.nhs. ukiresources/applying-for-reviews/nhs-hsc-rd-review/.

If there are participating non-MHS organisations, local agreement should be obtained in accordance
with the procedures of the local participating non-NHS organisation.

User Feedback

Page 2 of 8

165



| IRAS project ID | 201570

The Health Research Authority is continually striving to provide a high quality service to all applicants
and sponsors. You are invited to give your view of the service you have received and the application
procedure. If you wish to make your views known please use the feedback form available on the HRA

website: http://www.hra.nhs.uk/about-the-hra/governance/quality-assurance/.

HRA Training
We are pleased to welcome researchers and research management staff at our training days — see

details at http://'www.hra.nhs.uk/hra-training/

Your IRAS project ID is 201570. Please quote this on all correspondence.
Yours sincerely,

Natalie Wilson
Assessor

Email: hra.approval@nhs.net

NHS Research Ethics Officer, University of Leeds, Sponsor contact

Copy to:
Mrs Anne Gowing, Leeds Teaching Hospitals NHS Trust, Lead NHS R&D contact
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