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Abstract

Cystic Fibrosis (CF) is a life limiting genetic disease, which is caused by genetic
mutations which result in defective function of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR). In CF, patients experience frequent hospitalisations
from a young age as a result of recurrent respiratory infections and inflammatory lung
damage, with CF patients having a median life expectancy of only 31 years. Therefore,
currently there is an urgent unmet clinical need for the development of novel anti-

inflammatory and antibacterial therapies in the treatment of CF.

Within the CF lung, the build-up of thick mucus secretions provides a
microenvironment which is conducive to bacterial colonisation and inflammation.
Pseudomonas aeruginosa (P. aeruginosa) is the most commonly isolated pathogen from
the CF lung. CF patients develop a series of recurrent, intermittent colonisations of P.
aeruginosa before the acquisition of a biofilm-driven chronic infection. The
establishment of a chronic infection drives high levels of respiratory inflammation and
consequent irreversible lung damage. Furthermore, these chronic infections develop a
myriad of antibiotic resistant characteristics; with multidrug-resistant infections
becoming a major problem in CF. Anti-microbial resistance is one of the biggest
challenges facing society as a whole, with estimations that up to 10,000,000 people a
year will die due to antibiotic resistant infections. As such, there is a specific unmet
clinical need for the development of novel therapies that target P. aeruginosa-induced

inflammation, biofilm formation and infection in CF patients.

The Donnelly Lab has previously demonstrated a role for macrophage migration
inhibitory factor (MIF) in the pathogenesis of CF. CF patients expressing high levels of
MIF have a more rapid decline in lung function, earlier P. aeruginosa colonisation
compared with CF patients with low MIF expression levels. Furthermore, our group has
previously demonstrated that MIF promotes P. aeruginosa biofilm formation through
upregulation of genes involved in bacterial quorum sensing, alginate expression and
mucoid conversion. Previously, The Donnelly Lab have described the successful use of
a novel, small molecular weight inhibitor of MIF tautomerase activity, SCD-19, both in
vitro and in vivo using in @ murine model of chronic P. aeruginosa infection. In this

model, SCD-19 promoted bacterial clearance and limited respiratory inflammation.



Here, we examined the role of MIF in P. aeruginosa biofilm formation on airway
epithelial cell monolayers. Furthermore, we investigated the efficacy of SCD-19 loaded
nanoparticles in the modulation of heat killed P. aeruginosa (HKPA) induced
macrophage responses and MIF driven P. aeruginosa biofilm formation. We
demonstrated a role for MIF in P. aeruginosa biofilm formation on airway epithelial cell
monolayers. We also showed that SCD-19 and SCD-19 loaded nanoparticles modulate
this process. Furthermore, we also illustrated that SCD-19 and SCD-19 loaded
nanoparticles modulate HKPA-induced TNF-a and RANTES protein production in
macrophages. We also detailed, for the first time, the characterisation of bone marrow
derived macrophages (BMDMs) from novel, humanised mice which possess a 5-CATT or

7-CATT repeat in the promoter region of their MIF gene.

In this thesis, we also examined the effects of itaconate and 4-octyl itaconate (4-
Ol) in the context of P. aeruginosa infection. Itaconate is a well-established
immunomodulatory by-product of the tricarboxylic acid (TCA) cycle which displays
known antibiotic properties. 4-Ol is a cell permeable itaconate derivative which is used
in cellular experiments as there are limited reports of an itaconate receptor or
transporter. We proposed that 4-Ol and itaconate treatment would be beneficial in the
context of P. aeruginosa inflammation. Here, we demonstrated that 4-Ol limited P.
aeruginosa-mediated inflammatory responses of BMDMs, promoted the expression of
protective antioxidant factors and enhanced BMDM-mediated P. aeruginosa killing. We
also demonstrated that itaconate possesses potent antipseudomonal properties,
limiting P. aeruginosa growth, biofilm formation and pyocyanin production.
Furthermore, we demonstrated that both 4-Ol and itaconate, respectively, promoted

survival in vivo in a Galleria mellonella model of P. aeruginosa infection.

In conclusion, the results from this study suggest that SCD-19 and 4-Ol,
respectively, may represent two novel host-directed therapies for the treatment on P.

aeruginosa infection in cystic fibrosis.
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Chapter 1 - Introduction



1.1 Cystic Fibrosis (CF)

1.1.1 Introduction

Cystic fibrosis (CF) is the most common inherited disorder in the Caucasian
population, with an estimated prevalence of 1 in 2000 births (1). The disease is caused
by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR),
which results in defective chloride ion transport across epithelial cell surfaces (2, 3). As
a result, a build-up of thick viscous secretions occurs in the respiratory tract and other
organs including the liver, pancreas and gallbladder (4, 5). This results in inflammation,

obstructions and tissue damage in the affected areas.

The CF lung provides a microenvironment that promotes bacterial colonisation,
with the main pathogen Pseudomonas aeruginosa (P. aeruginosa) adapting to survive
and promote chronic infection (2). CF is a life limiting disease which impacts multiple
organ systems, but respiratory failure as a result of inflammation and chronic bacterial
infection is the leading cause of CF morbidity and mortality (6-8). Historically, the
international median life expectancy of a CF patient in 1974 was 8 years old (2). The
development of antibiotic regimes and CFTR modulating agents has seen this life

expectancy rise to a median age of 30.8 years in 2018 (9).

1.1.2 Genetics of CF

CF is an autosomal recessive disorder that arises due to mutations in the CFTR
gene, which is located on the long arm of chromosome 7 at position 7931.2 (4, 10, 11).
Individuals must inherit a mutated allele from each parent in order to have a CF
phenotype. Mutations in the CFTR impacts the transport of sodium and water across

epithelial cell surfaces resulting in luminal secretions that are abnormally viscous (7).

To date, over 1,800 different mutations have been described in the CFTR gene
and reported on the Cystic Fibrosis Mutation Database (5). These mutations are
organised into five different classes in a somewhat oversimplified classification system.
Mutations resulting in defective protein synthesis are class |, defective protein
processing are class Il, defective regulation class Ill, transmembrane mutations are class

IV and finally transcriptional defects are class V (12-14). While some mutations result in



no CFTR function and consequently severe disease, others are associated with residual
function and less severe disease (9). Class | — Il mutations are associated with severe
disease as these mutations result in less than 10 % expression of functional CFTR (15).
Mutations in these classes result in decreased lung function, worsened nutritional
status, pancreatic insufficiency, and earlier mortality compared to Class IV and V

mutations (16).

While there are over 1,800 CFTR mutations, The American College of Medical
Genetics reports 23 mutations that it deems as frequent mutations; whereby the
mutation is present at > 0.1 % in the general US CF population (17). The most common
mutation in CF is AF508, accounting for over ~ 70 % of European cases (18). This
mutation results in the deletion of 3 base pairs which encodes phenylalanine (F) at the
508 position which causes defective CFTR folding and reduced stability at the cell
membrane. The AF508 mutation is therefore classified as a Class Il and Class Il mutation

(19, 20).
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Figure 1.1 CFTR mutations by class.

CFTR mutations are divided into five sub-classes of mutations. Class | mutations result in no
functional CFTR expression, class Il mutations cause protein misfolding, class Ill mutations
impair ion channel gating function, class IV impair CFTR ion channel opening and class V lead to
low CFTR protein expression.



1.1.3 Pathophysiology & clinical effects of CF

Functional defects in CFTR proteins impacts ion and water transport across
epithelial cell surfaces throughout the body with implications on numerous organs

including the lungs, pancreas, testis, liver, intestines and sweat glands (Figure 1.2) (21).

Pancreatic ducts become blocked in CF resulting in chronic obstructive
pancreatitis. Secondary to this the secretion of pancreatic enzymes which are required
for the digestion of food becomes impaired, resulting in pancreatic insufficiency which
is seen in of approximately 85 % of patients (22). This manifests as malnutrition and
difficulties in weight gain in CF patients. CF associated diabetes is also an increasing
problem as a result of destructive pancreatic disease which damages pancreatic islet
cells which produce insulin (23). Other manifestations of CFTR dysfunction include
impaired bile secretion, increased bile viscosity and bile duct obstruction (24).
Reproductive issues are also almost universal in male CF patients due to the congenital

bilateral absence of the vas deferens (25).

The main life-limiting effects of CF occur within the lungs. The damaging effects
of CF are seen in children as young as 3 years old, with CT scans detecting mucus
obstruction, bronchiectasis, and evidence of neutrophilic inflammation, neutrophil
elastase activity and recurrent respiratory tract infections (26-29). Imbalances in ion
transport at the level of the lung epithelium causes alterations in the airway surface
liqguid and results in impaired mucociliary clearance (30). Impaired mucociliary

clearance promotes mucus build-up, obstruction, infection and inflammation (30).

CFTR defects have also been shown to result in reductions in the pH of airway
surface liquid due to anomalies in bicarbonate transport across the epithelial surface
(31). This alteration in pH impairs bacterial killing, which is pH dependent, and also
reduces the function of antimicrobial peptides (32, 33). Airway mucus viscosity is also
impacted by pH, with viscosity increasing and enhancing the level of mucus build-up
(32). Mucus accumulation in the respiratory tract also provides an optimal breeding
ground for opportunistic infections, including P. aeruginosa further promoting
inflammation (34). Ultimately, it is cycles of immune dysfunction, recurrent infection

and chronic inflammation that results in advanced CF lung disease (Figure 1.2) (21).
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Figure 1.2 Clinical manifestations and pathophysiology of CF.

Cystic fibrosis is a multisystem disease. (A) It affects the lungs, sinuses, gastrointestinal tract,
liver, pancreas, and other organs. Abbreviations: DIOS, distal intestinal obstruction syndrome;
GERD, gastroesophageal reflux disease; Gl, gastrointestinal. Adapted from (21). (B) CF lung
disease is driven by cycles of immune dysfunction, infection, inflammation and tissue.

1.1.4 Infections in CF patients

Respiratory tract infections are extremely common in CF patients and are the
cause of end stage lung disease (6-8). As a result of impaired mucociliary clearance and
defective antibacterial immune responses, CF patients are predisposed to infection by

several opportunistic pathogens (30, 32-34). These pathogens include Haemophilus
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influenza, Staphylococcus aureus (S. aureus), Stenotrophomonas maltophilia,

Burkholderia cepacia, Achromobacter and P. aeruginosa (35, 36).

In general, Haemophilus influenza and S. aureus are said to be the primary
organisms infecting the airways of infants and children with CF. However, by the age of
25, upwards of 70 % of CF patients have had a detectable P. aeruginosa infection making
this the most commonly isolated pathogen from the CF lung (35, 36). The textbook cycle
of P. aeruginosa infection is a series of recurrent, intermittent colonisations before the
acquisition of a chronic infection — as a result P. aeruginosa is regarded as one of the
most important bacteria in the pathogenesis of CF (2, 37). It is the development of
chronic respiratory infections that results in the onset of chronic inflammation and

ultimately lung damage.
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Figure 1.3 Progression of bacterial infections in patients with CF.

Prevalence of common respiratory pathogens in CF patients relative to age. P. aeruginosa is the
most frequently found pathogen in adults. Adapted from (35). H. influenzae, Haemophilus
influenzae; B. cepacia complex, Burkholderia cepacia complex; S. aureus, Staphylococcus
aureus; MRSA, methicillin-resistant S. aureus; S. maltophilia, Stenotrophomonas maltophilia;
MDR-PA, multidrug-resistant P. aeruginosa.



1.1.5 Treatment of CF

Historically, CF treatment has been centred around reducing airway
obstructions and treating recurrent respiratory infections (38). Respiratory
physiotherapy represents an effective means for clearing built up mucus from the
obstructed CF airway (39). A popular method of respiratory physiotherapy is the high-
frequency chest wall oscillation vest, which mechanically loosens and thins mucus
enabling the user to cough and clear the airway (40). Mucolytics are also a key
component of CF treatment, with dornase alfa reducing pulmonary exacerbations and

improving lung function (41).

Effective antibiotic regimes are one of the key advances that have improved
outcomes for CF patients, however it is clear that further therapies are necessary due
to the development of antibiotic resistance (42, 43). Tobramycin and aztreonam are
approved for use in the treatment of P. aeruginosa infection in CF patients throughout
the world (44). Meropenem is a broad spectrum antibiotic from carbapenem family
which is administered intravenously for the treatment of multi drug resistant gram
negative bacterial infections, including P. aeruginosa (45, 46). These antibiotics improve

lung function, quality of life and reduce exacerbations (42, 44).

The development of inhaled antibiotics has resulted in enhanced pulmonary
delivery and limited the systemic side effects (47-49). Tobramycin and colistin are
available as dry-powder inhaled antibiotics and act to decrease bacterial burden,

improve lung function, enhance quality of life and reduce exacerbations (50, 51).

The development of CFTR modulating drugs has yielded great success in
improving the treatment outcomes in CF. These drugs are designed to improve ion
transport through the CFTR at the cell membrane and also to correct errors in CFTR
folding to increase functionality (21). As such, these drugs are targeted towards specific

classes of CFTR mutations (21).

Ivacaftor is the first commercially available CFTR modulator and works to control
ion channel gating resulting in increased chloride ion movement and restoring salt and
water balance in the lungs (21). Ivacaftor does not act to increase CFTR proteins at the

cell surface and as such has shown limited efficacy in homozygous patients with AF508



mutations when administered alone. This is likely due to insufficient CFTR levels being
available at the cell membrane for the drug act upon (52). However, in patients with
Class Ill gating mutations, Ivacaftor significantly improves patients forced expiratory
volume in 1 second (FEV1), increased patients weight and decreased the frequency of
exacerbations (53). Ivacaftor received approval by the US Food and Drug Administration
(FDA) in 2012 for class lll mutations, and has since been approved for 38 new CFTR

mutations (54).

Lumacaftor is a drug that helps to treat the misfolding of CFTR class Il mutation
and acts as a chaperone to increase the number of CFTR proteins at the cell surface (21,
55) Lumacaftor monotherapy failed to show effective results in a phase lla clinical trial
in patients homozygous for the AF508 mutation (56). However, dual therapy in
combination with ivacaftor resulted in improved lung function and decreased
exacerbations in these patients in a phase lll clinical trial (57). More recent reports detail
acute respiratory events in approximately 50 % of patients taking lumacaftor/ivacaftor,

with high levels of treatment discontinuation (58).

Tezacaftor, another CFTR chaperone, received FDA approval in 2018 for
combination use with ivacaftor in patients that are homozygous for the AF508 mutation
or else have AF508 and one of 26 other mutations (21). This treatment demonstrated
similar efficacy to lumacaftor/ivacaftor dual therapy with fewer side effects (59). More
recently, a phase Il clinical trial of a triple elexacaftor/tezacaftor/ivacaftor treatment
yielded promising results. The study examined patients who have a single AF508 allele,
a subset of patients in whom CFTR modulating therapies were ineffective, and
demonstrated improved lung function, decreased rate of pulmonary exacerbations and
an acceptable side effect profile (60). In 2019, triple elexacaftor/tezacaftor/ivacaftor
treatment received FDA approval for CF patients with at least one AF508 mutation —

opening up a new treatment avenue to approximately 90 % of CF patients (61).

The success of CF treatments is highlighted when one considers that forty years
ago, 10 % of CF patients were over 18 years of age compared to more than 50 % today
(9). Unfortunately, even with the myriad of treatment options available today, many CF

patients experience respiratory failure and require lung transplantation. Without lung



transplantation, many CF patients will succumb to respiratory failure as a result of

chronic infection and fulminant inflammatory responses (21).

1.1.5.1 Anti-inflammatory therapies

In CF, there has been scant use of anti-inflammatory therapies as a means of
reducing the inflammatory lung damage caused by chronic infection. Currently, high-
dose ibuprofen is the only anti-inflammatory treatment recommended for CF airway
inflammation (62). However, long term administration may have side effects impacting
the gastrointestinal and renal systems, and also worsened pulmonary inflammation (63,
64). Prolonged ibuprofen treatment also requires frequent pharmacokinetic monitoring
to accurately determine an appropriate dose and as a result there has been very low

uptake within the CF community (62).

Chronic use of oral corticosteroids is not recommended for CF patients.
Although treatment has shown an improvement in important CF outcomes including
decreased hospitalisations, significant lasting effects among cohorts were noted in
growth and glucose metabolism (65, 66). As such the side effects of prolonged

corticosteroid treatment outweigh the benefits and it is not recommended.

Further research is continuing to examine the effects of anti-inflammatory
therapies in both animal models and CF patients. Oral treatment of CF patients with
antioxidant N-acetylcysteine significantly decreased sputum elastase levels (67). A
follow up phase Il study illustrated that those treated with N-acetylcysteine maintained

their lung function, while those receiving placebo had decreased lung function (68).

In vivo treatment with Anakinra, a recombinant IL-1 receptor antagonist,
resulted in enhanced survival and P. aeruginosa clearance in Cftr’- mice compared with
untreated Cftr’- mice due to dampening overexuberant inflammation mediated by the

NLRP3 inflammasome (69).

It is important to note that dampening the immune response is not always of
benefit, and there is a fine line between a treatment which may have beneficial versus
detrimental effects. A clinical trial of a leukotriene B4 receptor antagonist in CF patients
was prematurely terminated due to an association with serious adverse events in

participants (70). In an animal model of chronic P. aeruginosa infection, the same
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leukotriene B4 receptor antagonist reduced neutrophil recruitment to the lung and

increased bacterial load (71).

1.2 Innate Immunity

1.2.1 Introduction

The human body is under constant threat from invading pathogens and cellular
damage. The immune system has been evolutionary conserved and has developed to
protect the host from such threats. The human immune system can be divided into two
different arms; the innate immune response and the adaptive immune response. The
innate immune system serves as the first line of the immune response to invading

pathogens including bacteria, fungi and viruses (72-74).

The innate immune system is comprised of a wide variety of cell types with
varying functions such as phagocytosis, antigen presentation and granulocyte release.
The cells involved include phagocytes such as macrophages and neutrophils;
granulocytes including mast cells, basophils and eosinophils; antigen presenting cells
such as dendritic cells and also cytotoxic natural killer cells (72-75). These immune cells
act to engulf and kill invading microorganisms and infected cells; by secreting
antibacterial materials, or to recognise invading pathogens and subsequently recruit
immune cells to the site of infection. These cells are key in the early clearance of
infections and play a pivotal role in the presentation of antigens to the cells of the

adaptive immune system (72-74).

The adaptive immune response occurs several days after the initial onset of the
innate immune response. Antigen presenting cells, including macrophages and
dendritic cells, act to present fragmented antigens to T-cells which then become
activated, mature and clonally expand (76). These T cells are either cytotoxic whereby
they attack infected or damaged cells, or helper T cells which coordinate an immune
response by communicating with other T-cells and B-cells. This process is highly specific
and results in the development of immune memory, which ensures a stronger and
faster immune response if the same antigen is encountered again (76, 77). The
mounting of an effective immune response relies of the detection of invading

pathogens through Pattern Recognition Receptors (PRRs).
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1.2.2 Pattern recognition receptors (PRRs)

PRRs are key proteins that are involved in the sensing of pathogen-associated
molecular patterns (PAMPs) and damage associated molecular patterns (DAMPs). PRRs
have the ability to sense both endogenous and exogenous signals as they are located at
various locations on immune cells including the cell membrane, in the cytoplasm and
on the endosomal membrane. Endogenous signals include DAMPs that are released
from damaged and dying host cells such as ATP, uric acid, deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA). Exogenous signals include factors related to invading
pathogens such as LPS, double stranded RNA (dsRNA) and bacterial cell wall

components (72, 74).

1.2.3 Toll-like receptors (TLRs)

TLRs recognise conserved structures in pathogens and are one of the key groups
of PRRs that sense invading pathogens and trigger an innate immune response (78).
TLRs were originally described in the context of embryogenesis, with the Toll protein
being essential for dorsoventral polarity during embryogenesis in Drosophila
melanogaster (79). It was subsequently recognised that Toll played an essential role in

the anti-fungal innate immune response (80).

1.2.3.1 TLR Structure

The structure of all TLRs consists of an extracellular domain, a single
transmembrane domain and a cytoplasmic domain (81, 82). The extracellular domain
comprises of leucine rich repeats which are approximately 24 amino acids in length (83).
These leucine rich repeats form B-sheets and fold into a concave horseshoe structure
which mediates the recognition of ligands (83). Different TLRs can recognise several

structurally unrelated ligands — some of which are outlined in Table 1.1.

All TLRs have a conserved cytoplasmic domain, which is known as the Toll/IL-1R
(TIR) domain (84). The TIR domains of TLRs is responsible for interacting with cytosolic
adapter proteins which in turn interact with downstream signalling molecules to induce

the production of cytokines and interferons through many inflammatory pathways.
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1.2.3.2 TLR Function and Signalling

The localisation of TLRs throughout mammalian cells is indicative of the ligand
which they recognise. TLR1, TLR2, TLR4, TLR5 and TLR6 are primarily located on the
plasma membrane where they act to recognise various components of microbial
pathogens that are extracellular in nature (78). TLR3, TLR7, TLR8 and TLR9 are primarily
located intracellularly on the membranes of endosomes and lysosomes. These TLRs
recognise RNA and DNA from intracellular pathogens which are detectable once the

invading pathogen has been endocytosed and broken down (85).

In general, TLRs function as homodimers or heterodimers. For example, TLR3
and TLR4 act as homodimers, while TLR2 can dimerise with TLR1 or TLR6 (82).
Heterodimers increase the diversity of ligands that can be recognised by TLRs. Ligand
recognition and receptor dimerization results in a conformational change which brings
the two C-termini into proximity and juxtaposes the intracellular TIR domains (86). This
is followed by the recruitment of adapter proteins which initiate intracellular signalling
cascades which culminate in the activation of transcription factors including nuclear
factor-kappa B (NF-kB), mitogen-activated protein kinases (MAPKs) and members of the
interferon (IFN) regulatory factor family which control the production of chemokines,
cytokines and IFNs which in turn coordinate the host response to infection (Figure 1.4)

(85).

The response that is mounted following ligand binding to TLRs is mediated by
intracellular adapter proteins including Myeloid differentiating factor 88 (MyD88),
MyD88-adapter like protein (Mal), TIR-domain-containing adaptor protein inducing IFN-
B (TRIF) and TRIF-related adaptor molecule (TRAM). TLR signalling is divided into two

key pathways; MyD88-dependent and MyD88-independent pathways (85).

MyD88 is utilised by all TLRs, except TLR3, to induce signalling cascades through
IL-1R- associated kinase (IRAK) proteins. Stimulation of TLRs triggers MyD88
recruitment to the TIR domain of the TLR where it in turn recruits IRAK proteins. TLR2
and TLR4 also rely on Mal for MyD88 recruitment (87). Phosphorylation of IRAK proteins
enables the recruitment of tumour necrosis factor (TNF)-a receptor — associated factor

6 (TRAF6). Phosphorylated IRAK1 and TRAF6 then dissociate from the receptor before
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forming a complex with transforming-growth factor (TGF)-B activated kinase (TAK1),
TAK1- binding protein 1 (TAB1) and TAB2. IRAK1 is then dissolved at the cell membrane,
while the remaining complex translocates to the nucleus where it phosphorylates
MAPKs or the inhibitor of nuclear factor-kB (IkB) kinase (IKK) complex. The IKK complex
then phosphorylates IkB, resulting in the degradation of IkB which subsequently enables

NF-kB to translocate to the nucleus and induce gene expression (73).

TLR3 and TLR4 both signal using the MyD88-independent pathway, also known
as the TRIF-dependent pathway, in order to signal through interferon regulatory
transcription factor-3 (IRF3) and NF-kB (88). Stimulation of TLR3 activates TRIF directly,
while TLR4 activation requires TRAM to interact and activate TRIF (87). TRIF interacts
with TRAF6 and activates TAK1 for NF-kB activation. TRIF also recruits TRAF3 which in
turn activates TANK-binding kinase 1 (TBK1) and IKK-g which mediates downstream IRF3
activation. Activation of TLR3 and TLR4 results in the production of IFN-B, inflammatory

cytokines and other IFN inducible genes (74).
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Figure 1.4 Overview of TLR mediated signalling cascades

Activation of TLRs leads to intracellular signal transduction, which is mediated by adaptor
molecules MyD88, TIRAP, TRAM and TRIF resulting in downstream activation of transcription
factors NF-kB and IRF3 resulting in nuclear translocation and gene transcription.
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Table 1.1 Human and murine TLRs and their respective ligands

Receptor Location
Triacylated Lipoproteins
TLR2 Di/Triacylated Lipoproteins Cell Membrane | Human & Murine
TLR3 dsRNA Endosomes Human & Murine
TLR4 LPS Cell Membrane | Human & Murine
TLR5 Flagellin Cell Membrane | Human & Murine
TLR6 Triacylated Lipoproteins Cell Membrane | Human & Murine
TLR7 Viral Single Stranded RNA (ssRNA) Endosomes Human & Murine
TLR8 Viral ssRNA Endosomes Human & Murine
TLR9 CpG DNA Endosomes Human & Murine
TLR10 Unknown Human
TLR11 Profilin, flagellin Endosomes Murine
TLR12 Profilin Endosomes Murine
TLR13 Bacterial 23s rRNA Endosomes Murine
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1.2.4 Nucleotide oligomerisation domain like receptors

Nucleotide oligomerisation domain (NOD) like receptors (NLRs) are a family of
intracellular PRRs which are expressed in the nucleus and cytoplasm, detecting both
PAMPs and DAMPs (89-91). NLRs are composed of a conserved nucleotide binding
domain, a C-terminal leucine rich repeat for ligand binding and an N-terminal region for
signal transduction (92). NLRs are divided into sub families depending on the structure
of their N-terminal domain. There are numerous domain types including caspase
recruitment domain (CARD), pyrin, and baculovirus inhibitor of apoptosis protein repeat
(BIR) domains. In general, NLRs that contain a CARD domain are involved in the
upregulation of proinflammatory mediators, whereas those containing pyrin or BIR

domains are involved in inflammasome formation and caspase-1 activation.

NOD1 and NOD2 sense peptidoglycan motifs from invading pathogens.
Activation of NOD1 and NOD2 results in NF-kB activation and the induction of
proinflammatory cytokines (93). Activation of NLRs including NLRP1, NLRP3, NLRC4 and
NLRP6 results in the formation of complex structures known as inflammasomes (94).
Inflammasomes are high molecular weight signalling platforms that are required for the
activation of caspase-1, which is required for maturation of pro-IL-1B and pro-IL-18 into

their biologically active forms (95, 96).

1.2.5 Other PRR families

Retinoic acid-inducible gene | (RIG-I)- like receptors (RLRs) are a family of
intracellularly expressed sensors which play a vital role in the detection of viral
infections (97). This family of receptors are DExD/H box-containing helicases which
function as PRRs by detecting viral RNA withing the cytosol (98). RLRs induce potent
anti-viral effects through the induction of pro-inflammatory cytokine production and
also the production of type | interferons as a result of NF-kB and IRF3 activation (99,

100).

C-type lectin receptors (CLRs) are a superfamily of proteins, characterised by the
presence of one or more C-type lectin-like domains (CTLDs) (101). CLRs are expressed
as both membrane bound and intracellular forms and play a key role in antifungal

immunity (101, 102). Examples of CLRs include the mannose receptor, Dectin-1 and
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Dectin-2 which detect mannose, B-glucan, a-mannans respectively (102, 103).
Activation of CLR induces the production of pro-inflammatory cytokines and also

mediates fungal binding, uptake and killing (101, 102).

Other cytoplasmic sensors include stimulator of interferon genes (STING), which
is a key adapter protein involved in cytosolic DNA sensing (104, 105). STING can also
directly recognise cyclic dinucleotides produced by bacteria (106). STING activation
induces type | IFN and inflammatory cytokine production through activation of IRF3 and
NF-kB (107, 108). Cyclic GMP-AMP (cGAMP) synthase (cGAS) is also a cytosolic DNA
sensor which produces cGAMP which is required for STING activation. cGAMP is
synthesised by cGAS from ATP and GTP before binding to STING to induce IRF3 and NF-
kB mediated cytokine production (105, 107).

1.3 Macrophage Migration Inhibitory Factor (MIF)

1.3.1 Introduction

Macrophage migration inhibitory factor (MIF) is a pleiotropic pro-inflammatory
protein that has been shown to possess cytokine, chemokine, enzymatic and hormonal
functional characteristics (109). MIF plays a pivotal role in the regulation of the innate
immune system through exerting its pro-inflammatory effects and consequently has
been implicated in the pathogenesis of a number of inflammatory disorders including
acute respiratory distress, rheumatoid arthritis, CF and various cancers (110-115). The
involvement of MIF in the development of a myriad of diseases has led to an increase

in interest with regards to the biological activity of MIF.

1.3.2 Discovery, genetics and structure of MIF

MIF is one of the first cytokines ever described and was discovered during the
study of the delayed hypersensitivity reaction. These experiments demonstrated a
factor secreted from antigen treated T cells could inhibit the migration of macrophages
(116, 117). While this was of considerable interest to immunologists, it was not until the
MIF gene was sequenced in 1989 that a further insight was gained into the biological
activity of MIF (118). In 1991, research into inflammatory regulators discovered that

MIF is released from cells in the anterior pituitary gland after LPS exposure in vivo (119).
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The subsequent development of monoclonal antibodies and recombinant MIF

production furthered research into the inflammatory profile of MIF (119, 120).

Although initially described in T cells, MIF has been shown to be expressed by
macrophages, monocytes, B cells, neutrophils, eosinophils and epithelial cells (121-
124). Interestingly, MIF is constitutively expressed and exists in pre-formed pools within
the cytoplasm and as such does not require de novo protein synthesis so can be released
rapidly (124). High concentrations of preformed MIF have been detected in
macrophages, T cells and eosinophils (121, 125, 126). MIF is also expressed by a variety
of tissues including the lungs, skin gastrointestinal tract and the genitourinary tract

(124).

The MIF gene is exclusively located on chromosome 22 (22g11.23) and is in
syntenic conservation with part of the mouse chromosome 10 which contains the Mif
gene (127-129). This gene encodes a 12.5 kDa protein composed of 114 amino acids,
who’s crystal structure was solved in 1996 (130-132). MIF exists as a homotrimer which
consists of three MIF monomers, with a molecular mass of 37.5 kDa (130, 133). Each
monomer is composed of two anti-parallel a-helices which are packed against a four-
stranded B-sheet (130). The monomers then come together to form a symmetrical
trimer as three B-sheets and six a-helices form a circular protein (Figure 1.5) (130, 134).
This protein exerts a high degree of conservation, with ~ 90 % homology across human,

mouse, rat and cattle (124).
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Figure 1.5 Crystal structure of MIF.

The three-dimensional crystal structure revealing the homotrimeric structure of the human MIF
protein. a-helices are represented in red; B-sheets are represented in yellow.

1.3.3 Enzymatic activity of MIF

MIF is unusual in the fact that it is an enzymatically active molecule which
displays specific catalytic activities. It was initially discovered that MIF can convert non-
physiological 2-carboxymethylester-2,3-dihydroindole-5,6-quinone (dopachrome) to
5,6-dihydroxyindole-2-carboxymethyl ester (DHICA) through a tautomerase reaction
(135). Based on the similarity of MIF to bacterial isomerase enzymes oxalocrotonate
tautomerase, chorismate mutase and 5-carboxylmethyl-2-hydroxymuconate,
Rosengren et al discovered that MIF also catalyses the keto-enol isomerations of p-

hydroxyphenylpyruvate and phenylpyruvate (136-138).

The crystal structure of MIF revealed the presence of three hydrophobic active
sites within the trimer which are formed at the interface between two adjacent
monomers (139). Within the active site the N-terminal proline, Pro-1, is pivotal for the
catalytic activity of MIF (139). Genetic mutation of the N-terminal proline to a non-

nucleophilic glycine residue eliminates the tautomerase activity of MIF (139).
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The importance of MIFs enzymatic activity has remained a controversial topic to
date (140). The P1G mouse was developed to examine the role of MIFs enzymatic
activity, whereby the N-terminal proline is mutated to a glycine resulting in the
production of enzymatically inactive MIF (140). Using this mouse, the role of MIF
tautomerase activity has been highlighted in numerous animal models. For example,
P1G mice exhibit less lung inflammation and bacterial colonisation in a model of chronic
P. aeruginosa infection compared to wild type mice (111). Also, P1G mice have less
subcutaneous tumour development compared to wild type mice in a cancer model

(112).

Early research suggests that it is not the enzymatic activity itself, but the
structure of the active site that is of importance to MIFs immunological activity (140).
While P1G-MIF is catalytically inactive, the protein still binds to the MIF receptor —
although at a reduced rate compared to wild type MIF. The growth rate of cells derived
from P1G, MIF knockout and wild type mice revealed that P1G cells were an
intermediate phenotype between knockout and wild type mice. This suggests that the
enzymatic activity does not fully regulate the cytokines activities, but it is likely the

protein-protein interactions that control the effects (140).

To date, a physiologically relevant substrate for MIFs catalytic activity has yet to
be described. As MIF is structurally similar to numerous bacterial enzymes, a popular
hypothesis is that MIF my interact with bacterial products (137, 138). This is supported
by research demonstrating that MIF enhances bacterial colonisation in numerous
models, including chronic P. aeruginosa infection (111, 113). Furthermore, MIF
tautomerase activity enhances biofilm formation in P. aeruginosa (113). However,

further research is required to elucidate a physiologically relevant substrate for MIF.

1.3.4 MIF inhibitors

The active site of MIF has proven to be a popular therapeutic target for the

development of small molecular weight inhibitors (112, 113, 141, 142).

ISO-1 is a commercially available MIF inhibitor and is the most frequently used
reference inhibitor. ISO-1 targets the active site of MIF, where it docks to exert its

inhibitory effects (143). ISO-1 inhibits the tautomerase activity of MIF, but also the
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biological activity as it decreases MAPK activation, p53-dependent apoptosis, cell cycle
progression and ERK phosphorylation (142, 144). ISO-1 also decreases MIF dependent
arachidonic acid release and cytokine production from LPS stimulated macrophages
(143). In vivo, 1SO-1 has shown promising effects in models of asthma, chronic
obstructive pulmonary disease, and various cancer models (112, 145-148). ISO-1 also
demonstrated a significant effect on survival in model of induced sepsis, where ISO-1

treatment resulted in 80 % survival, compared to 20 % in untreated mice (141).

4-lodo-6-phenylpyrimidine (4-IPP) is an irreversible inhibitor of MIFs
tautomerase activity which binds to Pro-1 residue (149). 4-IPP has been shown to inhibit
MIF mediated lung adenocarcinoma cell migration and anchorage dependent growth
(149). 4-IPP has also been used in vivo where it was shown to inhibit inflammation and

enhance bacterial clearance in a model of P. aeruginosa induced ocular keratitis (150).

SCD-19 is a small molecular weight inhibitor which targets the active site of MIF
resulting in inhibition of both enzymatic and biological activity which was developed by
The Donnelly Lab (112, 113). SCD-19 dose-dependently decreases LPS induced TNF-a
and PGE; release (112). SCD-19 also inhibits MIF induced cell proliferation in vitro (112).
In vivo, SCD-19 decreases subcutaneous tumour volume by 90 % compared to in a Lewis
lung carcinoma mode (112). In all experiments, the effects of SCD-19 was greater than
that of 1SO-1 (112). In a murine model of chronic P. aeruginosa infection, SCD-19
significantly decreased lung inflammation, attenuated weight loss and decreased

bacterial load in the lung (113).

1.3.5 MIF CATT repeat

A novel CATT tetranucleotide repeat polymorphism at position -794 in the
promoter region of the MIF gene was identified, with the description of individuals with
5, 6, 7 or 8-CATT repeat alleles (Figure 1.6) (114, 127). It has been demonstrated that
there is a direct correlation between the number of CATT repeats and MIF expression

levels, with those with a 5-CATT allele having the lowest expression levels (114).

In rheumatoid arthritis, patients with a higher number of CATT repeats have
higher levels of MIF transcription. These patients are also prone to more severe disease

manifestations (114). In a European study, the presence of a 7-CATT repeat and
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consequent high levels of MIF expression correlated with the severity of radiological

joint damage (151).

Similarly, CF patients with a 5-CATT allele have reduced disease severity and
reduced P. aeruginosa colonisation compared with CF patients that have 6,7 or 8-CATT
repeats (110). Further studies demonstrated that CF patients with at least one 5-CATT
allele have a significantly slower decline in lung function compared to those with no 5-
CATT allele (111). Patients that were 5-CATT homozygous had significantly decreased
circulating MIF than those that were 6-CATT homozygous (111). Furthermore, PBMCs
from the 5-CATT homozygous patients secreted significantly more TNF-a than 6-CATT

homozygous PBMCs in response to LPS stimulation (111).

These studies demonstrate that the MIF CATT microsatellite is a functional

polymorphism with implications in both infections and autoimmune disease.

CATT5-8 = Exon]l == Exon2 === Exon3 ==

5-CATT TTCTTTCACC CAGCAGTATT

6-CATT TTCTTTCACC CAGCAGTATT
7-CATT TTCTTTCACC CAGCAGTATT
8-CATT TTCTTTCACC CAGCAGTATT

Figure 1.6 Promoter region of the human MIF gene.

Schematic image of the presence of the 5 to 8 copies of the CATT microsatellite repeat
polymorphism in the promoter region of the human MIF gene. Inspired by (152).

1.3.6 MIF G/C polymorphism

The G/C single nucleotide polymorphism (rs755622) which is located at -173 in
the MIF promoter sequence, is the most widely studied variant in the MIF gene (151).
This polymorphism results in the generation of a glycine to cysteine transition, which
generates a putative binding site for the transcription factor activating enhancer binding

protein 4 (151). The presence of the MIF -173 polymorphism is associated with higher
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expression levels of MIF protein production, and has been associated with increased
disease susceptibility and severity in a variety of patient cohorts including rheumatoid
arthritis, psoriatic arthritis and sarcoidosis patients (153-157). Although this
polymorphism is more well studied than the CATT-microsatellite repeat, the latter
appears to have more functionality; for this reason we will focus on the CATT-

microsatellite repeat for the purposes of this project (153).

1.3.7 MIF signalling and role in immunity

MIF exerts its effects as a cytokine through both receptor mediated and
receptor-independent signalling mechanisms (Figure 1.7). The MIF receptor is a two-
component signalling complex that is composed of the ligand-binding protein CD74 and
the signal transducer CD44 (153, 158, 159). CD74 is a transmembrane glycoprotein that
is expressed on many cell types including B cells, monocytes and macrophages (158).
CD74 has a high affinity for MIF, with ligand binding initiating horizontal membrane
recruitment of CD44 (153, 160). Following CD44 recruitment, the cytosolic domains of
both proteins undergo phosphorylation resulting in downstream signal transduction
(153, 160). This leads to Src kinase family activation resulting in activation of the
mitogen-activated protein kinase/ extracellular signal-regulated kinases (MAPK/ERK)
pathway and consequently sustained phosphorylation of ERK1/2 (161). Src kinase
activation also leads to activation of Akt in a phosphatidylinositol 3-kinase (PI3K)
dependent manner resulting in increased glucose uptake, growth and cell survival (162,

163).

The activation of the MAPK cascade leads to the phosphorylation and activation
of a variety of downstream effector molecules. Phospholipase A, (PLA;), which plays an
important role in the generation of a pro-inflammatory cascade, is activated via this
pathway and results in the production of arachidonic acid. Cyclooxygenase-2 (COX-2)
activity is also upregulated via this pathway and sequentially oxidises arachidonic acid
in order to produce prostaglandins, notably PGE; (164). COX-2 activity also leads to the
downregulation of tumour suppressor p53, inhibiting activation-induced apoptosis and

prolonging cell survival and inflammatory activation (161, 165-167). Overall, MAPK
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activation results in cell proliferation, inhibition of apoptosis and the production of pro-

inflammatory mediators.

Furthermore, MIF binding to CD74 initiates intramembrane cleavage of CD74
(168-170). This cleaved segment then interacts with p65, where it then enters the
nucleus to regulate NF-kB mediated gene transcription (170). CD44 is also engaged in
this process where it acts to activate Src family kinases leading do PI3K-dependent

phosphorylation of Akt (162).

MIF has also been shown to be non-cognate ligand of the chemokine receptors
CXCR2 and CXCR4 , where it acts to regulate inflammatory cell recruitment (171, 172).
Activation of these receptors leads to activation of ERK1/2 and Akt, again regulating
chemotaxis, survival and the inflammatory profile of activated cells (171, 172). MIF can
also initiate signalling in a receptor independent manner. Endocytosed MIF interacts
with intracellular c-Jun activation domain-binding protein (JAB) (173). JAB is a co-
activator of AP-1 which is a major regulator of pro-inflammatory cytokine production

(174, 175).

MIFs inflammatory activity has been shown to override the anti-inflammatory
effects of glucocorticoids (176). This effect of MIF has been demonstrated in vitro where
MIF counteracts the glucocorticoid mediated suppression of inflammatory mediators in
activated macrophages including TNF-a, IL-6 and IL-8 (177). In vivo, MIF completely
reverses the protective effects of glucocorticoids in an LPS lethality model (177). MIF
counteracts the anti-inflammatory effects of glucocorticoids in several ways. MIF
supresses glucocorticoid mediated suppression of NF-kB inhibitor IkB, enhancing NF-kB
activation (153, 178, 179). Glucocorticoids also upregulate levels of the MAPK inhibitor
MAPK phosophatase-1 (MKP1), an effect that MIF overrides which results in increased
inflammation (180). Suppression of PLA; and subsequent arachidonic acid production
by glucocorticoids is also overruled by MIFs activation of MAPKs (161). The MIF
mediated increase in arachidonic acid enhances the production of inflammatory

cytokines including TNF-a and IL-6 (153, 181).

MIF also plays a key role in the response of immune cells to LPS. MIF deficient

macrophages have been shown to have reduced responses to LPS due to decreased
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TLR4 expression. Further investigation revealed that MIF acts to upregulate TLR4
expression by controlling levels of a crucial transcription factor, PU.1 (182). This finding
highlights the importance of MIF in the innate immune system as it regulates detection
of a major virulence factor and is therefore involved in the orchestration of an effective

immune response.
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Figure 1.7 Overview of MIF signalling.

MIF induces inflammatory responses via a variety of mechanisms. Activation of PRRs by diverse
stimuli activates MIF transcription and also de novo synthesis in an MIF allele-dependent
manner (5-8 CATT). MIF induces intracellular signalling through binding with the CD74-CD44
receptor complex or CXCR2/4 resulting in downstream Erk activation and PLA2, arachidonate
and COX2 production. COX2 inhibits p53 which leads to cell survival. MIF also overrides the anti-
inflammatory mechanisms of glucocorticoids through inhibition of IkB, resulting in NF-kB
liberation, transnuclear localisation and induction of inflammatory cytokines. Furthermore,
glucocorticoids act to promote mitogen-activated protein kinase phosphatase 1 (MKP1) which
inhibits MAPK phosphorylation. MIF inhibits MKP1 activities. Endocytosed MIF acts to activate
JAB1, leading to MAPK activation. MIF interacting with CD74also induced cleavage which
generates cleaved-CD74 which interacts with NF-kB family member RelA which enters the
nucleus and regulates the transcription of NF-kB target genes. Adapted from (153).
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1.3.8 MIF and hypoxia inducible factor (HIF)

The hypoxia inducible factor (HIF) pathway regulates oxygen homeostasis within
cells. The HIF transcription factor family is composed of a and B subunits which form
heterodimers during activation. Upon heterodimer formation, the complex translocates
to the nucleus where if binds to hypoxia response elements (HRE) in the promoter

regions of genes to regulate gene expression (183).

HIF-1a protein levels are regulated by the von Hippel-Lindau tumour suppressor
protein (VHL)-mediated ubiquitin protease pathway which promotes continuous HIF-1a
degradation. This effect is promoted by the hydroxylation of HIF-1la by prolyl
hydroxylases (PHDs), which marks the protein for degradation (184-186).

HIF-1a is rapidly stabilised in response to numerous stimuli including hypoxia,
high CO; levels, NF-kB activation and PAMPs including LPS. Activation of HIF-1a under
normoxic conditions occurs upon NF-kB activation, with NF-kB binding to the NF-kB
response element within the HIF-1a promoter (183, 187-189). LPS stimulation also
decreases expression levels of PHDs, resulting in further HIF-1a stabilisation (190). This
enables heterodimer formation with HIF-18 and subsequent alterations in gene
expression involved in angiogenesis and metabolism (183, 188, 189, 191, 192). HIF-1a
also drives IL-1B production in response to succinate accumulation in LPS stimulated

macrophages (185).

MIF expression has previously been shown to be induced by hypoxia, with HIF
binding to the HRE in the 5’ untranslated region of the MIF gene (193, 194). Moreover,
MIF has been shown to be essential for maximum HIF-1a expression and stabilisation
through NF-kB activation in several different cell type (193, 195-197). MIF/

macrophages have deficient HIF-1a stabilisation in response to hypoxia (193).

1.3.9 MIF and infection

MIF is a key regulator of innate immunity and as such plays an important role in
the host response to infection. The importance of MIF in infection is likely due to the

role of MIF in controlling TLR4 expression levels and also its role in the regulation of
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cytokine production (182). However, it appears that MIF can have both beneficial and

detrimental effects depending on the invading pathogen.

In a model of LPS induced lethality, MIF/ mice had significantly increased
survival compared to wild type mice (198). These mice also displayed decreased TNF-a,
while there was no difference in IL-6 levels compared to wild type (198). In a separate
study, LPS stimulated mice had increased levels of MIF in their blood within 2 hours; a
very early release profile due to the existence of pre-formed pools (119). In vitro,
macrophages from MIF/- mice secreted significantly decreased levels of TNF-a and nitric
oxide, but similar levels of IL-6 compared to wild type macrophages in response to LPS

stimulation (198).

MIF is a key protein that regulates the immune response to P. aeruginosa
infection. MIF/- mice can effectively clear a pulmonary P. aeruginosa infection, which
persists in wild type mice (198). MIF deficiency has also been shown to be beneficial in
a model of P. aeruginosa induced ocular keratitis, with MIF/- mice also demonstrating
enhanced bacterial clearance and decreased corneal damage (150). In a disease
context, CF patients with high expression levels of MIF have also been shown to have
earlier P. aeruginosa infection (111). Mice expressing enzymatically inactive MIF have
enhanced bacterial clearance compared to wild type mice (111). Pharmacological
inhibition of MIF using small molecular weight inhibitors also enhances bacterial

clearance of P. aeruginosa in a chronic infection model (113).

Streptococcus pneumoniae, one of the most common causative agents of
bacterial meningitis, induces MIF production in whole blood. /n vivo, neutralisation of
MIF using anti-MIF antibodies resulted in decreased bacterial burden in the lungs and
higher survival in a model of pneumococcal pneumonia and sepsis highlighting the
potential for targeting MIF as an immune-modulating adjunctive therapy (199). In
patients, the presence of a 7-CATT repeat was associated with markers of inflammation,
respiratory failure and death. MIF levels in cerebrospinal fluid were significantly higher
in those with unfavourable outcomes compared to those with favourable outcomes and
was also significantly higher in those with systemic complications than those without

(199).
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In these contexts, MIF has a detrimental effect on the immune response to an
invading pathogen and inflammatory stimuli. However, there are a number of infections

where MIF is essential for pathogen clearance and host survival.

In @ murine model of Mycobacterium tuberculosis (M. tb) infection, MIF
knockout mice exhibited increased organism burden and earlier onset of death. This
was associated with increased lung pathology, increased neutrophil infiltration of the
lungs and a decreased innate cytokine response (200). Bone marrow derived
macrophages (BMDMs) from MIF/- mice demonstrated decreased cytokine production,
decreased production of reactive oxygen species and overall impaired M. tb killing

(200).

MIF has also been shown in vivo to be of importance in the clearance of
numerous pathogens. MIF/- mice fail to control infection of Salmonella typhimurium
showing increased mortality versus control mice (201). MIF has also been shown to be
necessary for host defence against Salmonella, Leishmania and Taenia crassiceps (202-

204).

Overall the effects of MIF during infection seem to be pathogen dependent, with
a fine balance between the necessity to promote clearance and the potential

deleterious consequences due to overexuberant inflammation (205).

1.4 Pseudomonas aeruginosa (P. aeruginosa)

1.4.1 Introduction

P. aeruginosa is a rod shaped, opportunistic Gram-negative bacterial pathogen
that is found in soil, abiotic surfaces, aqueous environments and mammalian tissue
(206-209). As P. aeruginosa is an opportunistic pathogen, infection in healthy
individuals is rare. Instead, the bacteria can cause both acute and chronic infections in
immunocompromised and hospitalised patients with P. aeruginosa recognised as a
major cause of nosocomial infections (210). Patient groups at risk of infection include
CF patients, burns victims, those who are mechanically ventilated and individuals who

are otherwise immunocompromised (211-215). Clinically, the earliest description of P.
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aeruginosa infection dates to 1882 when Carle Gessard detailed the green and blue
colour on the wounds and bandages of soldiers which he successfully extracted and
identified as pyocyanin — which we now know is an important P. aeruginosa virulence

factor (216).

The genomes of multiple P. aeruginosa strains have been sequenced to reveal a
genome between 5.5 — 7 million base pairs with an accessory genome of 200,000 base
pairs (217, 218). The adaptability of P. aeruginosa to survive is such polarising
environments as soil, blood and lung tissue can be explained by this large genome and
the ability to respond to their environment by horizontal gene transfer (219). The
complex P. aeruginosa genome also enabled the development of multiple mechanisms
of antibiotic resistance. As a result, therapeutic options are increasingly limited due to

the continued emergence and dissemination of antibiotic resistant strains (220).

In 2017, the World Health Organisation named P. aeruginosa as one of the top
three pathogens for which new antibiotics are critically needed (221). Recently, it was
reported that a clinical isolate from a patient who had undergone surgery was capable
of developing resistance to the last line combination treatment of Ceftolozane-

tazobactam within just 3 weeks (222).

1.4.2 Pathogenesis of P. aeruginosa infection

1.4.2.1 Acute infection

P. aeruginosa is a major cause of hospital acquired infections (210). The
prevalence of P. aeruginosa in the hospital setting is underlined by the detection of the
bacteria in patient and personnel samples and also on multiple surfaces within hospital
wards (223). Nosocomial P. aeruginosa infection is associated with previous use of
broad spectrum antibiotics and a high carriage rate of multi-drug-resistant P.
aeruginosa in hospital wards (224, 225). This is exacerbated by the nature of inpatients

who likely have previous lung injury and potential immune compromise.

P. aeruginosa is a primary cause of ventilator associated pneumonia in intensive
care units (226). The mechanism of infection occurs as patients often have a breached
epithelium due to mechanical stress which occurs during the insertion of the

endotracheal tube. While the tube itself can serve as a reservoir on which a P.
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aeruginosa biofilm may develop, the compromised epithelial barrier facilitates bacterial
entry into the respiratory tract and the onset of ventilator associated pneumonia (220,
227). Numerous studies have reported a wide range of VAP mortality rates due to P.
aeruginosa, with estimates ranging from 13.5 % to 69 % depending on the antibiotic

resistance status of the microbe (228-230).

Severe acute P. ageruginosa infections can occur in patients that are unable to
mount an effective immune response to infection. Patients that are
immunocompromised as a result of cancer treatment, burns or organ transplantation
are all at risk of P. aeruginosa infection in both a community and a healthcare setting

(230).

1.4.2.2 Chronic infection

P. aeruginosa in inextricably linked to CF, where it is the causative agent of
chronic respiratory infection (219). The most common cause of CF mortality is lung
disease resulting from chronic inflammation due to the development of persistent
respiratory infections (6). The general cycle of P. aeruginosa infection is a series of
recurrent, intermittent airway colonisation before the acquisition of a chronic infection
(2, 37). By adulthood, P. aeruginosa is the most commonly detected pathogen in CF
patients with approximately three quarters of adults being infected (35, 36). Post-

mortem, viable P. aeruginosa colonies can still be isolated from within the CF lung (219).

The presence of P. aeruginosa has been shown to correlate to a number of
prognostic factors in CF including decline in lung function, elevated C-reactive protein
(CRP) levels and higher levels of neutrophil elastase in sputum samples (219, 231, 232).
This, along with the high incidence of infection within the CF community highlights the

importance of the development of antipseudomonal therapies.

P. aeruginosa colonies isolated from patients with chronic infection exhibit
several characteristics that are indicative of an adaption of the bacteria to the lung
microenvironment. Isolates from these patients exhibit loss of proteins required for
motility, including flagellin, which in turn promotes biofilm formation capabilities and

correlates with increased bacterial burden and disease severity (233-236).
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Furthermore, alginate production and mucoid conversion is a common
characteristic of isolates from chronic infections. Mucoid strains of P. aeruginosa have
enhanced protection to host immune effectors through several mechanisms. Alginate,
an exopolysaccharide produced by P. aeruginosa, interferes with opsonisation,
compliment activation and phagocytic killing (237, 238). Mutations in several genes that
regulate mucoid conversion mucA, mucB and mucD are common in chronic infection
isolates (239, 240). Exopolysaccharides are constituents of the biofilm structural matrix

and confer surface adherence and antibiotic protection (241).

The production of secreted proteases is a mechanism by which P. aeruginosa
degrades structural components, enhances bacterial invasion and modulates the host
inflammatory response. LasB, which is also known as P. aeruginosa elastase, degrades
host elastin, and compromises the barrier function of the epithelium through disruption
of epithelial tight junction proteins (242, 243). Secreted proteases also subvert the
immune system through degradations of cytokines and chemokines including IL-6, IL-8
and RANTES (244, 245). Degradation of antimicrobial peptides and membrane receptors
also acts to dampen the immune response (241, 246). Furthermore, proteases can also
degrade bacterial flagellin which dampens the TLR5 mediated immune response and
inflammasome activation (235, 247). Proteases are secreted by most isolates from
acutely infected patients, while isolates from chronic infections rarely secrete proteases

(248).

P. aeruginosa uses a type 3 secretion system (T3SS) in order to inject effector
proteins directly the cytoplasm of host cells which results in cell death or impaired host
response (249). Collectively, these injected factors act to disrupt cytoskeletal
components, impair phagocytosis, cleave phospholipases and promote cytotoxicity
(241, 250-252). T3SS also activate inflammasome which leads to production of mature
IL-1B and the induction of pyroptotic cell death (253). In CF, patients carry antibodies
against T3SS suggesting the detection of these proteins at some stage, however chronic

infections appear favour and select T3SS negative bacteria (241, 254-256).

Overall, these characteristics make the infection less cytotoxic and work to
promote bacterial survival by manipulating the immune response to be less
inflammatory and detrimental to the bacteria (220, 254).
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1.4.3 Biofilm formation

Bacteria can exist as either free floating planktonic bacteria or as a sessile biofilm
community. Biofilm formation occurs in harsh conditions when planktonic bacteria
encounter a surface and undergo a variety of phenotypic, physiological and metabolic
changes (257). Biofilm formation is a protective mechanism employed by P. aeruginosa
to increase tolerance to antibiotics and the host immune response (233, 258). Biofilms
are surfaced attached communities of bacteria that are surrounded by a matrix which
is composed of extracellular polymeric substances (EPS), extracellular DNA, proteins,
lipids, pili and flagella which hold bacteria together, maintain structural integrity of the
biofilm and enable surface attachment (259, 260). Host derived factors including mucus
and DNA from dead cells can also become entangled in the biofilm matrix and
contribute to the structure (261). Biofilms are a major threat to public health, with
reports of biofilms on medical devices, wounds and also within the lung (233, 262-265).
In CF, biofilm formation is said to be responsible for the difficulty in treating chronic

infections (209).

Biofilm formation occurs in a cyclical manner, with five distinct steps (Figure
1.8). The first step is the initial reversible attachment of planktonic bacteria to a suitable
surface, which then transitions to the second phase which is irreversible attachment
(266). Both of these stages are mediated by flagella and pili, which are lost upon
irreversible bacterial attachment and considered a hallmark of sessile cells (267). The
third stage involves further growth and division within the biofilm and also further
recruitment and aggregation of planktonic bacteria (266, 268). The fourth step is
maturation of microcolonies, which involves significant production of the EPS which is
composed of the polysaccharides psl, pel and alginate (266). The final stage of biofilm
formation is dispersal, where bacteria become motile again and can travel to attach to

a different surface and begin the cycle again.

Biofilm formation offers multiple layers of protection to bacteria, with physical,
physiological and adaptive tolerance mechanisms enhancing resistance to antibiotics
(261). Bacteria that exist within a biofilm often require up to and in excess of 1,000

times the dose of antibiotics needed to kill their planktonic counterparts (269-271).
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The three dimensional structure of the biofilm, as well as the EPS and
embedded products offer a physical barrier for antibiotics with limited opportunity for

antibiotic diffusion through the matrix to reach the internal bacteria (261, 272).

Planktonic
Bacteria

Q

1. Adsorption 2. Irreversible 3. Growth 4, Mature Colony
Attachment & Division Formation

Figure 1.8 P. aeruginosa biofilm formation process.

P. aeruginosa biofilm formation begins with initial attachment or adsorption of bacteria to the
underlying surface, which in the lungs are epithelial cells. Following this, bacteria undergo
physical changes whereby they irreversibly attach before growing and dividing into a mature
biofilm colony. From this, bacteria can disperse and move to other surfaces to begin the process
again.

1.4.4 P. aeruginosa and MIF

MIF has been shown to have a profound effect on the pathogenesis of P.
aeruginosa infection. Bozza et al were the first group to discover that MIF/- mice
efficiently clear intratracheally instilled P. aeruginosa, while the infection persists in wild
type mice. These mice also displayed a significant decrease in neutrophils in the BAL
compared to wild type mice (198). Numerous follow up studies have further examined

the role MIF in P. aeruginosa infection.

In vitro, inhibition of MIF by 4-IPP significantly decreased secretion of IL-1B, IL-6
and IL-8 while also decreasing corneal epithelial cell invasion by P. aeruginosa (150). In
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a model of ocular keratitis, MIF/-mice exhibit decreased P. aeruginosa bacterial burden
and significantly decreased corneal pathology compare to wild type mice (150). MIF/-
mice also have significantly decreased levels of inflammatory cytokines including TNF-
a, IL-1B, IL-6 and KC (150). Consequently, these mice displayed decreased neutrophil
infiltration to the cornea (150). MIF/- mice that received topical corneal treatment with
recombinant MIF displayed restored susceptibility to P. aeruginosa induced disease,
with no significant difference in bacterial burden or pathological score compared to wild
type mice (150). Inhibition of MIF by 4-IPP also lead to significantly decreased bacterial

burden and pathological score compared to untreated mice (150).

In vivo models have also examined the role of the MIF receptor CD74 in P.
aeruginosa infection. CD747- mice display decreased bacterial burden and decreased
corneal pathology in a model of P. aeruginosa induced keratitis compared to wild type
mice (273). However, the effect of CD74 deletion was not as striking as that seen in a
previous study using MIF7- mice (150). The authors hypothesise that this is due to the
other mechanisms of MIF induced signalling that are independent of CD74, however it
may also be related to the effects of MIF tautomerase activity. Treatment of CD747
mice with a neutralising MIF antibody significantly decreased bacterial burden and
pathological scores compared to untreated CD747 mice. Furthermore, this treatment

enhanced the efficacy of antibiotic treatment in the model (273).

The role of MIF in P. aeruginosa lung infections in CF has also been examined.
The Donnelly Lab has shown that CF patients that have high MIF expression levels have
decreased lung function and earlier P. aeruginosa colonisation (110). In a model of
chronic respiratory P. aeruginosa infection, P1G mice expressing enzymatically null MIF
displayed significantly decreased pulmonary inflammation and decreased bacterial load

compared to wild type mice (111).

Most recently, The Donnelly Lab have shown that P. aeruginosa utilises host
derived MIF in order to promote biofilm formation and enhance antibiotic resistance
(113). Furthermore, inhibition of MIF with SCD-19 increased bacterial clearance,

decreased lung inflammation and attenuated weight loss (113).
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1.4.5 Host defence against P. aeruginosa

1.4.5.1 Mechanical barriers

Aerobic metabolism within the body requires the gaseous exchange of carbon
dioxide and oxygen which occurs across the alveolar-capillary interface in the peripheral
lung. Before reaching the deep lung, inhaled air must pass through the conducting
airways comprising of the main bronchus, before further dividing into increasingly
smaller bronchi and finally bronchioles before culminating in the alveoli. These sections
of the conducting airways are comprised of type | and type Il epithelial cells. It is these
cells that are directly exposed to the inhaled air, pathogens and particles, and as a result
they play a pivotal role in the mounting of an efficient immune response when

necessary (274, 275).

The conducting airways are predominantly lined by a pseudostratified
epithelium which is dominated by ciliated cells (274, 275). The function of these ciliated
cells is to beat in order to push mucus and foreign bodies away from the lung. Secretory
cells also sit within the epithelium and the submucosa with goblet cells secreting mucin
glycolipids while club cells and type Il epithelial cells secrete pulmonary surfactant (220,
276). Mucus serves to trap particles and pathogens for removal from the lung, while the
surfactant functions to decrease surface tension at the air-liquid interface to prevent
collapse of the alveoli at the end of exhalation. Together, the submucosal glands and
conducting airways are capable of secreting a plethora of host defence proteins
including lysozymes, lactoferrin, and defensins (277). Basal cells are located below the

epithelial layer surface and function as progenitors for secretory and ciliated cells (275).

Another role of the respiratory epithelium is its barrier function (Figure 1.9).
The strong cell to cell connections are mediated by junctional proteins including
connexins, claudins, adhesions and zonula adherins which function to link the actin
cytoskeleton of neighbouring cells to promote structural integrity and prevent the lung
from being breached by invasive pathogens (275). In CF, P. aeruginosa biofilms form on

underlying epithelial cells (206, 207, 209, 278).

35



Alveolar Space

i n .
S '}’.’ e
i ‘-. >, w7 . -
i TR
‘.:o'l'.'s.‘&‘; 1,}‘)’,&\ LT O AT Do “ S
o Pl RN "."IM AT ~ T v
W e S T ra_,ﬁ R P

g
¢ 0 o0

. T - - -
\ v - = - . .
<, - o
-~ . E _— /

’ 1 T
35
r
4

Figure 1.9 Cellular structure of the deep lung.

Bronchi are lined by pseudostratified to simple ciliated columnar epithelium. The wall is
composed of an outer cartilaginous ring and moderate amounts of smooth muscle. Image
adapted from (279).

1.4.5.2 Innate immune response to P. aeruginosa

P. aeruginosa expresses several PAMPs which enables the host immune system
to sense the infection and in turn mount an effective immune response for bacterial
clearance. Local sensors detect the invading pathogen and trigger intrinsic cell defence
mechanisms to contain the microorganism and secrete chemoattractants to recruit

rapid responder cells such as macrophages and neutrophils (280).

TLRs, the most well characterised group of PRRs, recognise a number of different
P. aeruginosa related factors with TLR2, TLR4 and TLR5 recognising pilin, LPS and
flagellin respectively (230). In contrast to these transmembrane receptors, TLR9 is
located on the endosomal membrane where it senses bacterial CpG DNA which
becomes available following phagocytosis and lysosomal degradation (281). Cytosolic

NLRs NOD1 and NOD2 detect bacterial peptidoglycans and activate NF-kB mediated
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proinflammatory cytokine production and also antimicrobial peptide production (93,

282).

TRIF dependent signalling plays an important role in the immune response to P.
aeruginosa infection. In vivo, TRIF/- mice have completely inhibited RANTES production
and severely impaired TNF-a and KC production. MIP-2 and IL-1B levels were
comparable to wild type. This cytokine profile was associated with impaired neutrophil

recruitment to the lungs and impaired bacterial clearance (283).

Although it is usually associated with viral infections, the transcription factor
IRF3 also plays an important role in modulation of an effective immune response to P.
aeruginosa (284). IRF3 deficient macrophages display complete ablation of RANTES
production and impaired TNF-a release in response to P. aeruginosa compared to wild
type macrophages. In vivo, IRF37/- mice have very significantly decreased RANTES in BAL
fluid and lung homogenate compared to wild type mice in response to P. aeruginosa
infection. This is accompanied with slight decreases in TNF-a and equivalent levels of
KCand IL-1B in IRF37 mice compared to wild type. These IRF3 deficient mice also display
decreased neutrophil and macrophage recruitment to the lung and overall impaired

bacterial clearance (284).

Epithelial cells are one of the localised sensor cells which promote innate
immune responses for pathogen clearance. Numerous P. aeruginosa PAMPs activate
signalling cascades within the respiratory epithelium. Secreted P. aeruginosa quorum
sensing molecules induce IL-8 factors from NF-kB activated epithelial cells (285). P.
aeruginosa pyocyanin, a secreted virulence factor, also drives IL-8 production in human
airway epithelial cells, while it also acts to inhibit RANTES — a key cytokine involved in

the attraction of T-cell monocytes and eosinophils to sites of infection (286, 287).

Epithelial cells also respond to cytokines produced by other host cells. For
example, macrophage produced IL-1B binds to the IL-1 receptor on epithelial cells and
acts to promote IL-8 secretion which promotes neutrophil recruitment and also to

upregulate antimicrobial ROS production (288, 289).

Isolated murine airway epithelial cells produce cytokines including KC and IL-6

in response to P. geruginosa infection (290). The role of NF-kB signalling in epithelial
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cells is highlighted in vivo whereby mice treated with an NF-kB inhibiting adenoviral
construct, which specifically targets the respiratory epithelium, demonstrate impaired
P. aeruginosa clearance, decreased cytokine production and decreased neutrophil
recruitment (291). Moreover, the use of a transgenic mouse model in which MyD88
expression is limited to epithelial cells of the airways demonstrated that these mice
were capable of controlling P. aeruginosa respiratory infection, unlike MyD887- mice
(288). These studies illustrate the role of epithelial cells signalling in the innate immune

response to P. aeruginosa.

Macrophages also play a key role in the host response to P. aeruginosa. Both
resident macrophages and recruited monocyte-derived macrophages can carry out
effector functions while also acting as local sensors (280). Recruited macrophages act
as a major source of cytokines, including TNF-a and IL-6 , which enhances neutrophil
recruitment to the lung (292, 293). Macrophages also carry out key effector functions

including phagocytosis and production of antimicrobial products.

LPS is a major component of P. aeruginosa which leads to activation of TLR4
(230, 294). In macrophages, activation of TLR4 by LPS results in enhanced glycolysis,
succinate accumulation, reactive oxygen species (ROS) generation and IL-1B release

(185, 295).

P. aeruginosa also induces inflammasome activation through NLR mediated
detection of flagellin and T3SS effector proteins which lead to NLRC4 and NLRP3
inflammasome formation. Inflammasome activation leads to maturation and
processing of IL-1B and IL-18 through caspase-1 mediated cleavage (296-299). These
secreted cytokines further promote inflammation on other cells, including epithelial
cells, to promote cytokine production and further immune cell recruitment (300).
Inflammasome activation also results in a form of cell death known as pyroptosis which
results in leakage of cellular contents including metabolites and cytokines; further

driving inflammation (301).

P. aeruginosa infection induces NLRP3 inflammasome activation in
macrophages which results in decreased bacterial clearance as a result of macrophage

autophagy, which is induced by P. aeruginosa as a means of evading macrophage
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mediated clearance (302). Interestingly, treatment of macrophages with recombinant
IL-1B resulted in enhanced autophagy and decreased bacterial clearance, highlighting
an important role for IL-1B in P. aeruginosa infection (302). Furthermore, IL-1pB levels in
CF patient BAL fluid and sputum have been shown to correlate with clinical outcome
(303). This is not the first time IL-1p has been implicated in P. aeruginosa pathogenesis.
Treatment of mice with inhibitors of IL-1 converting enzyme (ICE) leads to decreased
ocular inflammation and bacterial burden in a model of ocular keratitis (304). Similarly,
ICE knockout mice also exhibited decreased ocular inflammation and decreased
bacterial burden compared to WT mice (305). In a model of P. aeruginosa pneumonia,
IL-1 receptor knockout mice exhibit enhanced bacterial clearance and decreased lung
inflammation illustrating that IL-1 activity impedes an effective host immune response
to Pseudomonas infection (306). In vivo, treatment with Anakinra, a recombinant IL-1
receptor antagonist, resulted in enhanced survival and P. aeruginosa clearance in Cftr’-
mice compared with untreated Cftr’~ mice due to dampening overexuberant
inflammation mediated by the NLRP3 inflammasome (69). Furthermore, the use of
NLRP3 inflammasome inhibitor has also been shown to reduce IL-1B production in the

lung and improve P. aeruginosa clearance in a model of CF pulmonary infection (303).

New research suggests that the thriving of P. aeruginosa in environments
containing high IL-1B concentrations may be due to enhanced succinate levels due to
cellular pyroptosis (307). P. aeruginosa preferentially metabolises succinate, which is
highly available in the CF lung, which leads to promotion of biofilm formation (303, 307,
308). The CF lung exhibits high succinate levels due to dysfunction of the CFTR, which
acts as an anchor to the protein phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) — a key regulator in cellular metabolism. This results in the

excessive release of succinate and ROS from CF cells (307).

Overall, different cytokines display differential effects in the context of P.

aeruginosa infection and bacterial clearance (Figure 1.10).
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Figure 1.10. Overview of the role of cytokines in P. aeruginosa infection.

The role of intracellular adaptor proteins and cytokines in P. aeruginosa clearance. TRIF
deficient mice display decreased RANTES, TNF-a and KC levels and impaired P. aeruginosa
clearance compared with wild type mice. IRF3 deficient mice display decreased RANTES and
TNF-a levels and impaired P. aeruginosa clearance compared with wild type mice. MIF deficient
mice display decreased P. aeruginosa biofilm formation and enhanced bacterial clearance
compared with wild type mice. IL-1f is implicated with decreased P. aeruginosa clearance.

1.4.6 P. aeruginosa immune evasion

P. aeruginosa has evolved mechanisms to evade the host immune system.
Biofilm formation constitutes a major mode of immune evasion which is employed by
P. aeruginosa as outlined previously. The production of elastases and alkaline proteases
by P. aeruginosa biofilms directly inactivates complement proteins leading to reduced

opsonisation (309).

P. aeruginosa has also evolved to use host derived factors in order to upregulate
protective mechanisms including biofilm formation. Secretory products from primary
macrophages have been shown to promote P. geruginosa virulence factor production.
These secreted products included a plethora of pro-inflammatory cytokines,
chemokines and reactive species and resulted in increased production of alginate,
siderophores, proteases and elastase alongside enhanced bacterial growth and biofilm

formation (310).

More specifically, P. aeruginosa uses host MIF in order to promote biofilm
formation and enhance antibiotic resistance (113). CF patients that have high
expression levels of MIF due to the CATT microsatellite repeat exhibit decreased lung
function and earlier colonisation than their low MIF expressing counterparts (110).
Furthermore, both removal and inhibition of MIFs enzymatic activity resulted in
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decreased lung inflammation, increased bacterial clearance in a model of chronic P.

aeruginosa infection (111, 113)

Mucoid strains of P. aeruginosa have enhanced protection to host immune
effectors through several mechanisms. Alginate production by P. aeruginosa, a key
component of the biofilm ECM, interferes with opsonisation, compliment activation and
phagocytic killing of bacteria (237, 238, 311). Down regulation of PAMPS including

flagellin acts to decrease immune activation (267).

P. aeruginosa biofilms also induce frustrated phagocytosis which causes the
release of inflammatory mediators which damage the surrounding tissue by neutrophils
and macrophages (238). Rhamnolipids, which are important in the biofilm formation
process, have been shown to be toxic to neutrophils and tissue surrounding sites of
infection. Cellular death at this level results in the accumulation of cellular debris which

provides additional substrates for the biofilm extracellular matrix (312, 313).

1.5 Immunometabolism

1.5.1 Introduction

The field of immunometabolism examines with how metabolic processes are
activated in order to support host defences (314). Recent research has shown that
specific metabolic processes are key regulators of immune cell activation (315).
Interestingly, intermediates and by products that are produced as a result of metabolic

processes can regulate the expression of inflammatory genes.

1.5.2 Overview of metabolic pathways

1.5.2.1 Glycolysis

Glycolysis a key process that utilises glucose in order to provide energy for
cellular maintenance (316). Following cellular uptake by glucose transporters,
metabolic processing of glucose occurs in the cytosol. Glucose is converted to pyruvate

through a series of sequential enzymatic reactions yielding 2 net ATP molecules and 2
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NADH molecules (317, 318). If oxygen is present, pyruvate is processed by pyruvate
dehydrogenase to acetyl-CoA where it feeds into the TCA cycle (317, 318).

While glycolysis is a relatively ineffective means of generating energy, it does
provide other products which are utilised in the synthesis of ribose, amino acids and
fatty acids (318). Glycolysis is the predominant method of energy generation in rapidly
dividing cells as it is a rapidly activated pathway, and also due to the fact that it provides

key intermediates that are necessary for cell growth.

1.5.2.2 The tricarboxylic acid (TCA) cycle

The TCA cycle occurs within the inner mitochondrial matrix, where it serves to

yield high energy electrons for oxidative phosphorylation for efficient ATP production.

The first step in the TCA cycle is the condensation reaction which combines
acetyl-CoA with oxaloacetate to yield the six carbon molecule citrate, which is catalysed
by citrate synthase (315, 319, 320). Citrate is then processed to isocitrate, in a two-step
reaction requiring dehydration of citrate to cis-aconitate and subsequent rehydration
to isocitrate in an aconitase mediated reaction. This process also yields the metabolic
by-product itaconate (315, 321). Isocitrate is then decarboxylated by isocitrate
dehydrogenase to a-ketoglutarate, generating one molecule of NADH and CO; (315,
322). Next, a-ketoglutarate dehydrogenase converts a-ketoglutarate to succinyl-CoA,
yielding another molecule of NADH and CO; (323). Succinyl-CoA is next converted to
succinate in a reaction catalysed by succinyl-CoA synthetase that is also coupled with

the generation of GTP (319, 324).

Succinate is then oxidised to fumarate by succinate dehydrogenase (SDH) a key
enzyme in the electron transport chain complex in a reaction that generates FADH;
(319). Fumarate is then converted to malate by fumarate hydratase (325). Malate is
then oxidised by malate dehydrogenase to oxaloacetate, yielding a further NADH
molecule (326). The production of oxaloacetate enables the cycle to begin again.
Following one full cycle of the TCA cycle, the outputs are 3 NADH molecules and also
FADH; which feed into the electron transport chain ultimately netting 36 ATP molecules

(315, 318).
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The TCA cycle is generally utilised by quiescent cells, whose main requirements
are energy and longevity (318). While the TCA cycle is a very efficient means of
generating ATP, the process requires mitochondrial biogenesis and as such cannot be
activated as rapidly as glycolysis. As a result, glycolysis is favoured by cells that need
energy imminently, for example rapidly dividing cells and autoactivated immune cells
(318). It is now clear that TCA cycle metabolites play a key role in regulation of the
immune response, with accumulation of various intermediates within LPS activated

immune cells (295, 327-330).

1.5.3 Metabolic rewiring of activated macrophages

Classically activated, also known as M1 macrophages, are activated by bacterial
derived stimuli including LPS and by cytokines associated with infection including IFN-y
and TNF-a. Classical activation of macrophages leads to a highly inflammatory
phenotype with high bactericidal capabilities. Alternatively activated, or M2
macrophages, are activated in response to parasitic infection and associated cytokines
which gives rise to macrophages with an anti-parasitic and pro-repair phenotype (Figure
1.11) (331). In line with this, recent work has indicated that a general metabolic
signature for immune cells stimulated with microbial antigens does not exist, with

individual antigens inducing their own respective metabolic profiles (332).
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Figure 1.11 Macrophage polarisation phenotypes.

MO macrophages are activated to an M1-like macrophage status by exposure to IFNy and/or
tumour necrosis factor (TNF), or LPS, whereas M2-like macrophages are induced through
treatment with IL-4 and/or IL-13. M1-like exhibit increased glycolysis, a dysregulated TCA cycle
and increased activities that are associated with anti-microbial activity. M2-like macrophages
demonstrate increased mitochondrial respiration and enhanced fatty acid metabolism and
upregulate activities that are associated with tissue remodelling or wound healing. ECM,
extracellular matrix; NO, nitric oxide; OXPHQOS, oxidative phosphorylation; TCA, tricarboxylic
acid cycle. Taken from (333).

1.5.3.1 The Warburg Effect

Metabolic rewiring of macrophages plays a key role in the determination of
cellular response and effector function. In LPS stimulated immune cells including
macrophages, natural killer (NK) cells, T-cells and B-cells there is a shift towards aerobic
glycolysis, also known as the Warburg effect (334-338). In macrophages, enhanced
glycolysis supports both phagocytosis and anti-bacterial functions (339). 2-
deoxyglucose (2-DG), a competitive inhibitor of glycolysis, inhibits macrophage
activation and dampens inflammation in vivo, highlighting the role of glycolysis in
macrophage activation (185, 340, 341). As such, glycolysis is considered a hallmark of

immune cells undergoing rapid activation and replication (318).

The HIF pathway plays a critical role in metabolic reprogramming. HIF-1a

stabilisation is promoted in response to LPS stimulation and NF-kB activation (183, 188,
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189, 191). In LPS stimulated macrophages, succinate accumulation leads to inhibition of
PHDs which results in HIF-1a stabilisation under both hypoxic an normoxic conditions
(185, 342). HIF-1a has been shown to promote expression of proteins involved in
glycolytic processing, while HIF-1a’" cells fail to switch to this Warburg metabolism
(343-345). HIF-1a deficient macrophages exhibit decreased bactericidal capacities,
including phagocytosis and bacterial killing of pathogens including P. aeruginosa (345,
346). HIF-1la also upregulates lactate dehydrogenase (LDH) and pyruvate
dehydrogenase kinase, both of which act to decrease available levels of pyruvate to

feed the tricarboxylic acid (TCA) cycle (347).

The switch to glycolysis is somewhat surprising, as this is not the most effective
means of energy generation within the cell. However, glycolysis can be rapidly
enzymatically activated in comparison to oxidative phosphorylation which requires
mitochondrial biogenesis which may explain the shift towards glycolysis (339). There
are a myriad of other benefits to activation of the glycolytic pathway including the
production of numerous intermediates which serve as precursors for nucleotides, fatty
acids and amino acids — all of which are necessary to enable immune cells to rapidly

carry out their effector functions (318).

While the Warburg Effect is usually associated with cancer cell metabolism,
there are numerous distinctions between cancer cell metabolism and LPS primed
macrophages. Most notably are the increased production of nitric oxide,
prostaglandins, ROS and itaconate — all of which are associated with increased

antimicrobial activity (333).

1.5.3.2 TCA Cycle Rewiring

In M2 macrophages the TCA cycle is intact, whereby pyruvate is fed into the
cycle and the end result is high levels of ATP generation coupled to oxidative
phosphorylation (328). In classically activated M1 macrophages the TCA cycle has been
shown to be dysregulated — with metabolic breaks after citrate and succinate (Figure

1.12) (185, 328).
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1.5.3.2.1Citrate Accumulation

Citrate accumulation within LPS activated macrophages occurs due to
repression of Idh mRNA, the gene encoding isocitrate dehydrogenase (IDH) (185).
Following on from this it was demonstrated that excess citrate is processed to cis-
aconitate which is utilised for itaconate production; alternatively, citrate is utilised in
the generation of fatty acids for membrane biogenesis (328, 348, 349). Furthermore,
excess citrate is used for fatty acid production and is also utilised by pathways that
generate key macrophage effector molecules including nitric oxide and prostaglandins

(350).

1.5.3.2.2 Succinate Accumulation

Succinate accumulation occurs within activated macrophages as a result of a
metabolic breakpoint which occurs at SDH (349). While SDH protein expression is not
impacted, its enzymatic activity is impaired yielding inefficient succinate to fumarate
conversion (328, 349). Inhibitors of SDH include NO and itaconate, both of which are

elevated in activated macrophages (327, 328, 351).

Succinate is a pro-inflammatory metabolic by-product of the TCA cycle.
Succinate has been shown to promote inflammation through HIF-1a stabilisation and
subsequent upregulation of pro-inflammatory genes, including IL-1B (185). Stabilisation
of HIF-1a by succinate also promotes the induction of several glycolytic enzymes as

previously described (191, 352-356).

Furthermore, the activity of SDH has been shown to promote succinate driven
inflammation. SDH oxidises succinate and induces mitochondrial ROS production which
activates HIF-1a and suppresses production of anti-inflammatory mediators. Using
BMDMs from mice that lack functional SDH, LPS stimulation resulted in reduced pro-IL-
1B and HIF-1a induction compared to wild type BMDMs. In vivo, SDH inhibition resulted

in decreased circulating IL-1B and enhanced IL-10 in a model of LPS driven sepsis (295).
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Figure 1.12 The TCA cycle in classically activated macrophages

In M1-like macrophages the TCA cycle is broken in two places — after citrate and after
succinate. Citrate is used to generate fatty acids for membrane biogenesis and also itaconate
production. Succinate accumulation leads to HIF1a stabilisation and IL-1p. Taken from (318).

1.5.3.3 Metabolic Response to P. aeruginosa Infection

Several studies have yielded insights into the metabolic responses of immune
cells to a P. aeruginosa. In vivo, infection of mice with planktonic P. aeruginosa leads to
HIF-1a stabilisation, IL-1B production and succinate accumulation in BAL fluid, indicative

of M1 polarisation (307).

In vivo, host-adapted strains of P. aeruginosa generated less succinate
accumulation in BAL fluid of wild type mice and exhibited less HIF-1a stabilisation

compared to mice infected with lab strain PA01 (307). These mice also produce less
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inflammatory cytokines including IL-1pB, IL-6 and TNF-a than those infected with PAO1
(307). This effect is likely due to the down regulation of virulence that is characteristic
of host-adapted strains. Interestingly, these clinical isolates significantly upregulated
Irg1 expression in monocytes and itaconate levels in BAL fluid (307). In CF, patients that
are chronically infected with P. aeruginosa display increased levels of IL-4, a key Th2

cytokine, compared to those with only acute infections (357).

The authors hypothesise that succinate accumulation drives adaptions in P.
aeruginosa that reduce IL-1B release and instead promote release of the anti-

inflammatory metabolite itaconate (307, 327, 351).

1.5.4 Itaconate

Itaconate is a metabolic by product of the TCA cycle, which peaks in
macrophages upon LPS stimulation (358). Itaconate is produced through the conversion
of cis-aconitate by cis-aconitate decarboxylase (CAD), which is also known as
immunoresponsive gene 1 (Irgl) (359). In general, itaconate employs several
mechanisms to exerts anti-inflammatory effects making it an attractive anti-
inflammatory therapeutic target. Itaconate has been shown to be protective in
numerous models including M. tb infection and LPS lethality models (330, 360, 361).
However, the anti-inflammatory properties of itaconate have been shown to be

deleterious in a cancer model, with itaconate promoting tumour development (362).

1.5.4.1 Discovery

Itaconate was initially discovered by chemist Samuel Baup in 1836 and went on
to have a predominantly industrial function as a component used in the synthesis of
polymers (363). It is only in recent decades that the immunoregulatory functions of

itaconate are being investigated.

The Immune responsive gene 1 (Irg1) was cloned in 1995 when it was shown to
be upregulated in macrophages in response to LPS — however its function remained
unclear (358). This upregulation in Irg1 expression occurs in a TLR4-dependent but
MyD88-independent manner (364). Following on from this, it was demonstrated that

itaconate levels are elevated in the lungs of M. tb infected mice and also in LPS

48



stimulated murine macrophages (365-367). It was not until 2013 when it was discovered

that Irg1 was responsible for itaconate synthesis in LPS activated macrophages (359).

1.5.4.2 Itaconate mediated regulation of innate immune response

Itaconate is an immunoregulatory by-product of cellular metabolism that exerts
strong anti-inflammatory activity. The anti-inflammatory activity of itaconate was first
described in an LPS tolerance study that details Irgl mediated suppression of TLR
mediated production of TNF-a, IL-6 and IFN-B in LPS tolerized macrophages through
inhibition of NF-kB and IRF3 activation (368). The same study also noted significantly
higher levels of Irgl mRNA in the PBMCs of sepsis patients, compared to healthy donors
(368). Furthermore, primary macrophages from Irgl knockout mice exhibit increased

pro-inflammatory cytokine production following LPS stimulation (327).

To date, there have been only a limited number of reports of exogenous
itaconate entering the cytoplasm of macrophages and adipocytes after 48-72 hours of
exposure (369, 370). As a result, synthetic cell permeable derivatives have been

developed.

Experiments using a cell-permeable methyl ester derivative of itaconate,
dimethyl itaconate (DI), demonstrated inhibition of LPS induced production of IL-6 and
IL-1B (327). Treatment of RAW 264.7 cells with cell permeable synthetic version of
itaconate, 4-octyl itaconate (4-0l), increases intracellular levels of itaconate in a dose
dependent manner (360). 4-Ol treatment also significantly decreases IL-1 and
inducible nitric oxide synthase (iNOS) at both mRNA and protein level in LPS stimulated
macrophages (360). Furthermore, 4-Ol has been shown, by two independent research
groups, to be protective in an LPS lethality model while also decreasing circulating levels

of IL-1B, IL-6, TNF-a and lactate (330, 360).

It remains unclear how itaconate is transported across the cell membrane, and
if it can act extracellularly. Stimulation of macrophages with LPS significantly increases
levels of itaconate in cell supernatant (371). To date, there has been no published
description of an itaconate receptor or transporter. However, studies have revealed
that itaconate can be taken up by cells; but this requires high concentrations and long

incubation periods (370, 372).
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In vivo, Irgl deficient mice readily succumb to M. tuberculosis infection — an
infectious challenge that is not lethal to wild type mice. This is accompanied with
decreased bacterial clearance and increased inflammation in the lungs (361). In a model
of LPS induced sepsis, Irgl mediates the anti-inflammatory effects of heme oxygenase
1 (HO-1) protein. Treatment of mice with HO-1 activators and inducers increases Irg1
mMRNA while decreasing circulating TNF- levels. This effect was reversed with treatment

of an inhibitor of HO-1 activity (373).

1.5.4.2.1 Succinate dehydrogenase (SDH) inhibition

One mechanism of itaconates anti-inflammatory effects is through inhibition of
SDH. Itaconate was first established as an SDH inhibitor in 1949 (374). The inhibition of
SDH has previously been shown to decrease LPS induced circulating IL-1B and enhanced
IL-10 (295). The inhibitory effect of itaconate on SDH has been demonstrated using Irgl-
- macrophages, where decreased levels of succinate accumulation following LPS
stimulation were observed compared to wild type, indicative of SDH inhibition by

itaconate (327, 351).

1.5.4.2.2Nuclear factor erythroid 2-related factor 2 (Nrf2) activation

Iltaconate exerts its anti-inflammatory through modulation of nuclear factor
erythroid 2-related factor 2 (Nrf2). Nrf2 is a transcription factor that is upregulated in
response to oxidative stress, and acts to enhance antioxidant production and decrease
inflammatory cytokine production. Primary macrophages from Irgl”/- mice display a
complete lack of activation of Nrf2 (375). Treatment of macrophages with DI increases

Nrf2 expression (375).

Under basal conditions, Nrf2 is associated with Kelch-like ECH-associated
proteinl (KEAP1) which targets it for degradation (376). Upon oxidative stress, these
proteins dissociate enabling Nrf2 to translocate to the nucleus and upregulate
transcription of anti-oxidant genes (377). A cell permeable version of itaconate, 4-octyl
itaconate (4-0l), has been shown to induce post translational modifications on cysteine
residues of KEAP1 which results in the separation and release of Nrf2 which can then
translocate to the nucleus and exert its anti-oxidant effects (330). These effects include

enhanced antioxidant expression and reductions in ROS, HIF-1a and IL-1B (330).
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1.5.4.3 Antibacterial activity

Itaconate has long been known to have antibacterial properties since it was
discovered that it inhibits the enzyme isocitrate lyase - a key enzyme in the glyoxylate
cycle, an anabolic process analogous to the TCA cycle in plants and microorganisms
(378). This inhibitory effect of itaconate results in stunted bacterial growth of
Pseudomonas indigofera in glucose poor conditions (378). Since then, the growth of a
slew of other microorganism has been shown to be inhibited with itaconate
concentrations from 10-50 mM including M. tb, Salmonella enterica, Staphylococcus

aureus and Legionella pneumophila (327, 379).

The physiological relevance of itaconate’s antibacterial activity has been a
source of debate. Intracellular levels of itaconate have been shown to range from 40
UM to 8 mM (359, 367). Much of the work has been conducted demonstrated growth
inhibition at concentrations between 5 mM and 100 mM. However, it is worth noting
that a lot of bacteria studied had complete inhibition at 10 mM including methicillin-
resistant Staphylococcus aureus - which is reasonably close to the concentration of
intracellular itaconate levels in LPS stimulated RAW 264.7 macrophages (380). It is also
worth noting the possibility of varying concentrations of itaconate in different cellular
compartments such as lysosomes and phagosomes — an area with a lack of available
information. Overexpression of Irgl was shown to inhibit Legionella pneumophila in
macrophage vacuoles — suggesting elevated itaconate concentration in this

compartment in response to infection (379).

Interestingly, many notable pathogenic bacteria have retained enzymes for
itaconate degradation including Yersinia pestis and Pseudomonas aeruginosa (381).
While this may reflect the evolutionary development of a survival mechanism to host
responses — it has also been suggested that it occurred as a result of competition
between bacteria and the fungus Aspergillus which is used to produce commercial
itaconate (382). The retention of itaconate degrading enzymes by P. aeruginosa raises
the question of is this degradation promoting a survival advantage or is it simply a
protective mechanism employed by the bacteria. P. aeruginosa expresses three genes
which encode proteins involved in itaconate processing to yield acetyl-coenzyme A

(CoA) and pyruvate (Figure 1.13). These enzymes are itaconate-CoA transferase (lct),
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itaconyl-CoA hydratase (Ich) and (S)-citramalyl-CoA lyase (Ccl) and are encoded by
PA0882, PA0878 and PA0883 respectively (381).

In vivo, Irg1l”" mice challenged with M. tb rapidly succumb to infection — an
infection which is not lethal to wild type mice. These knockout mice also exhibited
decreased bacterial clearance and increased pro-inflammatory cytokine production
(361). When Irg17- mice were infected with a strain of M. tb which lacks a functional
glyoxylate shunt (Acl1), the mice still readily succumbed to infection (361). This suggests
that the mechanism of itaconates antibacterial activity is not limited to its inhibition of

ICL, and as such further research is needed into the mechanisms.

The role of itaconate in viral infections is less well established than its role in
bacterial infections. Studies examining the role of itaconate in Zika virus infection have
revealed that itaconate promotes viral clearance (383). The protein receptor-interacting
protein kinase (RIPK) is required for neuronal control of Zika virus, with Ripk3”/" mice
having increased mortality and viral load compared to wild type mice. In the brains of
these infected mice, Irg1 mRNA was significantly reduced in the brains of Ripk3”7- mice
compared to wild type (383). The role of itaconate in Zika virus infection was followed
up in vivo. Irg1”- mice had significantly decreased survival and significantly increased
viral loads compared to wild type mice. Mice that had concurrent administration of Zika
virus and 4-0I had significantly decreased viral burden. Overall, this evidence reveals a

protective role for itaconate in Zika virus infection (383).

Further studies have demonstrated that itaconate is also beneficial in West-Nile-
Virus infection, with itaconate restricting viral replication within neurons (384).
However, the effects of itaconate seem to vary between different viral pathogens. In

vivo, itaconate promotes viral replication of vesicular stomatitis virus (385).

Succinyl-CoA:Itaconate Itaconyl-CoA (S)-citramalyl-
CoA Transferase (Ict) hydratase (Ich) CoA lyase (Ccl)
Itaconate Itaconyl-CoA (S)-citramalyl-CoA Acetyl CoA + Pyruvate

Figure 1.13 Itaconate processing in P. aeruginosa.

Itaconate degradation pathway in P. aeruginosa, processing itaconate to acetyl CoA and
pyruvate.
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1.6 Thesis Hypothesis and Aims

1.6.1 Hypothesis

Our central hypothesis is that SCD-19 and 4-0l, respectively, represent valid
drug candidates for the treatment of P. aeruginosa-induced inflammation, biofilm

formation and host infection.

1.6.2 Overall aim

In CF, there is an urgent unmet clinical need for the development of novel
therapies that are anti-inflammatory and antibacterial. The overall aim of this Ph.D.
project is to evaluate the efficacy of two potential host-directed therapies, SCD-19 and
4-0lI, for the treatment of P. aeruginosa-induced inflammation, biofilm formation and

host infection.

1.6.3 Research objectives

In this thesis we aim to investigate the role of MIF in macrophage responses to
P. aeruginosa infection and the ability of SCD-19 to modulate these effects. We also aim
to investigate the role of MIF in P. aeruginosa biofilm formation on airway epithelial cell

monolayers and the effects of SCD-19 on this.

Furthermore, we also aim to examine the role of endogenous itaconate and 4-
Ol on the innate immune response to P. aeruginosa infection using Irgl-knockout and
Irg1l-wild type BMDMs. We also aim to examine the effects of itaconate treatment on
P. aeruginosa growth, biofilm formation, virulence factor expression and antibiotic
tolerance. Finally, we aim to examine the effects of itaconate and 4-Ol on P. aeruginosa

infection in vivo.
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Chapter 2 - Materials & Methods
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2.1 Materials

Catalogue

Number

(6X) Gel loading dye, blue

0.05 % Trypsin-EDTA

0.5ml Insulin Syringe 27G Needle

10 mM dNTP Mix
100 % ethanol

10X Red blood cell lysis buffer

12 % Mini-PROTEAN® TGX™ precast protein
gels, 10 well, 50 ul

2-Propanol

4-Octyl Itaconate

4X Laemmli sample buffer

A549 cells

Acrylamide 4K solution (30 %)
Aerogen® solo nebuliser

Anti-goat IgG, HRP-linked antibody
Anti-phospho-Erk 1/2 rabbit mAb

Anti-rabbit IgG, HRP-linked antibody

Azactam

cOmplete™ protease inhibitor cocktail tablets
Corning® 96 Well Clear PVC Assay Microplate
Crystal Violet

Dimethyl sulfoxide (DMSO)

New England
BioLabs

Gibco®, Life
Technologies

Sparks Lab
Supplies

Invitrogen™
Honeywell

Thermo
Scientific

Bio-rad

Sigma-Aldrich
Tocris

Bio-rad

ATCC
AppliChem
Aerogen®
Sigma-Aldrich
Merck Millipore

Cell Signalling
Technology®

Merck Millipore
Roche
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

B7021S

25300-054

BSO5M2713

18427013
E7023

00-4300-54

465-1044

19516

6662
161-0737
CCL-185
A1672,1000
AS3100-US
A4174
05-797R

7074

A6848
11697498001
CLS2797
C6158

D2650
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Dulbecco’s modified eagle medium (DMEM)

Endotoxin free water

Foetal bovine serum (FBS)

Galleria mellonella

Gentamicin

Glycerol

Glycine

Griess reagent kit

Heat killed Pseudomonas aeruginosa
HiLoad® 16/600 Superdex® 200 pg
HiPrep™ Q Fast Flow 16/10

Immobilon® western chemiluminescent HRP
substrate

Immobilon®-FL transfer membrane pore size =
0.45uM

ISO-1

Isopropyl B-D-thiogalactopyranoside solution
[taconate

L-3,4-dihydroxyphenylalanine methyl ester
L929 cells

LB broth (Miller)

LB broth with agar (Miller)

L-Glutamine (200 mM)

Lysozyme from chicken egg white
Meropenem

Minimum essential medium

Monoclonal Anti-B-Actin—-Peroxidase antibody

Gibco®, Life
Technologies

Sigma-Aldrich

Gibco®, Life
Technologies

Livefood UK Ltd
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Invivogen

GE Healthcare
GE Healthcare

Merck Millipore

Merck Millipore

Tocris
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ECACC
Sigma-Aldrich
Sigma-Aldrich

Gibco®, Life
Technologies

Sigma-Aldrich
Merck Millipore

Gibco®, Life
Technologies

Sigma-Aldrich

4196-039

95289
10770-106

G1397
56815
G8898
G7921
Tirl-hkpa

GE28989335
GE28936543
WBKLS0500

IPFLO0O010

42881
11284
129204
D1507
85011425
L3522
L3147

25030081

L6876
PHR1772
11090-081

A3854
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Monoclonal Anti-B-Actin—-Peroxidase antibody
produced in mouse

Mouse KC DuoSet ELISA
Mouse MIF DuoSet ELISA
Mouse MIF DuoSet ELISA
Mouse RANTES DuoSet ELISA
Mouse TNF-a DuoSet ELISA
MyTag™ Red Mix

N,N,N’,N’-Tetramethylethylenediamine
(TEMED)

Nrf2 (D1Z9C) XP® rabbit mAb

Nuclease free water
Oligo (dt) 20
p44/42 MAPK (Erk1/2) rabbit Ab

Penicillin/Streptomycin (10,000 U/mL)
Pierce™ BCA protein assay kit

Pierce™ BCA Protein Assay Kit

Pierce™ High Capacity Endotoxin Removal Spin
Columns

Platimnum® SYBR® Green gPCR SuperMix-UDG

PLGA-SCD-19 Nanoparticles

Precision plus protein™ dual colour standards
Pro-IL-1B/IL1F2 goat mAb
Quick-Load® 100 bp DNA Ladder

Random Hexamers

RAW 264.7 ells

Sigma-Aldrich

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
Bioline

Sigma-Aldrich

Cell Signalling
Technology®

Qiagen
Invitrogen™

Cell Signalling
Technology®

Gibco?®, Life
Technologies

Thermo
Scientific

Thermo
Scientific

Thermo
Scientific

Invitrogen™

The Donnelly
Lab

Bio-rad
R&D Systems

New England
BiolLabs

Thermo
Scientific

ECACC

A3854

DY453
DY1978
DY289
DY478
DY410
BIO-25043
17024

12721

1039598
18418012
9102

15140-122

23225

23225

88274

11733046

161-0374
AF-401-NA

NO467S

N8080127

85062803
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RIPA lysis buffer, 10X
RNase Out™

SCD-19

SIGMAFAST™ OPD Tablets

Sodium Dodecyl Sulfate (SDS)

Sodium periodate

Sterile phosphate buffered saline (PBS)

Superscript II™

Thermo Scientific

Tobramycin
Tri-reagent®
Trizma base
TWEEN® 20

B-mercaptoethanol

Merck Millipore
Invitrogen™
Specs

Thermo
Scientific

Thermo
Scientific

Sigma-Aldrich

Gibco®, Life
Technologies

Invitrogen™

Thermo
Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Bio-rad

20-188
70777019
Custom Order

P9187

$-5200-53

71859
14190-0940

18064014
28314

T4014
19424
93362
P1379

161-0710
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2.2 Methods for bacterial experiments

2.2.1 Routine bacterial culture

Bacterial cultures were grown in LB broth at 37 °C with shaking for 16 hours. Lab
strain P. aeruginosa PAO1 was purchased from ATCC. Clinical isolates were provided by
Dr. Julie Renwick (Dept of Clinical Microbiology, Trinity College Dublin). In order to
generate a standard curve of ODgoo vs CFU/ml, serial dilutions of overnight cultures of
PAO1 were prepared, the ODsoo measured and samples subsequently plated on LB agar
plates. A standard curve was generated that yielded the following formula which was

then used to calculate respective MOI of experiments:
CFU/ml = (2x10°)(x)-(5x107), where X = ODsoo

Equation 1 P. aeruginosa CFU/ml equation

2.2.2 P. aeruginosa growth curve

200 pl of LB broth containing respective treatments was inoculated with 2 pl of
overnight P. aeruginosa culture in the wells of a 96 well plate. The plate was then added
to the SpectraMax i3x microplate reader, with the temperature of the instrument
maintained at 37 °C throughout. A kinetic protocol was set up on SoftMax Pro software
to measure the ODesoo Was every 30 minutes for 18 hours, with the plate was shaking

during the kinetic interval times.

2.2.3 Checkerboard assays

Checkerboard assays are an established method that are used to investigate the
effect of interactions between two individual compounds on their antibiotic properties
(386, 387). We used checkerboard assays to examine the effects of the interactions
between itaconate and a panel of commonly used antipseudomonal antibiotics on P.
aeruginosa tolerance. Using a 96-well round-bottom microtiter plate, 100 pl two-fold
serial dilutions of itaconate were added to the wells, with the same concentration in

each column. Following this, 100 pl of two-fold serial dilutions of respective antibiotic
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was then added to the wells, with the same concentration in each row. Following this,
2 pl of overnight bacterial culture were added to each well before incubating at 37 °C

for 24 hours.

The resulting checkerboard contains each combination of two antibiotics (Figure
2.1). One row contains a serial dilution of compound A, while one column contains a
serial dilution of compound B which enables the minimum inhibitory concentrations
(MIC) of the individual compounds to be calculated. The MIC is defined as the minimum
concentration of an agent required to completely inhibit bacterial growth. In order to
guantify interactions between two compounds, the Fractional Inhibitory Concentration
Index (FICI) is calculated. The FICl is calculated by comparing the MIC of each compound
alone with the MIC of the compounds in combination (386). The FICl is calculated as per

the following equation.

Concentration of A in combination + Concentration of B in combination
MIC of A alone MIC of B

FICI=

Compounds can act synergistically, whereby the presence of agent A lowers the
concentration of agent B needed to inhibit bacterial growth to a concentration lower
than that required when agent B is used alone. For example, agent A has an MIC of 32
ug/ml when used against P. aeruginosa alone, but in the presence of agent B the MIC
of agent A becomes 8 pg/ml. Combinations of agents which result in a 4-fold decrease
(FICI £ 0.5) in the MIC compared with the MIC of agents alone are said to act

synergistically (Figure 2.1) (386, 387).

Compounds can also act antagonistically whereby the presence of agent A
increases the concentration of agent B needed to inhibit bacterial growth to a
concentration higher than that required when agent B is used alone. For example, agent
A has an MIC of 32 pug/ml when used against P. aeruginosa alone, but in the presence
of agent B the MIC of agent A becomes 128 pug/ml. Combinations of agents which result
in a 4-fold increase (FICI > 4) in the MIC compared with the MIC of agents alone are said
to act antagonistically (Figure 2.1) (386, 387). Alternatively, a FICI of between 0.5 and 4

indicates that the two compounds have no interactions.
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Compound A Concentrations (pg/ml)
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Figure 2.1. Layout for checkerboard assay.

Serial dilutions of compound A are added to each column, while serial dilutions of compound B
are added to each column. This results in a checkerboard which contains each combination of
two antibiotics. One row contains a serial dilution of compound A, while one column contains a
serial dilution of compound B which enables the minimum inhibitory concentrations of the
individual compounds to be calculated.

2.2.4 Assessment of P. aeruginosa mRNA expression by
Quantitative Real Time Polymerase Chain Reaction (qPCR)
using SYBR® Green.

2.2.4.1 Total RNA extraction
Overnight cultures were centrifuged at 4,500 RPM for 5 minutes at 4 °C to collect

the bacterial pellet. After removing the supernatant, the bacterial pellet was snap

frozen using liquid nitrogen and the allowed to thaw at room temperature. The pellet
was then resuspended in 200 pl of lysozyme at a final concentration of 3 mg/ml using

TE Buffer for 3 minutes. Following this, 800 pl of Trizol and 200 pul of chloroform were

added to each sample before mixing vigorously. The samples were then left to sit at

room temperature for 15 minutes before being centrifuged at 13,000 RPM for 15

minutes at 4 °C to allow phase separation to occur. Once separated into the three layers

(RNA, DNA and protein), 400 pl the top clear layer containing RNA was removed into
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new sterile 1.5 ml microcentrifuge tubes and 500 ul of 2-propanol was added. The
samples were vortexed and left at room temperature for 10 minutes. The samples were
again centrifuged at 13,000 RPM for 15 minutes at 4°C. The supernatant was then
carefully removed, leaving only the RNA pellet in the tube. 1 ml of ice cold 75 % ethanol
was added to each RNA pellet. The RNA was stored in 75 % ethanol at -80 °C for later

use.

2.2.4.2 First strand cDNA synthesis

First strand cDNA synthesis was carried out on previously isolated RNA. RNA
thawed on ice before centrifuging at 13,000 RPM for 15 minutes at 4 °C. The ethanol
was carefully removed, and pellets air dried under a laminar flow hood. RNA pellets
were then resuspended in 15 pl of nuclease free water. Once resuspended, 2 ul of RNA
from each sample was added to a PCR tube. To this, 2 pl of mastermix #1 (Table 2.1)
was added to before placing the tubes in the thermocycler for 5 minutes at 65 °C with
the lid heated to 95 °C to prevent evaporation. Samples were then placed on ice for 1

minute.

Table 2.1 Mastermix #1 for bacterial first strand cDNA synthesis.

Mastermix # 1

Component Volume
Random Hexamers 1l

dNTP mix (10 mM) 1l

DEPC-Treated Water 6 ul

9 ul of mastermix #2 (Table 2.2) was then added to each tube before placing the
tubes in the thermocycler for 2 minutes at 25 °C with the lid heated to 95 °C to prevent
evaporation. Following this, 1 pl of Superscript Il Reverse Transcriptase™ was added to
each tube before placing the tubes in the thermocycler at an initial temperature of 42
°C for 50 minutes followed by 15 minutes at 70 °C; the lid was heated to 95 °C to prevent

evaporation. cDNA was then stored at -20 °C for gPCR analysis.
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Table 2.2 Mastermix #2 for bacterial first strand cDNA synthesis.

Component Volume
5X First Strand Buffer | 4 ul

DTT 0.1 M 2l

RNase Out (40 U/pl) 1ul

Nuclease Free H;0 2 ul

2.2.4.3 gPCR analysis

gPCR was performed using Platinum® SYBR® Green qPCR SuperMix-UDG along
with P. aeruginosa gene-specific forward and reverse primers. A gPCR mastermix was
prepared as per (Table 2.3) and 18 pl of this was added to of 2 ul cDNA. All primers were
used at a concentration of 10 uM; primer sequences and annealing temperatures are
detailed in (Table 2.4). PCR tubes were then inserted into the QuantStudio 5 gPCR

machine and run according to the thermal profile detailed in (Table 2.5).

gPCR data was analysed using the AA Cycle Threshold (AACt) value method. The
Ct values for the target genes were normalised to the housekeeping gene ropD, yielding
the ACt value. The ACt value of the control sample was then subtracted from the ACt
value of the other samples, giving the AACt value. This value was normalised by the
formula 242 to generate the fold change in expression of the target gene per unit of

rpoD.

Table 2.3 PCR Mastermix for P. aeruginosa qPCR.

gPCR Mastermix

Component Volume
SYBR® Green 10 wl

Forward Primer (10 uM) | 0.2 ul

Reverse Primer (10 uM) | 0.2 ul

Nuclease Free Water 7.6 ul
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Table 2.4 P. aeruginosa specific primers for qPCR.

Annealing
5’ Forward 3’ 5’ Reverse 3’ Temperature

(°C)
GGG AGT CCG ACATATGAC | CGGTTC ATG TAA GCT

PA_0882 ACA ATC TCCTCATACC 63
TGA GGA GGC GCATAT ATT GCT CAA GCT TGC

PA_0883 GAA CCG AC GTT CGC GTCTG 65

AceA CAA GAA GCA CCT GAAGAC | GCGGCTTCTCGG TTT 63

CACC CGATCCA

Table 2.5 qPCR thermal cycling profile for P. aeruginosa genes.

PCR Profile

Step Temperature Time # of Cycles

1 50°C 2 Minutes X1

2 Initial Denaturation 95°C 2 Minutes X1
Denaturation 95°C 15 Seconds

3 Annealing x°C 30 Seconds X 40
Extension 72 °C 30 Seconds

95 °C 15 Seconds X1

4 50 °C 30 Seconds X1

95 °C 30 Seconds X1

2.2.5 Crystal violet assay

Static biofilm formation was measured as previously described (208). Briefly, 2
ul of overnight P. aeruginosa culture was added to each well of a 96 well clear PVC assay
microplate containing 100 pl of LB broth with the respective treatments. Plates were
incubated at 37 °C for 24 hours. Plates were washed with deionised water and blotted
dry. Biofilms were stained using 125 ul of 1 % crystal violet solution per well. Plates were
stained for 20 minutes before being washed with deionised water three times. Once
dry, 125 pl of 30 % acetic acid was added to each well for 20 minutes. 100 pl of this
solution was added to a 96 well plate and the absorbance was measured at 550 nm

using a spectrophotometer.
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2.2.6 Preparation of planktonic P. aeruginosa filtrate

Planktonic P. aeruginosa filtrate (PPF) was prepared as previously described
(388). Briefly, liquid cultures of PAO1 were incubated for 16 hours at 37 °C with shaking.
The cultures were then centrifuged at 5,000 g for 10 minutes to pellet bacteria. The
supernatant was then filter sterilised using a low protein binding 0.22 um filter.
Following this, the supernatant was heat inactivated at 95 °C for 10 minutes. Sterility

was confirmed by plating a sample on LB agar. PPF was then stored at -20 °C.

2.3 Methods for human experiments

2.3.1 Cell culture

2.3.1.1 16HBE140- and CFBE410- cell culture

16HBE140- and CFBE41lo- cells were kindly donated by Dr Catherine Greene
(RCSI, Clinical Microbiology, Beaumont Hospital, Dublin, Ireland). 16HBE14o0- cells are
an SV40-transformed human bronchial epithelial cell line and CFBE410- cells are human
AF508 homozygote bronchial epithelial cells. Cells were maintained in a humidified
atmosphere containing 5 % CO, at 37 °C. 16HBE140- and CFBE4lo- cells were
maintained in minimal essential medium (MEM) supplemented with 10 % foetal bovine
serum (FBS), 1 % L-glutamine, 100 U/ml penicillin and streptomycin (pen/strep). Cells
were passaged every 2-3 days by removing medium and adding 5 ml of 0.05 % Trypsin-
EDTA for 5 minutes at 37 °C. Trypsin was neutralised by adding medium before cells

were collected and spun for 5 minutes in at 1200 RPM.

2.3.1.2 A549 cell culture

A549 cells, a lung epithelial cell line, were obtained from ATCC®. A549 cells were
maintained in DMEM supplemented with 10 % FBS and 100U/ml pen/strep. Cells were
maintained in a humidified atmosphere containing 5 % CO at 37 °C. Cells were passaged
every 2-3 days by removing medium and adding 5ml of 0.05 % Trypsin-EDTA for 5
minutes at 37 °C. Trypsin was neutralised by adding medium before cells were collected

and spun for 5 minutes in at 1200 RPM.
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2.3.1.3 Preparation of nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) and PLGA-SCD-19 nanoparticles were
provided for this project by Dr. Mohammad Doroudian (Donnelly Lab). Briefly, 100 mg
of PLGA and 10 mg of SCD-19 were combined in a beaker. Following this, 8 ml of 2%
(w/v) polyvinyl alcohol was added drop by drop with constant stirring. The emulsion
formed was homogenised using a probe sonicator at 70 % amplitude for 30 seconds
before being added to 50 ml of 0.2 % polyvinyl alcohol. The resulting emulsion was
stirred with an overhead stirrer for 16 hours to allow the organic solvents to evaporate.
Nanoparticles were recovered via centrifugation (21,000 x g, 10 minutes, 4°C) and
washed three times in 50 ml of endotoxin free water before being resuspended in saline
and stored at 4°C until use. For cellular experiments, nanoparticle solutions were passed
through an Aerogen® solo nebuliser and the resulting mist collected in a 50 ml falcon

tube. This work was all conducted by Dr. Mohammad Doroudian.

2.3.2 Biofilm formation on airway epithelial cells

2.3.2.1 Preparation of P. aeruginosa

P. aeruginosa liquid cultures were incubated for 16 hours at 37 °C with shaking.
Cultures were then centrifuged at 4500 RPM for 15 minutes to pellet bacteria. The
bacterial pellet was then resuspended in PBS and centrifuged at 4,500 RPM for 15
minutes. The pellet was then resuspended in antibiotic free DMEM. The ODgyo was
recorded and the number of CFU/mI calculated as per Equation 1 and samples diluted

to the required number of CFU/ml.

2.3.2.2 Infection of epithelial cells

Methods adapted from Anderson et al. (207). A549/16HBE140-/CFBE410- cells
were plated at 2 x 10°/ml in 500 pl of medium in a 24 well plate. Cells were cultured
under normal conditions for 5 days to enable monolayer formation, with media changes
every 2 days. On day 5, media was removed and cells were washed twice with warm
PBS. Cells were inoculated with PAO1 at an MOI of 30:1 (PAO1:epithelial cell) for 1 hour
using antibiotic free DMEM. Inoculum was removed and cells were washed with warm

PBS. 500 pl of antibiotic free DMEM was added to each well and cells were incubated
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for a further 3 hours under normal conditions. Supernatants were collected and stored,
while cells were washed twice with warm PBS. Cells were lysed with 500 ul of 0.1 %
Triton X-100 for 10 minutes. Cell lysates were collected and serially diluted using PBS

before plating on agar plates for CFU/ml enumeration.

2.4 Methods for murine experiments

2.4.1 Animals

The generation of humanised CATT mice was carried out by Taconic Biosciences
on a C57BL/6 background. Briefly, the murine MIF gene was deleted, and replaced with
the human MIF gene containing a microsatellite repeat of 5 or 7 CATTs; enabling the
production of human MIF. MIF/* and wild type mice were both on a C57BL/6
background. Hind legs from Irg17- and wild type mice, both on a C57BL/6 background,
were donated by Professor Padraic Fallon (Trinity College Dublin). All animals were
housed in pathogen free environments at the comparative medicine unit at Trinity
College Dublin. All animal experiments were conducted in accordance with the
recommendations and guidelines of the Health Products Regulatory Authority (HPRA),
the competent authority in Ireland, and in accordance with protocols approved by

Trinity College Animal Research Ethics Committee.

2.4.2 Cell culture

2.4.2.1 RAW 264.7 cell culture

RAW 264.7 cells, a murine macrophage cell line, were maintained in DMEM
medium supplemented with 10 % FBS and 100U/ml pen/strep. Cells were maintained
in a humidified atmosphere containing 5 % CO; at 37 °C. Cells were passaged every 2-3
days when they reached 80-90 % confluence. Cells were scraped from the bottom on
the wells or flasks using cell scrapers and centrifuged for 5 minutes at room
temperature at 400 g. Medium was discarded, and cells were resuspended in fresh

DMEM medium.
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2.4.2.2 1929 cell culture

The L929 cell line is a murine connective tissue cell line. L929 supernatants are
routinely used in bone marrow derived macrophage (BMDM) cell culture as L929 cells
secrete M-CSF and GM-CSF to promote differentiation of BMDMs. Cells were seeded
into a T175 flask at a density of 20x10° cells per flask. Cells were maintained in DMEM
supplemented with 10 % FBS and 100 U/ml pen/strep. Cells were maintained in a
humidified environment (95 % relative humidity) containing 5 % CO; at 37 °C. After 10
days, supernatant was removed and filter-sterilised. Aliquots of L929 media were stored

at -20 °C for use in BMDM cell culture.

2.4.2.3 Primary bone marrow derived macrophage culture

Post-mortem, the hind legs of mice were removed using a scissors on the bench
top. Skin and muscle were stripped from the legs until only bones remained. The bones
were sprayed in 70 % ethanol and placed in a 50 ml falcon tube with 10 ml of complete
DMEM before being brought into the sterile laminar flow hood. The leg bones were
separated at the hinge joint and a scalpel used to snip the ends to give access to the
bone marrow. A syringe filled with complete DMEM fitted with a 25-gauge needle was
inserted into the top of the bone. The media was flushed through the bone and the flow
through collected in a cell strainer placed over a sterile 50 ml Falcon tube. The flow
through was then centrifuged at 1,200 RPM for 5 minutes to pellet the bone marrow.
The supernatant was discarded before the pellet was re-suspended in 5 ml of 1X red
blood cell lysis buffer and left for 4 minutes on ice, shaking every 30 seconds. 15 ml
complete DMEM was added to the 50 ml falcon to neutralise the lysis buffer before
centrifuging at 1200 RPM for 5 minutes. The pellet was re-suspended in 10 ml of
complete DMEM and transferred to a sterile T175 cell culture flask. The bone marrow
from both legs of one mouse was added to 1 sterile T175 cell culture flask. A further 14
ml of complete DMEM was added, followed by 6 ml of L929 supernatant, with a final
concentration of 20 % L929 supernatant. BMDMs were incubated for 3 days in a
humidified atmosphere containing 5 % CO; at 37 °C to allow the cells to adhere.
Following this, the supernatant containing cells that have not adhered was removed
from the flask and placed directly into a new T175 flask and supplemented with L929

supernatant to a final concentration of 20 %. The original flask was given 30 ml of
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complete DMEM supplemented with 20 % L929 media. Both flasks were incubated for
until confluent. The original flask was confluent at ~ day 7 while the second flask was
confluent at ~ day 14. Cells were harvested for plating by removing medium and adding 5
ml of 0.05 % Trypsin-EDTA for 5 minutes at 37 °C. Trypsin was neutralised by adding medium
before cells were collected and spun for 5 minutes in at 1,200 RPM. Cells were counted
and plated for experiments at a density of 12.5 x 10°/ml in a 24 well plate. Once plated,
cells were placed back into the incubator overnight. Cells were stimulated with the

respective stimulants and treatments for the indicated times.

2.4.2.4 Primary murine lung fibroblast culture

The lungs were removed from individual mice post-mortem. The set of lungs
were then sprayed with 70 % ethanol and added into 10 ml of sterile DMEM and
dissected into small fragments in a sterile petri dish in the laminar flow hood. The
fragments were then transferred to a T75 flask containing 10 ml of complete DMEM
before being placed into the incubator. Cells were maintained in a humidified
atmosphere containing 5 % CO; at 37 °C. Lung fragments were left for 48 hours to allow
them to adhere to the flask, before replacing the DMEM every 48 hours. After 7-8 days,
the fibroblasts began to grow out of the lung fragments and began forming a monolayer
on the flask. Upon the formation of these foci, the lung fragments were removed and
discarded. Once the cells had reached ~ 80 % confluency, cells were trypsinised and
added to a T175 with fresh DMEM. Again, once the cells had reached ~ 80 % confluency,
they were trypsinised and split into two T175 flasks. Once confluent, cells were then

used for experiments.

2.4.3 Live PAO1 infection of macrophages

Macrophages (RAW 267.4 or BMDMs) were seeded at a density of 12 x 10° cells
per well in a 24 well plate. Bacterial density was quantitated by reading the ODggo and
CFU/mI calculated using a standard curve (Equation 1). Macrophages were infected
with live PAO1 at an MOI of 30 (PAO1:macrophage) for 1 hour at 37 °C in a humidified
environment with 5 % CO,. Following this, all medium was removed and fresh medium

was added containing 300 pg/ml gentamicin for a further 1 hour in a humidified

69



environment with 5 % CO,. Following this, all medium was removed and replaced with
fresh antibiotic free medium for a further 6 hours at 37 °C in a humidified environment
with 5 % CO,. Supernatants were then removed and stored at -80 °C and cells were

harvested for Western blot or stored in Trizol.

2.4.4 Quantification of cytokine production by ELISA

96 well Nunc MaxiSorp™ plates were coated with 50 ul of capture antibody
diluted in PBS and incubated overnight at 4 °C. Plates were then washed three times in
0.05 % PBS Tween and blotted dry. Plates were blocked by adding 150 ul of 1 % BSA in
PBS to each well and incubated at room temperature for 2 hours. Plates were washed
again as previously described. 50 ul of sample or standard was added to each well and
incubated for overnight at 4 °C. Plates were then washed again as described. 50 pl of
the detection antibody in 1 % BSA in PBS was added to each well and incubated for 2
hours at room temperature. Plates were then washed again as described. 50 pl of
working concentration of Streptavidin-HRP was added to each well and plates were

covered and incubated for 20 minutes at room temperature.

ELISA substrate solution was prepared by dissolving one o-Phenylenediamine
dihydrochloride (OPD) tablet and one urea hydrogen peroxide/buffer tablet were 20 ml
of water. 50 ul of substrate solution was added to each well and incubated for 20
minutes at room temperature. 25 ul of 2N H,SO4 was added to each well to stop the
reaction. The optical density of each well was then measured with a spectrophotometer
at 490 nm. The respective concentrations of capture antibody, detection antibody and

standards are detailed in Table 2.6.
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Table 2.6 ELISA reagent concentrations.

Murine ELISA Kits

Capture Antibody | Detection Antibody Standard Curve Range
KC (Murine
2 pg/ml 200 ng/ml 4,000 ng/ml —62.5 ng/ml
IL-8)
MIF 0.4 pg/ml 200 ng/mll 16,000 ng/ml -250 ng/ml
RANTES 2 pg/ml 12.5 ng/ml 4,000 ng/ml —62.5 ng/ml
TNF-a 0.8 pg/ml 75 ng/ml 4,000 ng/ml —62.5 ng/ml
‘ Human ELISA Kits (For CATT Mice)
Capture Antibody | Detection Antibody Standard Curve Range
MIF 2 ug/ml 100 ng/ml 31.2 ng/ml - 2,000 ng/ml

2.4.5 Assessment of mRNA by Quantitative Real Time Polymerase

Chain Reaction (qPCR) using SYBR® Green.
2.4.5.1 Total RNA extraction

Total RNA was isolated using Tri Reagent® RNA isolation reagent. Cells were
stimulated with the respective stimuli for the required times before supernatants were
removed. 1 ml of Trizol was added to the remaining cell monolayer in each well. The
monolayer was disrupted using a pipette tip and transferred to a sterile 1.5 ml
microcentrifuge tube. Following this, 200 ul of chloroform was added to each sample
before mixing vigorously. The samples were then left to sit at room temperature for 15
minutes before being centrifuged at 13,000 RPM for 15 minutes at 4 °C to allow phase
separation to occur. Once separated into the three layers (RNA, DNA and protein), 400
pul of the top clear layer containing RNA was removed into new sterile 1.5 ml
microcentrifuge tubes and 500 ul of 2-propanol was added. The samples were vortexed
and left at room temperature for 10 minutes. The samples were again centrifuged at
13,000 RPM for 15 minutes at 4 °C. The supernatant was then carefully removed, leaving
only the RNA pellet in the tube. 1 ml of ice cold 75 % ethanol was added to each RNA

pellet. The RNA was stored in 75 % ethanol at -80 °C for later use.



2.4.5.2 First strand cDNA synthesis

First strand cDNA synthesis was carried out on previously isolated RNA. RNA was
thawed on ice before centrifuging at 13,000 RPM for 15 minutes at 4 °C. The ethanol
was carefully removed before pellets were air dried in a laminar flow hood. RNA pellets
were resuspended in 15 pl of nuclease free water. Once resuspended, 8 pl of RNA from
each sample was added to a PCR tube. To this, 2 ul of mastermix #1 (Table 2.7) was
added to before placing the tubes in the thermocycler for 5 minutes at 65 °C with the
lid heated to 95 °C to prevent evaporation. Samples were then placed on ice for 1

minute.

Table 2.7 Mastermix #1 for mammalian first strand cDNA synthesis.

Component Volume

Oligo (dT) 20 (200 pg/ml) 1l

dNTP Mix (10 mM) 1l

9 ul of mastermix #2 (Table 2.8) was then added to each tube before placing the
tubes in the thermocycler for 2 minutes at 25 °C with the lid heated to 95 °C to prevent
evaporation. Following this, 1 pl of Superscript Il Reverse Transcriptase™ was added to
each tube before placing the tubes in the thermocycler at an initial temperature of 42
°C for 50 minutes followed by 15 minutes at 70 °C; the lid was heated to 95 °C to prevent

evaporation. cDNA was then stored at -20 °C for gPCR analysis.

Table 2.8 Mastermix #2 for mammalian first strand cDNA synthesis.

‘ Mastermix #2

Component Volume

5X First Strand Buffer 4 ul

DTT 0.1M 2 ul

RNase Out (40 U/pl) 1l

Nuclease Free H,O 2 ul
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2.4.5.3 gPCR analysis

gPCR was performed using Platinum® SYBR® Green qPCR SuperMix-UDG along
with murine gene-specific forward and reverse primers. A gPCR mastermix was
prepared as per (Table 2.9) and 18 pl of this was added to of 2 pl cDNA. All primers were
used at a concentration of 10 uM; primer sequences and annealing temperatures are
detailed in (Table 2.10). PCR tubes were then inserted into the QuantStudio 5 qPCR

machine and run according to the thermal profile detailed in (Table 2.11).

gPCR data was analysed using the AA Cycle Threshold (AACt) value method. The
Ct values for the target genes were normalised to the housekeeping gene B-actin,
yielding the ACt value. The ACt value of the control sample was then subtracted from
the ACt value of the other samples, giving the AACt value. This value was normalised by
the formula 2722 to generate the fold change in expression of the target gene per unit

of B-actin.

Table 2.9 PCR Mastermix for mammalian qPCR.

gPCR Mastermix

Component Volume
SYBR® Green 10 ul

Forward Primer (10 uM) | 0.2 ul

Reverse Primer (10 uM) | 0.2 ul

Nuclease Free Water 7.6 ul
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Table 2.10 Murine specific primers for qPCR.

, , , , Annealing
5’ Forward 3 5’ Reverse 3 Temperature (°C)
B-Actin AAG AGC TAT GAG TAC GGA TGT CAA 57
CTG CCT GA CGT CACAC
Hmox1 TCA GGC AGA GGG GCT CCT GCA ACT CCT 57
TGA TAG AA CAA A
Gsr CGG TGCCAGCTT GCCATCTCCACAGCA 57
AGG AAT AA ATGTA
GAC AAA ACA CAG CAG TCA AAT CTG
Gclm 57
TTG GAACAGC GTG GCATC
Ngo1 GCT GCA GACCTG ACT CTC TCA AAC CAG 57
GTG ATATT CCTTT
TGC TGA AGA AAG GCA CACCACAGT
PHD3 GGCAGA AG CAGTCTTTA >7
TNE-a GAT CTC AAA GAC CTC CAG CTG GAA 63
AAC CAA CAT GTG GACTCCTCC CAG
IL-1p AACCTGCTG GTGTGT | CAGCACGAGGCTTTT 60
GACGTTC TIGTTIGT
Irg1 GCG AAC GCT GCC ATC CCAGGCTTG 58
ACT CA GAAGGTC
CAATCTTGCAGTCGT | GGA GTG GGA GTA
RANTES GTTTG GGG GATTA >7
1110 TTCTGCCTCATCCTG | AGACATCTCTGCTCA 56
CTG TCATTC
, AGC CCT CACCTACTT | CAATCT CTG CCT ATC
INOS CCT G CGT CTC >9
Caspase-1 AGG AAT TCT GGA TGG AAATGT GCC 59
GCT TCA ATC AG ATCTTCTTT

Table 2.11 qPCR thermal cycling profile for murine genes.

PCR Profile

Step Temperature Time # of Cycles

1 50°C 2 Minutes X1

2 Initial Denaturation 95 °C 2 Minutes X1
Denaturation 95 °C 15 Seconds

3 Annealing x°C 30 Seconds X 40
Extension 72 °C 30 Seconds

95 °C 15 Seconds X1

4 50°C 30 Seconds X1

95 °C 30 Seconds X1
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2.4.6 Assessment of protein expression by Western blot analysis

2.4.6.1 Cell harvesting

Macrophages were seeded at a density 12.5 x 10° cells per well in a 24 well plate.
Following the respective treatment, intracellular proteins were harvested in RIPA buffer
containing protease inhibitor cocktail tablets. Cell supernatant was removed before
placing the cells on ice and gently washing with 1 ml of ice-cold PBS. Following this, all
PBS was carefully removed before adding 25-50 ul of 1X RIPA buffer in PBS to each well.
The plates were left on ice for 30 minutes before scratching each well with a p200 tip
to remove the cells from the plate. Samples were then transferred to Eppendorf tubes

and stored at -80 °C.

2.4.6.2 Bicinchoninic Acid (BCA) assay & sample preparation

Samples were defrosted on ice before centrifuging for 30 minutes at 15,000 RPM
to pellet the cell debris. Samples were transferred to new Eppendorf tubes and the
pellet discarded. For the BCA assay, standard solutions were prepared by diluting bovine
serum albumin (BSA) solution to a series of know concentrations. After the samples and
standard were vortexed, 10 ul of each was added to the wells of a 96 well plate. The
BCA reagent was prepared by mixing reagent A with reagent B at a respective ratio of
50:1. 200 ul of the BCA reagent was then added to each well before placing the plate in
a 37 °C incubator for 30 minutes. The absorbance was then recorded at 562 nm and

protein levels calculated accordingly.

Following the BCA assay, samples were equilibrated to the desired
concentration using loading buffer. The loading buffer consisted of 900 ul of 4X Laemmli
buffer and 100 pl of B-mercaptoethanol. Samples were then boiled at 95 °C for 5

minutes and stored at -20 °C.

2.4.6.3 Western blotting

Protein samples were loaded to 10 % sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels (Table 2.12). A molecular weight reference ladder
was also run on each gel. The gel was run at 90 V for 90 minutes in 1X running buffer
(Table 2.13). The wet transfer method was used using 1X transfer buffer (Table 2.13) to

transfer proteins to a PVDF membrane which was activated in methanol before use. The
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transfer tank was surrounded by ice in a Styrofoam box to prevent overheating and was

run at 200 mA for 90 minutes.

Following the transfer, membranes were blocked for 1 hour at room
temperature using 5 % non-fat dried milk in Tris buffered saline with 0.1 % Tween 20
(TBS-T). Membranes were then incubated with primary antibody overnight at 4 °C.
Primary antibodies were diluted according to (Table 2.14) using 5 % BSA in TBS-T (0.1 %
Tween 20).

After incubating with primary antibody, membranes were washed in 1X TBS-T
(0.1 % Tween 20) for 10 minutes 3 times. Membranes were then incubated with
secondary antibody for 2 hours at room temperature. Secondary antibodies were
diluted according to (Table 2.14) using 5 % non-fat dried milk in TBS-T (0.1 % Tween 20).
Membranes were again washed for 10 minutes 3 times before visualising using

chemiluminescent HRP substrate on the Gel-Doc system.

Table 2.12 Western blot gel compositions.

10 % Separating Gel Composition 4 % Stacking Gel Composition

dH20 4.02 ml dH20 3.05 ml

Bis Acrylamide 3.33 ml Bis Acrylamide 650 pl

Tris-Hcl (pH 8.8) 2.5ml Tris-Hcl (pH 6.8) 1.25 ml
10 % SDS 100 ul 10 % SDS 50 pl
10 % APS 50 ul 10 % APS 25 ul
TEMED 10 ul TEMED 8 ul
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Table 2.13 Western blot buffers.

10X Running Buffer 10X Transfer Buffer

Trizma Base 60.4¢g Trizma Base 60.4¢g

Glycine 288 ¢ Glycine 288 ¢g

SDS 20g Dissolve in 2 L dH;0, pH 8.3
Dissolve in 2 L dH;0, pH8.3

1X Running Buffer 10X Transfer Buffer | 100 ml

10X Running Buffer | 100 ml Methanol 100 ml

dH>0 900 ml dH.0 800 ml

Table 2.14 Antibody dilutions for western blot.

Primary Antibodies | Dilution Factor Required Secondary Antibody

Nrf2 1:1000 Rabbit
Pro IL-1B 1:800 Goat
B-Actin-Peroxidase 1:50000

Secondary Antibodies | Dilution Factor

Rabbit 1:5000

Goat 1:5000

2.4.7 Lactate dehydrogenase assay

Cellular death was assessed by measuring levels of lactate dehydrogenase (LDH)
in cellular supernatant as per kit instructions. LDH is a cytosolic enzyme that is released
into the supernatant upon cell death due to damage of the cell membrane. Levels of
LDH in supernatant increase in proportion with the number of lysed cells. 100 ul of
supernatant was added to the wells of a 96 well plate. 100 pl of the freshly prepared
reaction mixture was also added to each well and the plate incubated at room
temperature protected from the light for 30 minutes. The absorbance was measured

with a spectrophotometer at 490 nm.
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2.4.8 Analysis of P. aeruginosa phagocytosis by macrophages

Bacterial phagocytosis was performed as previously described with modifications
(389). Briefly, macrophages were seeded at a density of 1 x 10° cells per well in a 96 well
plate for 16 hours incubation. Cells were infected with PAO1 (MOI 10) for 1 hour. Cells were
washed with warm PBS followed by the addition of 300 pug/ml gentamycin for 1 hour to kill
extracellular bacteria. Cells were then washed and lysed in DMEM containing 0.1 % Triton
X-100 before plating on agar plates for CFU/ml enumeration. Where treatments were
added, cells were pre-treated for 30 minutes and treatments were maintained for the

duration of the experiment.

2.4.9 Analysis of P. aeruginosa killing by macrophages

Cells were seeded at a density of 1 x 10° cells per well in a 96 well plate before
infection the next day. Overnight cultures of PAO1 were centrifuged at 4500 RPM for 5
minutes at room temperature to collect the bacterial pellet. The pellet was resuspended
in antibiotic free DMEM and the ODgoo measured, using medium only as a blank. The

number of CFU/ml was calculated as per the standard curve (Equation 1).

Macrophages were infected at a multiplicity if infection (MOI) of 10 CFU: 1
macrophage for 4 hours. In experiments involving 4-0I, this was added at the time of
inoculation. Following this, supernatant was removed and placed into a fresh 96 well
plate. Macrophages were then lysed using 20 pl of 0.1 % Triton X for 15 minutes. The
supernatant was then added back to the corresponding well and mixed with the cell
lysate. This was then serially diluted between 107 - 10~ and subsequently plated on LB

agar plates for CFU/ml analysis.

2.4.10 Griess assay (nitrite quantification)

Nitrite concentrations were measured using the Griess assay. Briefly, 150 ul of
cell free supernatant was added to the wells of a 96 well plate with 130 ul of water and

of 20 pl Griess reagent. The plate was then incubated for 30 minutes at room
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temperature in the dark before reading the absorbance at 540 nm. Nitrite
concentrations were calculated from the standard curve which had a range from 100

UM to 1.5 uM.

2.5 Methods for Galleria mellonella experiments

2.5.1 G. mellonella larvae

G. mellonella larvae were purchased from Livefood UK Ltd (Somerset, UK).
Larvae were housed at 14 °Cin the dark to prevent pupa formation and transformation
into the greater wax moth. Prior to experiments, larvae were weighed and those

between 0.2 — 0.3 grams were selected for studies.

2.5.2 G. mellonella model of P. aeruginosa infection

G. mellonella larvae were inoculated with 20 ul of a phosphate-buffered saline
(PBS) solution containing 5 x 102 CFU/ml to 2.5 x 103 CFU/ml thorough injection with a
27-gauge needle via the last left pro-leg (Figure 2.2). For studies involving itaconate or
4-0l, a single solution containing PAO1 and the respective treatment was administered
at time zero. Following inoculation, larvae were housed at 37 °Cin the dark until the
end of the experiment. The end point of the experiment was death, at which point the

G. mellonella appear black in colour.

Figure 2.2. Inoculation site of G. mellonella.

G. mellonella are inoculated via injection through the last left pro-leg, highlighted in this image.
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2.6 Expression and purification of recombinant human MIF

2.6.1 Bacterial culture

Transformed E. coli containing the rMIF-pET11b vector were obtained from Prof.
Richard Bucala (Yale University, United States of America) and was maintained on LB
agar plates (120). The pET11b vector confers resistance to ampicillin, which is then used
to positively select colonies containing the pET11b vector. Prior to beginning protein
expression, the bacteria were cultured in LB broth containing 50 pug/ml of ampicillin at
37 °Cfor 16 hours. Following this, individual colonies were streaked on an LB agar plate

containing 50 pg/ml of ampicillin at 37 °C for 16 hours (Figure 2.3A).

2.6.2 Colony PCR

Colony PCR was carried out to verify the presence of the rMIF-pET11b vector in
our colonies. A mastermix was prepared as per Table 2.15 in a PCR tube before the
addition of a single bacterial colony. The PCR programme was subsequently run on the
thermocycler as per Table 2.17. The resulting PCR product was then examined using

agarose gel electrophoresis.

2.6.3 Gel electrophoresis

1X TBE buffer was prepared using 5X TBE (Table 2.18) and deionised water. A 1
% agarose gel was prepared as per Table 2.18. Once the agarose has melted and cooled,
the gel was poured into the gel electrophoresis cassette, the comb was inserted and the
gel was left to set. Once set, 1X TBE buffer was poured into the horizontal gel
electrophoresis tank. 1 ul of 6X gel loading dye was mixed with 5 pl of PCR product and
then loaded into the gel along with a Quick-Load® 100 bp DNA ladder. Gel
electrophoresis was run at 120 V. The resulting gel was then visualised using a using a
gel-dock and associated software. As expected, the presence of the pET11b-MIF vector
was confirmed in all nine colonies as indicated by the presence of bands of
approximately 345 base pairs in size, with no band present in the negative control

(Figure 2.3B).
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Table 2.15. Mastermix for colony PCR.

Colony PCR Mastermix

Component Volume
MyTaq™ Red Mix 25 ul

Forward Primer (5 uM) 1ul

Reverse Primer (5 uM) 1

Nuclease Free Water 23 ul

Table 2.16. Primer sequences for human MIF insert for colony PCR.

Colony PCR Primers

Annealing

’ F ’ ! R ’
5’ Forward 3’ 5’ Reverse 3' Temperature (°C)

MIE ATATGCCGATGT TCA | CGG ATCCTG CGG CTC 55
TCGTAAACAC TTA GGC GAA GG

Table 2.17. qPCR thermal cycling profile for colony PCR.

~ pcrprofile

Temperature Time # ofC cles
1 94 °C 10 Minutes X1
Denaturation 94 °C 1 Minute
2 Annealing 55°C 1 Minute X 32
Extension 72 °C 1 Minute
3 Final Extension 72 °C 5 Minutes X1

Table 2.18. Reagents for colony PCR.

5X TBE Buffer 1 % Agarose Gel

Trizma Base 324¢g SYBR™ Safe DNA Gel Stain (10,000X)

Boric acid 165¢g Agarose 03g

EDTA 2.7g Dissolve in 30 ml of 1X TBE buffer

Dissolve in 1 L dH;0, pH8.3
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Figure 2.3. Colony PCR analysis to verify the presence of the MIF gene in transformed
E. coli containing the pET11b vector.

Colony PCR was used to verify the presence of the rMIF-pET11b plasmid in transformed E. coli.
(A) Image of 9 independent transformed E. coli stocks cultured on LB agar containing 50 ug/ml
of ampicillin to select colonies containing the rMIF-pET11b plasmid. (B) Agarose gel images of
PCR amplification products from 9 E.coli colonies containing the rMIF-pET11b vector cultures in
LB broth with 50 pug/ml of ampicillin. Lanes 1 and 12 contain Quick-Load® 100 bp DNA Ladder,
lanes 2 — 10 contain PCR products from the nine independent E. coli samples while lane 11
contains a negative control. The presence of bands in lane 2-10 at the 345 bp weight indicates
the presence of the rMIF-pET11b plasmid in all E. coli samples examined.
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2.6.4 Induction of protein expression

Following verification of the presence of the rMIF-pET11b vector, a single colony
was selected and cultured in 200 ml of LB broth containing 50 pg/mL of ampicillin
overnight at 37 °C with shaking. Add 30 ml of the overnight culture to 1 L of fresh LB
broth containing 50 pug/mL of ampicillin and incubate until the ODgoo reached 0.8. Once
the appropriate ODeoo had been reached, isopropyl B-D-1-thiogalactopyranoside was
added at a final concentration of 1 mM to induce the expression of recombinant MIF
(rMIF). The culture was then incubated for a further 5 hours. Bacteria were harvested

by centrifugation and the cell pellets were stored at -80 °C until use.

2.6.5 Protein harvesting

Prior to protein purification, the bacterial pellet was resuspended 50 ml of Buffer
A () and stirred overnight at 4 °C. To release the protein from the bacterial cells, they
were sonicated five times at 48 % power for 30 seconds with 30 second intervals. The
solution was then centrifuged at 20,000 RPM for 20 minutes. The liquid, which contains
the protein, was then poured into a volumetric flask sitting on ice, stirring with a stir
bar. Nucleic acids were precipitated out by adding 10 ul of benzonase nuclease drop by
drop and subsequently stirred for 45 minutes at 4 °C. The solution was then centrifuged
at 20,000 RPM for 20 minutes and subsequently filter sterilised using a 0.2 um filter.
The sample from this process were analysed to verify that the protein was successfully

expressed using SDS-PAGE.

2.6.6 SDS-PAGE

Samples were mixed in a 1:1 ratio with 2X SDS-PAGE sample buffer (Table 2.19.
Buffers for protein purification). Samples were then denatured by heating them to 95
°C for 15 minutes. Samples were then loaded into a 12 % Mini-PROTEAN® TGX™ precast
gel before being run at 100V for 1 hour. Following this, the gel was submerged in fixing

solution (Table 2.19) and then placed on a shaker for 15 minutes at room temperature.
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The gel was then washed three times with dH,O. The gel was then stained using

Comassie blue and subsequently de-stained using de-staining solution (Table 2.19).

MIF has a molecular weight of 37.5 kDa and is composed of three monomeric
subunits, each of 12.5 kDa in size. In the lanes containing supernatant and bacterial
debris samples that had IPGT added, lanes 2 and 5, thick bands are visible at 12.5 kDa
which are indicative of the presence of MIF monomers (Figure 2.4). In the lanes
containing supernatant and bacterial debris that did not have IPTG added, lanes 3 and

4, these bands are much smaller — most notably in lane 3.

Buffer A Fixing Solution

Tris-HCI 7.88¢g Glacial acetic acid | 100 ml
NaCl 8.76 g Methanol 500 ml
Adjust volume to 1 L with dH-0, dH.0 400 ml
pH 7.5 De-staining Solution
[ sbps | 10 | Methanol 150 ml
Tris-base 30.30g dH>0 750 ml
Glycine 144 g

Adjust volume to 1 L with dH20

Table 2.19. Buffers for protein purification
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Figure 2.4. SDS-PAGE analysis of supernatant and cell debris from transformed E. coli
liquid cultures.

SDS-PAGE was used to analyse samples of supernatant and cell debris from liquid cultures of E. coli
containing the pET11b vector. Isopropyl B- d-1-thiogalactopyranoside (IPTG) was used as an inducer of
rMIF expression. Lane 1 and lane 6 contain precision plus protein dual colour standard, lane 1 contains
induced supernatant, lane 2 contains uninduced supernatant, lane 3 contains uninduced cell debris and
lane 4 contains induced cell debris.
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2.6.7 Purification of rMIF — Anion exchange & Gel filtration

chromatography
The protein samples was loaded onto a pre-equilibrated HiPrep™ Q Fast Flow 16/10

anion exchange column which was eluted with TBS (Table 2.19). Recombinant MIF is
eluted with the flow through fractions as it does not stick to the column, so the flow
through fractions collected straight away in 5 ml volumes. The flow through fraction
was then concentrated using a 10,000 molecular weight cut off filter before being
added to a HiLoad 16/600 superdex 200pg gel filtration column and eluted with Tris-
buffered saline in numerous fractions. The purity of the fractions was verified using
SDS-PAGE as described in Section 2.6.6. Figure 2.5 shows the SDS-PAGE analysis of the
fractions eluted from the gel filtration column. Larger proteins, up to approximately 37
kDa, are eluted from the column early and are shown in lanes 2-5. In the later
fractions, lanes 6 to 9, a high concentration of smaller protein is eluted, most notably
in the 10-15 kDa region which corresponded to the size of MIF monomers. The
fractions corresponding to lanes 6 to 9 were then pooled before being concentrated

to 15 mg/ml and stored in TBS buffer at -80 °C.

84



250 kDa -

37 kDa -

15 kDa -
10 kDa -

Figure 2.5. SDS-PAGE analysis of fractions following gel filtration chromatography.

Following gel filtration chromatography, a number of sample fractions were analysed
using SDS-PAGE to identify pure fractions. Fractionation following gel filtration
chromatography. Lane 1 contains precision plus protein dual colour standard, while
lanes 2-10 contain individual sample fractions.
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2.6.8 Endotoxin removal

As the recombinant protein has been expressed using a gram-negative bacteria,
it was necessary to remove any residual LPS which may be contaminating the
recombinant MIF stock. LPS removal was achieved by passing the protein through a
Pierce™ high capacity endotoxin removal spin column. First the spin column was
equilibrated by loading it with 0.2N NaOH (Table 2.20) and placing it on a rotator
overnight at room temperature. The column was then centrifuged at 500 g for 1 minute
at 4 °C and the flow through discarded. 2M NaCl (Table 2.20) was then flushed through
the column three times by centrifuging at 500 g for 1 minute at 4 °C, and the waste
discarded. The column was then flushed with endotoxin free water. Endotoxin free
buffer (Table 2.20) was then flushed through the column three times by centrifuging at
500 g for 1 minute at 4 °C, and the waste discarded. The sample was then added to the
column which was placed on a rotator overnight at 4 °C. The sample was retrieved by
centrifuging at 500 g for 1 minute at 4 °C. LPS contamination levels were assessed using

a limulus amebocyte lysate (LAL) assay.

Endotoxin free

NaOH 8g NaCl 116.88 g buffer
Make to 1 L with Make to 1 L with NaCl 584¢g
endotoxin free water endotoxin free water Make to 1 L with

Tris-HCI buffer, pH 7

Table 2.20. Buffers for endotoxin removal from recombinant protein.

2.6.9 Limulus amebocyte lysate (LAL) Assay

An LAL assay was carried out as per the kit instructions. A standard curve was
prepared by diluting the standard provided in the kit. 50 pl of standard or sample was
added to the wells of a 96 well plate. 50 pl of LAL solution was added to the wells before

incubating at room temperature for 10 minutes. 100 ul of substrate solution was added
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to the wells and incubated for 6 minutes at 37 °C. 50 ul of stop solution was added and

the absorbance read at 405 nm.

LPS levels were measured at 0.66 EU/ml of endotoxin in samples before
endotoxin removal and 0.06 EU/ml post endotoxin removal (Figure 2.6A). The US Food
and Drug Administration state that a level of up to 0.5 EU/ml is permissible in sterile
water for human consumption. One EU is equivalent to approximately 100 picograms
of E. coli LPS. The MIF stock was prepared at 10 mg/ml prior to LAL assay analysis, in
which there was 0.06 EU/ml of LPS. For future experiments, the highest concentration
of recombinant MIF used is 100 ng/ml. This is a 100,000-fold dilution meaning a

negligible level of LPS would be present in these experiments.

2.6.10 Tautomerase assay

Briefly, L-dopachrome methyl ester was prepared with 500 ul of 40 mM L-3,4-
dihydroxyphenylalanine methyl ester and 500 pl of 80 mM sodium periodate in 4 ml of
dH>0. The solution was placed at room temperature for 5 minutes before being placed
on ice in the dark. MIF was added at a final concentration of 100 ng/ml. Absorbance
was measured using a spectrophotometer at 475 nm every 23 seconds for 10 minutes.

The recombinant protein was found to be enzymatically active (Figure 2.6B, C).
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Figure 2.6. Characterisation of purified recombinant MIF.

Purified recombinant MIF has acceptably low levels of LPS contamination and exerts
tautomerase activity against its substrate L-dopachrome. (A) Purified recombinant MIF has low
levels of LPS contamination following purification, with decreased LPS levels observed upon
filtration through a Pierce™ high capacity endotoxin removal spin column. Limulus amebocyte
lysate assay was used to quantify LPS levels. (B) Lane 1 contains PBS alone, lane 2 contains 2.4
mM L-dopachrome methyl ester while lane 3 contains 100 ng/ml recombinant MIF + 2.4 mM L-
dopachrome methyl ester. Tautomerase activity is evident through the colour change from
orange to colourless. (C) PBS alone (red), 2.4 mM L-dopachrome methyl ester alone (blue), 100
ng/ml recombinant MIF + 2.4 mM L-dopachrome methyl ester (green). The kinetic tautomerase
activity was measured using a spectrophotometer at 475nm every 20 seconds for 10 minutes.
Figures are representative of 3 independent experiments with similar results.
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2.7 Statistical analysis

All statistical analyses were carried out using GraphPad Instat Software (GraphPad
Software Inc. CA, USA). For data sets with only two experimental groups with equal
standard deviations, unpaired T tests were used to compare data sets. Statistical
significance was recorded at p<0.05. One-way analysis of variance (ANOVA) was used
to test for statistical significance between experimental groups of three or more where
there is only one independent variable. Two-way ANOVA was used was used to test for
statistical significance (two tailed analysis) between experimental groups of three or
more where there are two independent variables. Multiple comparisons between
groups were then assessed using the Tukey-Kramer post-hoc test (for parametric

analysis) or Dunn’s post-hoc test (for non-parametric analysis).

89



Chapter 3 - Investigation of the
effects of SCD-19 on macrophage
responses to Pseudomonas
aeruginosa related stimuli and P.
aeruginosa biofilm formation on

airway epithelial cells.
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3.1 Introduction

MIF is a proinflammatory cytokine that has been shown to drive of a number of
inflammatory diseases including cystic fibrosis (CF), asthma, rheumatoid arthritis and
acute respiratory distress syndrome (ARDS) (111, 114, 115, 390). MIF has also been
implicated in the pathogenesis of several viral and bacterial infections including Dengue
virus, P. aeruginosa and Streptococcus pneumoniae (111, 113, 150, 198, 199, 273, 391).
Notably, MIF/-mice exhibit enhanced clearance of intratracheally instilled P. aeruginosa
and have significantly enhanced survival in an LPS-induced endotoxic shock model,
while neutralising MIF antibodies protect from septic shock in a cecal ligation and
puncture mouse model (198, 392). MIF exerts its pro-inflammatory effects through a
variety of mechanisms including activation of the MAPK pathway, NF-kB activation,
increasing TLR4 expression and overriding the anti-inflammatory effects of
glucocorticoids, all of which promote pro-inflammatory cytokine expression (161, 167,

170-172, 176, 177).

The Donnelly Lab have developed SCD-19 which is a small molecular weight
inhibitor which targets the active site of MIF (112, 113). SCD-19 has been shown to
inhibit LPS-induced TNF-a production, which is regulated by MIF via upregulation of
TLR4 expression (112, 124, 182, 393). SCD-19 was also shown to inhibit MIF-induced
cancer cell proliferation and tumour development in vivo (112). As previously
mentioned, MIF has been shown to play a role in the pathogenesis of P. aeruginosa
infection in numerous in vitro, in vivo and patient centred studies (110, 111, 113, 150,
198). The Donnelly Lab have demonstrated that MIF tautomerase activity promotes
inflammatory damage in a model of chronic respiratory P. aeruginosa infection (111).
Most recently, we reported that MIF promotes P. aeruginosa antibiotic resistance and
biofilm formation (113). Furthermore, we demonstrated that SCD-19 represents a valid
therapeutic agent in a murine model of chronic respiratory P. aeruginosa infection

(113).

In this chapter, we aimed to investigate the inflammatory responses of
macrophages to two P. aeruginosa related antigens, heat killed P. aeruginosa (HKPA)
and planktonic P. aeruginosa filtrate (PPF). Furthermore, we aimed to examine the
effects of targeting the MIF tautomerase active site with the novel MIF inhibitor, SCD-
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19, in the context of the inflammatory response to HKPA and PPF. The Donnelly Lab
have previously developed and characterised poly(lactic-co-glycolic acid) (PLGA)
nanoparticles which contain the MIF inhibitor SCD-19 (394). Here, we examined the
efficacy of SCD-19 loaded PLGA nanoparticles to inhibit HKPA and PPF-induced pro-

inflammatory cytokine production.

In CF, P. aeruginosa biofilm formation confers antibiotic resistance and the
development of chronic infection which results in inflammatory lung damage (233,
265). Biofilm formation is a cyclical process which begins with the attachment of
planktonic bacteria to a surface which, in the context of CF, is the underlying lung
epithelium. Numerous studies have demonstrated P. aeruginosa attachment and
biofilm formation on airway epithelial cells (207, 278, 395, 396). As a result, we
hypothesised that MIF promotes P. aeruginosa attachment of epithelial cell
monolayers. In this chapter, we aimed to investigate the effect of MIF on P. aeruginosa
attachment of epithelial cell monolayers. We also examined the effect of SCD-19 on
bacterial attachment to epithelial cells. Furthermore, we investigated the effect of SCD-

19 loaded PLGA nanoparticles on P. aeruginosa attachment to airway epithelial cells.

The MIF CATT repeat polymorphism, at position -794 in the promoter region of
the MIF gene, has been implicated in a wide range of inflammatory diseases. The
Donnelly Lab has previously published studies examining the role of MIF and the CATT
repeat polymorphism in ARDS, asthma, breast cancer, CF, and rheumatoid arthritis
(110-115, 125, 390, 397). In vivo, the number of CATT repeats correlates with MIF
expression levels, with higher numbers of repeats (> 5) conferring higher expression
levels (111, 114). At present, there remains no effective murine model to investigate
the effects of the MIF CATT repeat in infection and disease in vivo. In order to address
this, we report for the first time, the generation of a humanised mouse model which
involves the replacement of the murine Mif gene with the human Mif gene. Moreover,
two distinct genotypes were developed — mice that contain 5-CATT repeats in the MIF
promoter region, and mice that contain 7-CATT repeats in the MIF promoter region. We
hypothesised that BMDMs generated from 7-CATT mice will have a more potent

inflammatory cytokine response to stimuli than 5-CATT mice. In this chapter, we
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characterised the cytokine response of 5-CATT and 7-CATT BMDMs to LPS and poly(l:C)

stimulation in vitro.
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3.2 Regulation of heat killed P. aeruginosa (HKPA) mediated
MIF, TNF-a and RANTES production by SCD-19, ISO-1 and
SCD-19 nanoparticles in RAW 264.7 cells.

Here, we investigated the cytokine response of RAW 264.7 macrophages to
HKPA stimulation, a TLR2 and TLR5 agonist. As MIF has been shown to be required for
optimal TNF-a release, TNF-a was used as a readout for NF-xB activation (198, 398).
MIF has been shown to modulate RANTES production through activation of CD74 and
subsequent c-Jun N-terminal kinase activation (399). RANTES is a chemokine that plays
a key role in pathogen clearance through the recruitment of immune cells to the site of
infection (284). RANTES production is induced following activation of numerous
transcription factors including both NF-kB and IRF3 activation (400). High levels of
RANTES has also been associated with inflammatory disorders including rheumatoid

arthritis and asthma, through the promotion of leukocyte recruitment (401).

3.2.1 HKPA stimulates TNF-a and RANTES protein production in
RAW 264.7 cells.

MIF, TNF-a and RANTES protein levels were analysed by ELISA at 6 and 24 hours
following stimulation with a gradient of HKPA (MOI 1, 10, 100). High levels of basal MIF
expression were observed at each time point (Figure 3.2A). Stimulation with a HKPA
gradient induced MIF expression at 6 hours, but not at 24 hours. Stimulation with a
HKPA gradient resulted in a dose-dependent increase in TNF-a protein at 6 and 24
hours, with a notable increase in TNF-a protein production at 24 hours (Figure 3.2B).
Similarly, stimulation with a HKPA gradient resulted in a dose-dependent increase in
RANTES protein at 6 and 24 hours, with a notable increase in RANTES protein production
at 24 hours (Figure 3.2C).

At 24 hours, HKPA (MOI 1, 10, 100) did not induce MIF protein production
(Figure 3.3A). Stimulation with HKPA at an MOI of 10 significantly increased TNF-a
protein (** p< 0.01, Figure 3.3B), as did stimulation with HKPA at an MOI of 100 (***

p< 0.001, Figure 3.3B) compared with medium cells. RANTES protein production was
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also significantly increased following 24 hour simulation with HKPA at an MOl of 10 (***
p< 0.001, Figure 3.3C) and MOI of 100 (*** p< 0.001, Figure 3.3C) compared with

medium.

3.2.2 SCD-19, but not ISO-1, modulates TNF-a and RANTES protein
production in in HKPA stimulated RAW 264.7 cells.

As we have established that effects of HKPA on the production of MIF, TNF-a
and RANTES production, we next examined the effects of small molecular weight
inhibitors of MIFs tautomerase activity on HKPA induced cytokine production. ISO-1 is
a commercially available MIF inhibitor that has been shown to inhibit the pro-
inflammatory activity of MIF and enhance survival in a murine model of sepsis (141).
SCD-19 is a novel small molecular weight inhibitor of MIFs tautomerase activity (112).
Previously, we described the inhibition of LPS driven cytokine release and inflammation
by SCD-19 (112). Furthermore, SCD-19 has been shown limit inflammatory damage in a
model of chronic respiratory P. aeruginosa infection (113). Here, we investigated the
ability of SCD-19 and ISO-1 to inhibit HKPA mediated MIF, TNF-a and RANTES protein
production in RAW 264.7 cells.

MIF, TNF-a and RANTES protein levels were analysed by ELISA at 6 and 24 hours
following stimulation with a HKPA (MOI 100) and treatment with SCD-19 (100 uM). High
levels of basal MIF expression were observed at each time point (Figure 3.4A).
Stimulation with a HKPA increased MIF protein production at 6 hours only, while with
SCD-19 gradient had no effect on HKPA mediated MIF protein production at any time
point. Treatment with SCD-19 induced MIF expression at 6 hours and 24 hours
compared with untreated cells. Stimulation with HKPA resulted in increased TNF-a
protein production at 6 and 24 hours compared with medium alone, which was
attenuated with SCD-19 treatment (Figure 3.4B). Similarly, stimulation with HKPA
resulted in increased RANTES protein production at 6 and 24 hours compared with

medium alone, which was attenuated with SCD-19 treatment (Figure 3.4C).
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MIF, TNF-a and RANTES protein levels were also analysed by ELISA at 6 and 24
hours following stimulation with a HKPA (MOI 100) and treatment with ISO-1 (100 uM).
ISO-1 treatment resulted in decreased expression of MIF protein in unstimulated cells
at all timepoints examined (Figure 3.5A). Furthermore, ISO-1 inhibited MIF expression
in HKPA stimulated cells to levels lower than that observed in unstimulated cells. ISO-1
failed to attenuate the induction of HKPA mediated TNF-a protein across all time points
(Figure 3.5B), while HKPA mediated RANTES protein production levels also remained
unchanged with ISO-1 treatment (Figure 3.5C).

At 24 hours, we demonstrated that treatment with SCD-19 significantly inhibits
HKPA mediated TNF-a protein production compared with HKPA stimulation alone (**
p< 0.01, Figure 3.6A), while ISO-1 fails to modulate HKPA induced TNF-a protein (Figure
3.6B). We also demonstrated that at 24 hours, SCD-19 treatment significantly inhibits
HKPA mediated RANTES protein production compared with HKPA stimulation alone
(*** p< 0.001, Figure 3.6C), while ISO-1 fails to modulate HKPA induced RANTES protein
(Figure 3.6D).

3.2.3 Nebulised PLGA-SCD-19 nanoparticles modulate HKPA
mediated TNF-a and RANTES protein production.

SCD-19 is a nonpolar compound and as such, must be dissolved in a solvent such
as dimethyl sulfoxide (DMSO). While this is routinely used for in vitro experiments, there
are a number of caveats associated with the use of DMSO as a vehicle. Nanoparticles
represent a modern mode of drug delivery with numerous benefits including improved
drug solubility, improved bioavailability and high biocompatibility (47). Inhalation
therapy is associated with increased pulmonary drug delivery, with numerous clinical
trials under way examining the effects of inhaled nanoparticles in a myriad of diseases

(47, 402).

The Donnelly Lab has developed and characterised the size, charge, drug release
profile, toxicity and cellular uptake of aerosolised PLGA nanoparticles containing SCD-

19 (394). These nebulised nanoparticles provide drug delivery to cells with high cellular
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uptake and limited cellular toxicity. Here, we examined the ability of SCD-19 loaded
PLGA nanoparticles to inhibit HKPA mediated TNF-a and RANTES protein production
(Figure 3.7). In order to allow time for drug release from the PLGA, nanoparticles cells
were pre-treated with a concentration gradient of drug loaded nanoparticles (50, 100,
200 uM) for 24 hours, as per the drug release profiles of these nanoparticles (394).
Treatment with PLGA nanoparticles or SCD-19 loaded PLGA nanoparticles had no
impact on basal TNF-a (Figure 3.7A) or RANTES (Figure 3.7B) levels. Treatment of cells
with SCD-19 loaded PLGA nanoparticles significantly inhibited HKPA (MOI 100)
mediated TNF-a release compared with cells treated with empty PLGA nanoparticles
and HKPA (Figure 3.7C). Furthermore, treatment of cells with SCD-19 loaded PLGA
nanoparticles significantly inhibited HKPA mediated RANTES release compared with

cells treated with empty PLGA nanoparticles and HKPA (Figure 3.7D).
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Figure 3.2. Time-course of MIF, TNF-a and RANTES protein production by RAW 264.7
macrophages following HKPA stimulation.

Levels of (A) MIF, (B) TNF-a and (C) RANTES from RAW 264.7 macrophages were assessed at 6
and 24 hours. Protein production was quantified by ELISA. Data is presented as mean + SEM of
3 independent experiments with 3 technical replicates. [Medium (red), HKPA MOI 20 (orange),
HKPA MOI 50 (green) and HKPA MOI 100 (blue)].
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Figure 3.3. HKPA stimulates MIF, TNF-a and RANTES protein production in RAW 264.7 cells at
24 hours.

RAW 264.7 murine macrophages were stimulated with HKPA at MOI 20, 50 and 100 for 24
hours. HKPA stimulates (A) MIF, (B) TNF-a and (C) RANTES protein production. Protein
production was measured by ELISA. Data is presented as mean + SEM of 3 independent
experiments with 3 technical replicates. (A) A Kruskal-Wallis Test with a Dunn’s multiple
comparison post-hoc test was used to test for statistical differences. (B, C) A One-way ANOVA
with a Tukey’s multiple comparison post-hoc test was used to test for statistical differences.
*p<0.05, **p<0.01, ***p<0.001; respective treatment compared with medium.
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Figure 3.4. Time-course of MIF, TNF-a and RANTES protein production by RAW 264.7
macrophages following HKPA and SCD-19 treatment.

Levels of (A) MIF, (B) TNF-a and (C) RANTES protein from RAW 264.7 macrophages were
assessed at 6 and 24 hours. Protein production was quantified by ELISA. Data is presented as
mean = SEM of 3 independent experiments with 3 technical replicates. [DMSO (red), 100 uM
SCD-19 (orange), HKPA (green) and SCD-19 + HKPA (blue)].
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Figure 3.5. Time-course of MIF, TNF-a and RANTES protein production by RAW 264.7
macrophages following HKPA and I1SO-1 treatment.

Levels of (A) MIF, (B) TNF-a and (C) RANTES protein from RAW 264.7 macrophages were
assessed at 6 and 24 hours. Protein production was quantified by ELISA. Data is presented as
mean + SEM of 3 independent experiments with 3 technical replicates. [DMSO (red), 100 uM
ISO-1 (orange), HKPA (green) and ISO-1 + HKPA (blue)].
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Figure 3.6. SCD-19, but not I1SO-1, modulates TNF-a and RANTES protein production in
response to HKPA stimulation at 24 hours.

RAW 264.7 murine macrophages were stimulated with HKPA at MOI 100 and treated with SCD-
19 (100 uM) or I1SO-1 (100 uM) for 24 hours. SCD-19 inhibits HKPA mediated (A) TNF-a and (C)
RANTES protein production. ISO-1 does not modulate HKPA mediated (B) TNF-a or (D) RANTES
protein production. Protein production was measured by ELISA. Data is presented as mean +
SEM of 3 independent experiments with 3 technical replicates. A One-way ANOVA with a
Tukey’s multiple comparison post-hoc test was used to test for statistical differences. **p<0.01,
***p<0.001; respective treatment compared with HKPA.
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Figure 3.7. Nebulised PLGA-SCD-19 nanoparticles modulate the production of TNF-a and
RANTES protein at 24 hours.

RAW 264.7 murine macrophages were pre-treated with a dose response (50, 100, 200 uM) of
nebulised PLGA or PLGA-SCD-19 nanoparticles for 24 hours. Following this, cells were treated
with fresh nanoparticles + HKPA (MOI 100) for a further 24 hours. Treatment with PLGA or PLGA-
SCD-19 nanoparticles alone did not impact (A) TNF-a or (B) RANTES protein levels.
Nanopackaged SCD-19 inhibits HKPA mediated (C) TNF-a and (D) RANTES release. Protein
production was measured by ELISA. Data is presented as mean + SEM of 3 biological replicates
with 3 technical replicates. (C) A One-way ANOVA with a Tukey’s multiple comparison post-hoc
test was used to test for statistical differences. (D) A Kruskal-Wallis Test with a Dunn’s multiple
comparison post-hoc test was used to test for statistical differences. *p<0.05, **p<0.01,
***p<0.001; respective treatment compared to PLGA + HKPA.
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3.3 Regulation of planktonic P. aeruginosa filtrate (PPF)
mediated MIF, TNF-a and RANTES production by SCD-19,
ISO-1 and SCD-19 Nanoparticles in RAW 264.7 cells.

Planktonic P. aeruginosa filtrate (PPF) contains a variety of diffusible products
including, but not limited to, LPS, quorum sensing molecules and bacterial DNA (388).
As such, PPF represents a crude cocktail of P. aeruginosa secreted factors that activates

a myriad of PRRs (388).

3.3.1 PPF promotes MIF, TNF-a and RANTES protein production in
RAW 264.7 cells.

Here, we investigate the effect of a concentration gradient of PPF (2.5%, 5%,
10%) on MIF, TNF-a and RANTES protein production from RAW 264.7 macrophages
(Figure 3.8) (388). MIF, TNF-a and RANTES protein levels were analysed by ELISA at 6
and 24 hours following stimulation PPF. High levels of constitutive MIF production were
observed at each time point (Figure 3.8A). Stimulation with all concentrations of PPF
increased MIF protein production at 6 hours only, while there was no difference in MIF
protein levels on PPF stimulated cells at 3 or 24 hours compared with unstimulated cells.
Stimulation with a PPF gradient resulted in a dose-dependent increase in TNF-a protein
at 6 and 24 hours, with a notable increase in TNF-a protein production at 24 hours
(Figure 3.8B). Similarly, stimulation with a PPF gradient resulted in a dose-dependent
increase in RANTES protein at 6 and 24 hours, with a notable increase in RANTES protein

production at 24 hours (Figure 3.8C).

At 24 hours, we demonstrate that PPF (2.5%, 5%, 10%) did not significantly
induce MIF protein production (Figure 3.9B). Stimulation with 2.5% PPF for 24 hours
significantly increased TNF-a release (** p<0.01, Figure 3.9B) compared with
unstimulated cells; as did 5% PPF (*** p<0.001, Figure 3.9B) and 10% PPF (** p<0.01,
Figure 3.9B). RANTES protein production was also significantly increased following 24
hour simulation with 5% PPF (* p<0.05, Figure 3.9C) and 10% PPF (* p<0.05, Figure 3.9C)

compared with unstimulated cells.
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3.3.25CD-19 and ISO-1 modulate PPF-induced TNF-a protein
production in RAW 264.7 cells.

Having established the pattern of MIF, TNF-a and RANTES protein production in
response to PPF, we subsequently examined the effects of SCD-19 and ISO-1 of PPF-
induced cytokine production. As previously described, MIF drives the expression of both
TNF-a and RANTES (198, 399). Here, we investigated the ability of SCD-19 and ISO-1 to
inhibit PPF-induced MIF, TNF-a and RANTES protein production in RAW 264.7 cells.
Furthermore, we examined the effects of SCD-19 loaded PLGA nanoparticles on the

cytokine response to PPF stimulated RAW 264.7 cells.

MIF, TNF-a and RANTES protein levels were analysed by ELISA at 6 and 24 hours
following stimulation with PPF (2.5%) and treatment with SCD-19 (100 uM) (Figure
3.10). Stimulation of cells with PPF did not induce MIF protein production at any time
point (Figure 3.10A). Treatment with PPF and SCD-19 enhanced MIF protein production
at 6 hours compared with PPF stimulated cells alone. SCD-19 treatment led to a striking
decrease in PPF-induced TNF-a at both 6 and 24 hours compared with PPF treated cells
(Figure 3.10B). SCD-19 also decreased RANTES protein production in PPF stimulated

cells compared PPF stimulated cells alone at 6 and 24 hours (Figure 3.10C).

MIF, TNF-a and RANTES protein levels were also analysed by ELISA at 6 and 24
hours following stimulation with a PPF (2.5%) and treatment with 1SO-1 (100 uM)
(Figure 3.11). Although PPF did not induce MIF expression at any timepoint examined,
cells stimulated with I1SO-1 and PPF displayed less MIF protein production than both
unstimulated and 1SO-1 stimulated cells (Figure 3.11A). Furthermore, I1SO-1 inhibited
the increase in PPF-induced TNF-a protein production observed between 6 and 24
hours (Figure 3.11B), but did not impact upon PPF-induced RANTES release at any

timepoint examined (Figure 3.11C).

At 24 hours, we demonstrated that treatment with SCD-19 significantly inhibited
PPF-induced TNF-a protein production compared with PPF stimulation alone (** p<
0.01, Figure 3.12A). ISO-1 also significantly inhibited PPF-induced TNF-a protein

production compared with PPF stimulation alone (* p< 0.05, Figure 3.12B). Both SCD-
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19 and ISO-1 failed to significantly decrease PPF-induced RANTES release (Figure 3.12C,
D).

3.3.3 Nebulised PLGA-SCD-19 nanoparticles modulate PPF-

induced TNF-a protein production.

We also examined the ability of SCD-19 loaded PLGA nanoparticles to inhibit
PPF-induced TNF-a and RANTES protein production (Figure 3.13). As before, cells were
pre-treated for 24 hours with a concentration gradient of drug loaded nanoparticles

(50, 100, 200 uM) to allow for drug release from the PLGA nanoparticles.

Treatment of cells with SCD-19 loaded PLGA nanoparticles significantly inhibited
PPF (2.5%) mediated TNF-a release compared with cells treated with empty PLGA
nanoparticles and PPF (* p<0.05, Figure 3.13A). Similarly, treatment of cells with SCD-
19 loaded PLGA nanoparticles reduced PPF-induced RANTES release compared with
cells treated with empty PLGA nanoparticles and PPF; however, this was not significant

(Figure 3.13B).
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Figure 3.8. Time-course of MIF, TNF-a and RANTES production by RAW 264.7 macrophages
following PPF stimulation.

Levels of (A) MIF, (B) TNF-a and (C) RANTES from RAW 264.7 macrophages were assessed at 6
and 24 hours. Protein production was quantified by ELISA. Data is presented as mean + SEM of
3 independent experiments with 3 technical replicates. [Medium (red), 2.5% PPF (orange), 5%
PPF (green) and 10% PPF (blue)].
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Figure 3.9. PPF stimulates TNF-a and RANTES protein production at 24 hours.

RAW 264.7 murine macrophages were stimulated with PPF (2.5%, 5%, 10%) for 24 hours. (A)
PPF stimulates MIF protein production. PPF stimulates significant (B) TNF-a and (C) RANTES
production at 24 hours. Protein production was measured by ELISA. Data is presented as mean
+ SEM of 3 independent experiments with 3 technical replicates. (B, C) A Kruskal-Wallis Test
with a Dunn’s multiple comparison post-hoc test was used to test for statistical differences.
*p<0.05, **p<0.01; respective treatments compared with medium.
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Figure 3.10. Time-course of MIF, TNF-a and RANTES protein production by RAW 264.7
macrophages following PPF and SCD-19 treatment.

Levels of (A) MIF, (B) TNF-a and (C) RANTES protein from RAW 264.7 macrophages were
assessed at 6 and 24 hours. Protein production was quantified by ELISA. Data is presented as
mean + SEM of 3 independent experiments with 3 technical replicates. [DMSO (red), 100 uM
SCD-19 (orange), 2.5% PPF (green) and SCD-19 + PPF (blue)].
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Figure 3.11. Time-course of MIF, TNF-a and RANTES production by RAW 264.7 macrophages
following PPF and I1SO-1 treatment.

Levels of (A) MIF, (B) TNF-a and (C) RANTES protein from RAW 264.7 macrophages were
assessed at 6 and 24 hours. Protein production was quantified by ELISA. Data is presented as
mean = SEM of 3 independent experiments with 3 technical replicates. [DMSO (red), 100 uM
ISO-1 (orange), 2.5% PPF (green) and ISO-1 + PPF (blue)].

111



A 40000 1 B 400007

30000 A 300004

£ c
° @
S s
2 T e z
e < 200007 o < 20000
P ;e
w uw
4 4
- 10000 A = 10000 A
* k%
0 T T 0 T T
C 100000 1 D 100000
80000 80000
£ £
@ v
2 2z
S = 600004 2 = 600004
a £ a £
w w
o0 oo
F 2 200001 F 2 400001
z2 2
< <
-4 -4
20000 200004
0 T r 0 T
o & < 4 o N < 4
&) > 4 < ) 4 4
& o N 2 & & R 2
) 2 N
o ©
S N

Figure 3.12. SCD-19 and I1SO-1 modulate PPF-induced TNF-a but not RANTES production.

RAW 264.7 murine macrophages were stimulated with 2.5% PPF and treated with SCD-19 (100
M) or ISO-1 (100 uM) for 24 hours. SCD-19 inhibits PPF-induced (A) TNF-a, but not (C) RANTES
protein production. ISO-1 inhibits PPF-induced (B) TNF-a, but not (D) RANTES protein
production. Protein production was measured by ELISA. Data is presented as mean + SEM of 3
independent experiments with 3 technical replicates. A One-way ANOVA with a Tukey’s
multiple comparison post-hoc test was used to test for statistical differences. * p<0.05,
***p<0.001; respective treatment compared with PPF.
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Figure 3.13. Nebulised PLGA-SCD-19 nanoparticles can modulate PPF-induced TNF-a and
RANTES production.

RAW 264.7 murine macrophages were pre-treated with a dose response (50, 100, 200 uM) of
nebulised PLGA or PLGA-SCD-19 nanoparticles for 24 hours. Following this, cells were treated
with fresh nanoparticles + 2.5% PPF for a further 24 hours. PLGA-SCD-19 nanoparticles inhibit
PPF-induced (A) TNF-a and (B) RANTES release. Protein production was measured by ELISA.
Data is presented as mean £ SEM of 3 biological replicates with 3 technical replicates. A One-
way ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for statistical
differences. *p<0.05; respective treatment compared with PLGA + PPF.
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3.4 MIF regulates P. aeruginosa biofilm formation on airway

epithelial cells.

Biofilm formation is employed by bacteria as a protective mechanism that has
been shown to enhance bacterial survival and antibiotic resistance, which is of
particular importance in CF (233, 258, 278). Biofilm formation is a cyclical process which
begins with initial attachment, followed by growth and maturation of microcolonies and
finally biofilm dispersion (266). Previously, we have shown that MIF promotes
inflammation in a model of chronic respiratory P. aeruginosa infection (111). We have
also shown that MIF drives P. aeruginosa biofilm formation and enhances antibiotic
resistance; with SCD-19 representing a valid therapeutic agent in a model of chronic
respiratory P. aeruginosa infection (113). P. aeruginosa biofilm formation on live airway
epithelial cells has been well documented (206, 207, 278, 396). Here, we investigated
the ability of MIF to modulate P. aeruginosa attachment to healthy and CF epithelial
cells. Additionally, we investigated the effect of targeting MIF’s tautomerase activity

with SCD-19 and SCD-19 loaded PLGA nanoparticles.

3.4.1 MIF promotes P. aeruginosa (PA01) attachment to A549
epithelial cells, while SCD-19 and PLGA-SCD-19
nanoparticles inhibit PAO1 attachment to A549 epithelial

cells.

Initially, we examined the effects of recombinant MIF on the attachment of the
lab strain, PAO1, to A549 cells, a lung adenocarcinoma cell line (Figure 3.14). A549 cells
were infected with PAO1 at MOI 30 for 1 hour before washing with PBS to remove
unadhered bacteria. Fresh antibiotic free DMEM was then added for a further 3 hours
incubation. Following this, the supernatant was removed, monolayers were gently
washed with PBS before being lysed and serially diluted and plated on LB agar plates for
CFU/ml analysis. Recombinant MIF (100 ng/ml) significantly enhanced PAO1 attachment
to A549 monolayers compared with medium alone following 4 hours of culture (**

p<0.01, Figure 3.14A). Treatment with SCD-19 (100 uM) for the duration of the
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experiment significantly decreased PAO1 attachment to A549 monolayers compared
with medium alone following 4 hours of culture (*** p<0.001, Figure 3.14B). Next, we
investigated the effects of SCD-19 loaded PLGA nanoparticles (100 uM) on PAO1
attachment to A549 cell monolayers. Cells were pre-treated for 24 hours with SCD-19
loaded PLGA nanoparticles or empty PLGA nanoparticles to allow for drug release.
Treatment of cells with SCD-19 loaded PLGA nanoparticles (100 uM) significantly
inhibited PAO1 attachment to A549 monolayers following 4 hours of culture compared

with cells treated with empty PLGA nanoparticles (vehicle) (** p<0.01, Figure 3.14C).

3.4.2 Nanopackaged SCD-19 inhibits P. aeruginosa (PAO1)

attachment to healthy and CF airway epithelial cells.

We next examined the ability of SCD-19 loaded PLGA nanoparticles to inhibit
PAO1 attachment to 16HBE14o0- human bronchial epithelial cell monolayers and
CFBE410- human CF bronchial epithelial cell monolayers (Figure 3.15). Treatment of
16HBE140- cell monolayers with SCD-19 loaded PLGA nanoparticles (100 pM)
significantly inhibited PAO1 attachment following 4 hours of culture compared with cells
treated with empty PLGA nanoparticles (vehicle) (* p<0.05, Figure 3.15A). Similarly,
treatment of CFBE41o- cell monolayers with SCD-19 loaded PLGA nanoparticles (100
M) significantly inhibited PAO1 attachment to following 4 hours of culture compared

with cells treated with empty PLGA nanoparticles (vehicle) (** p<0.01, Figure 3.15B).

3.4.3 Nanopackaged SCD-19 inhibits clinically isolated P.

aeruginosa (Cl#5436) attachment CF airway epithelial cells.

Finally, we examined the ability of SCD-19 loaded PLGA nanoparticles to inhibit
the attachment of a P. aeruginosa clinical isolate, CI#5436, which was isolated from the
airway of a CF patient, to 16HBE140- human bronchial epithelial cell monolayers and
CFBE41lo- human CF bronchial epithelial cell monolayers. These experiments were
conducted as P. aeruginosa isolates from patients have often adopted numerous

mechanisms of host adaption compared with lab strains including downregulation of
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virulence factors and increased biofilm formation (220, 254). Here, we demonstrated
that treatment of 16HBE140- cell monolayers with SCD-19 loaded PLGA nanoparticles
(100 uM) inhibited CI#5436 attachment following 4 hours of culture compared with cells
treated with empty PLGA nanoparticles (vehicle) (Figure 3.16A). We also demonstrated
that treatment of CFBE41o- cell monolayers with SCD-19 loaded PLGA nanoparticles
(100 uM) significantly inhibited CI#5436 attachment following 4 hours of culture
compared with cells treated with empty PLGA nanoparticles (vehicle) (**, p<0.01,

Figure 3.16B).
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Figure 3.14. MIF promotes P. aeruginosa (PA01) attachment to A549 epithelial cells.

(A) Recombinant MIF enhances attachment of P. aeruginosa (PA01) to A549 epithelial cells. (B)
SCD-19 (100 uM) significantly decreases attachment of PAO1 to A549 epithelial cells. (C) SCD-19
loaded PLGA nanoparticles decreases attachment of PAO1 to A549 epithelial cells. A549 airway
epithelial cell monolayers were infected with PAO1 (MOI 30) in the presence or absence of MIF
(1-100 ng/ml), SCD-19, empty PLGA nanoparticles (vehicle) or SCD-19-PLGA nanoparticles (100
uM) for 4 hours. Bacterial attachment was quantified by cell lysis and spot plating for CFU/ml
analysis. Data is presented as mean = SEM of 3 biological replicates with 4 technical replicates.
(A) A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for
statistical differences. (B, C) A two-tailed unpaired t test was used to test for statistical
significance of differences. **p<0.01, ***p<0.001; (A) respective treatment compared with
medium.
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Figure 3.15. Nanopackaged SCD-19 inhibits P. aeruginosa (PA01) attachment to healthy and
CF airway epithelial cells.

16HBE140- (A) and CFBE410- (B) epithelial cell monolayers were pre-treated with
nanopackaged PLGA-SCD-19 or PLGA alone (vehicle) for 24 hours. Cells were infected with PAO1
(MOI30) in the presence of nanopackaged PLGA-SCD-19 (100 puM) or empty PLGA nanoparticles
(vehicle) for 4 hours. Bacterial attachment was quantified by cell lysis and spot plating for
CFU/ml analysis. Data is presented as mean * SEM of 3 replicates from 3 independent
experiments. A two-tailed unpaired t test was used to test for statistical significance of
differences. *p< 0.05, **p<0.01.
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Figure 3.16. Nanopackaged SCD-19 inhibits clinically isolated P. aeruginosa (Cl#5436)
attachment CF airway epithelial cells.

(A) 16HBE140- and (B) CFBE410- epithelial cell monolayers were pre-treated with
nanopackaged PLGA-SCD-19 or PLGA alone (vehicle) for 24 hours. Cells were infected with
Cl#5436 (MOI 30) in the presence of nanopackaged PLGA-SCD-19 (100 uM) or PLGA alone
(vehicle) for 4 hours. Bacterial attachment was quantified by cell lysis and spot plating for
CFU/ml analysis. Data is presented as mean * SEM of 3 replicates from 2 independent
experiments. **p< 0.01; PLGA nanoparticles compared with PLGA-SCD-19 nanoparticles.
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3.5 Role of MIF in P. aeruginosa phagocytosis and macrophage

mediated killing.

Macrophages are innate immune cells which play a key role in the killing and
removal of pathogens (72, 74). Macrophages employ a myriad of effector mechanisms
including phagocytic killing, ROS generation and the release of antimicrobial peptides
(200, 302, 403). Here, we aimed to investigated the effect of MIF on phagocytosis and
killing of P. aeruginosa. We also sought to investigate the effect of SCD-19 on bacterial

phagocytosis and killing.

3.5.1 MIF does not impact on phagocytic uptake of P. aeruginosa,

while SCD-19 decreases phagocytic uptake.

Here, we demonstrated that a gradient of recombinant MIF (1, 10 100 ng/ml)
had no effect of PAO1 (MOI 10) phagocytosis by RAW 264.7 macrophages compared
with medium (Figure 3.17A). We also demonstrated that SCD-19 (100 uM) significantly
decreased phagocytic uptake of PAO1 compared with medium alone (vehicle) (***

p<0.001, Figure 3.17B).

3.5.2 MIF regulates macrophage mediated killing of P.

aeruginosa.

Next, we conducted experiments to examine the effect of MIF and SCD-19 on
BMDM mediated PAO1 killing. Here we demonstrated that BMDMs from MIF”/- mice
have significantly enhanced PAO1 killing compared with BMDMs from wild type mice
(** p<0.01, Figure 3.18A). In this instance, higher numbers of CFUs are indicative of
decreased bacterial killing. We also showed that SCD-19 (100 uM) significantly
enhanced bacterial killing of PAO1 by wild type BMDMs compared with medium alone
(vehicle) (* p<0.05, Figure 3.18B).
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Figure 3.17. MIF does not impact on phagocytic uptake of P. aeruginosa, while SCD-19
decreases phagocytic uptake.

(A) MIF (1, 10, 100 ng/ml) had no effect on the phagocytosis of PAO1 by RAW 264.7
macrophages. (B) SCD-19 (100 uM) decreases PAO1 phagocytosis by RAW 264.7 macrophages.
Data is presented as mean + SEM of 3 independent experiments with 3 technical replicates. (B)
An unpaired T-test was used to test for statistical significance of differences. *** p<0.001; SCD-
19 compared to DMSO.
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Figure 3.18. MIF regulates macrophage mediated killing of P. aeruginosa.

(A) MIF* BMDMs exhibit decreased bactericidal capacity against P. aeruginosa infection
compared with BMDM s derived from MIF/ mice. (B) Treatment of MIF* BMDMSs with SCD-19
(100 uM) enhanced P. aeruginosa killing. BMDMs were infected with PAO1 (MOI 10) for 4 hours.
Macrophages were then lysed and combined with the respective supernatant before spot
plating for CFU/ml analysis. Data is presented as mean + SEM of 3 biological replicates with 3
technical replicates. A two-tailed unpaired t-test was used to test for statistical significance of
differences. **p<0.01; MIF*/* compared with MIF”". *p<0.05; SCD-19 compared with DMSO.
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3.6 Characterisation of novel humanised 5-CATT and 7-CATT
murine BMDMis.

The Donnelly Lab has previously described a role for the MIF CATT microsatellite
repeat in numerous diseases including CF and rheumatoid arthritis (110, 111, 114). The
number of CATT repeats has been shown to correlate with MIF expression levels, with
individuals possessing 5, 6, 7 or 8-CATT repeats at position -794 in the promoter region
of the MIF gene (114). To date, no murine model has been developed to examine the
effects of the CATT microsatellite repeat in the promoter region of the MIF gene in vivo.
The Donnelly Lab previously commissioned the generation of 2 distinct humanised
mice, in which the murine Mif gene was replaced with the human Mif gene with either
5- or 7-CATT repeats in their promoter region. As the 5-CATT and 7-CATT mice have had
the human Mif gene inserted, they both produce human MIF protein. This has been
verified by the Donnelly Lab by using a human MIF specific ELISA kit, which facilitated
the detection of human MIF in samples from the 5- and 7-CATT mice and no detection
of MIF in samples from wild type mice (data unpublished). Here, we describe the in vitro

characterisation of BMDMs generated from 5-CATT and 7-CATT mice.

3.6.1 Examination of the production of MIF, TNF-a, KC and
RANTES protein in LPS stimulated 5-CATT and 7-CATT
BMDM:s.

In this study, we examined the production of MIF, TNF-a, RANTES and the
murine IL-8 homolog, KC, by BMDMSs from 5-CATT and 7-CATT humanised MIF mice.
MIF has been shown to promote expression of TNF-a , RANTES and the murine IL-8
homolog, KC (198, 399, 404, 405). Here, we isolated and cultured primary BMDMs in
vitro and subsequently stimulated these cells with increasing doses of LPS (1, 10 100
ng/ml) for 24 hours. LPS (1 ng/ml) significantly decreased human MIF protein
production in 5-CATT BMDMs (* p<0.05, Figure 3.19A) compared with medium, while
LPS (1, 10, 100 ng/ml) significantly decreased human MIF protein production in 7-CATT
BMDMs (*** p<0.001, Figure 3.19B) compared with medium. Notably, 7-CATT BMDMs
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had higher levels of MIF protein production than 5-CATT BMDMs under all conditions
(Figure 3.19A-B).

TNF-a protein was significantly increased in 5-CATT BMDMs stimulated with 1
ng/ml of LPS (** p<0.01, Figure 3.19C), 10 ng/ml of LPS (*** p<0.001, Figure 3.19C) and
100 ng/ml of LPS (*** p<0.001, Figure 3.19C) compared with medium. Similarly, LPS (10,
100 ng/ml) stimulated 7-CATT BMDMs exhibit significantly increased TNF-a protein
production compared with unstimulated cells (*** p<0.001, Figure 3.19D). TNF-a
protein production was higher in unstimulated and LPS stimulated (10, 100 ng/ml) 7-
CATT BMDMs compared with 5-CATT BMDMs under equivalent conditions (Figure
3.19C-D).

Similarly, KC protein was significantly increased in 5-CATT BMDMs stimulated
with LPS (1, 10, 100 ng/ml) compared with medium (*** p<0.001, Figure 3.19E). KC
protein production was significantly increased in 7-CATT BMDMs stimulated with 1
ng/ml of LPS (* p<0.05, Figure 3.19F), 10 ng/ml of LPS (*** p<0.001, Figure 3.19F) and
100 ng/ml of LPS (*** p<0.001, Figure 3.19F) compared with medium. As with TNF-q,
KC protein production was higher in unstimulated and LPS stimulated (10, 100 ng/ml)
7-CATT BMDMs compared with 5-CATT BMDMs under equivalent conditions (Figure
3.19E-F).

Similarly, RANTES protein was significantly increased in 5-CATT BMDMs
stimulated with LPS (1, 10, 100 ng/ml) compared with medium (*** p<0.001, Figure
3.19G). RANTES protein production was significantly increased in 7-CATT BMDMs
stimulated with 10 ng/ml of LPS (* p<0.05, Figure 3.19H) and 100 ng/ml of LPS (***
p<0.001, Figure 3.19H) compared with medium. As with TNF-a and KC, RANTES protein
production was higher in unstimulated and LPS stimulated (1, 10, 100 ng/ml) 7-CATT
BMDMs compared with 5-CATT BMDMs under equivalent conditions (Figure 3.19G-H).
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3.6.2 Examination of the production of MIF, TNF-oc and RANTES
protein in poly(l:C) stimulated 5-CATT and 7-CATT BMDM:s.

We also examined the cytokine responses of 5-CATT and 7-CATT BMDMs to
stimulation with poly(1:C) (0.1, 1, 10 pug/ml) for 24 hours (Figure 3.20). Stimulation with
poly(I:C) (0.1, 1, 10 pg/ml) had no effect on human MIF protein production in 5-CATT
BMDMs compared with unstimulated cells (Figure 3.20A). In 7-CATT BMDMs, 24 hour
stimulation with 10 pg/ml of poly(l:C) significantly decreased human MIF protein levels
compared with unstimulated cells (*** p<0.001, Figure 3.20B). 7-CATT BMDMs had
higher levels of MIF protein production compared with 5-CATT BMDMs under
equivalent conditions (unstimulated; 0.1, 1, 10 pg/ml of poly(l:C)) (Figure 3.20A-B).

TNF-a protein was significantly increased in 5-CATT BMDMs stimulated with 10
ug/ml of poly(l:C) (* p<0.05, Figure 3.20C) compared with medium. Similarly, 10 pug/ml
of poly(l:C) induced significant TNF-a protein production in 7-CATT BMDMSs compared
with unstimulated cells (*** p<0.001, Figure 3.20D). TNF- a protein production levels
were higher in 7-CATT BMDMs compared with 5-CATT BMDMs under equivalent
conditions (unstimulated; 0.1, 1, 10 pg/ml of poly(l:C)) Figure 3.20C-D).

RANTES protein was significantly increased in 5-CATT BMDMs following
stimulation with 1 pg/ml of poly(l:C) (*** p<0.001, Figure 3.20E) and 10 pg/ml of
poly(l:C) (*** p<0.001, Figure 3.20E) compared with medium. RANTES protein
production was significantly increased in 7-CATT BMDMs stimulated with 10 pg/ml of
poly(l:C) (*** p<0.001, Figure 3.20F) compared with medium. As with MIF and TNF-q,
RANTES protein production levels were higher in 7-CATT BMDMSs compared with 5-CATT
BMDMs under equivalent conditions (unstimulated; 0.1, 1, 10 pug/ml of poly(l:C)) (Figure
3.20E-F).
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Figure 3.19. Characterisation of the effect of the 5-CATT and 7-CATT micro-satellite repeat on
LPS induced MIF, TNF-a, KC and RANTES protein production in BMDMs from 5-CATT and 7-
CATT mice.

Basal levels of MIF protein production levels were lower in (A) 5-CATT BMDM s than (B) 7-CATT
BMDMs. 5-CATT BMDMs stimulated with LPS (1, 10,100 ng/ml) for 24 hours produced lower
levels of MIF protein that 7-CATT BMDMs. Basal levels of TNF- a protein production levels were
lower in (C) 5-CATT BMDMs than (D) 7-CATT BMDMs. LPS stimulation for 24 hours increased
TNF-a, KC and RANTES protein production levels in 5-CATT BMDMs (C,E,G) and also in 7-CATT
BMDMs, to a greater extent (D,F,H). Protein production was measured by ELISA. Data is
presented as mean + SEM of 3 biological replicates with 3 technical replicates. (A, C, D, F) A
Kruskal-Wallis Test with a Dunn’s multiple comparison post-hoc test was used to test for
statistical differences. (B, E, G, H) A One-way ANOVA with a Tukey’s multiple comparison post-
hoc test was used to test for statistical differences. *p<0.05, **p<0.01, ***p<0.001; respective
treatment compared with medium.
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Figure 3.20.Characterisation of the effect of the 5-CATT and 7-CATT micro-satellite repeat on
poly(l:C)-induced MIF, TNF-a and RANTES protein production in BMDMs from 5-CATT and 7-
CATT mice.

5-CATT BMDMs stimulated with poly(1:C) (0.1, 1, 10 pug/ml) for 24 hours produced lower levels
of MIF protein that 7-CATT BMDMs. poly(l:C) stimulation for 24 hours increased TNF-a and
RANTES protein production levels in 5-CATT BMDMs (C, E) and also in 7-CATT BMDMs, to a
greater extent (D,F). Protein production was measured by ELISA. Data is presented as mean +
SEM of 3 biological replicates with 3 technical replicates. (B, C, D) A Kruskal-Wallis Test with a
Dunn’s multiple comparison post-hoc test was used to test for statistical differences. (E, F) A
One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for
statistical differences. *p<0.05, **p<0.01, ***p<0.001; respective treatment compared with
medium.
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3.7 Discussion

In this chapter, we investigated the relationship between MIF and two key facets
of CF disease; P. aeruginosa induced inflammation and P. aeruginosa biofilm formation.
CF is a multisystemic disease caused by defects in the CFTR with implications for the
gastrointestinal, reproductive and respiratory systems (2-5). Most notably, CF patients
develop a series of intermittent respiratory infections before the development of
chronic infection, with P. aeruginosa being the most commonly isolated pathogen (2,
35, 37). Ultimately, CF patients progress to end-stage lung disease as a result of over
exuberant inflammation and chronic infection, resulting in the need for a lung
transplant (219). As such, new therapies directed at decreasing inflammation and

preventing the establishment of chronic infection represent an unmet clinical need.

A plethora of research exists which implicates MIF as a driver of the
pathogenesis of P. aeruginosa infection, highlighting the potential of MIF as a valid
therapeutic target. MIF/- mice effectively clear intratracheally instilled P. aeruginosa
and exhibit decreased pulmonary neutrophil recruitment compared with MIF*/* mice
(198). In a model of ocular keratitis, MIF/~ mice exhibit improved P. aeruginosa
clearance, decreased neutrophil infiltration, and decreased inflammatory responses
compared with wild type mice; an effect which was reversed upon topical application
of recombinant MIF to infected corneas (150). Pharmacological inhibition of MIF with
the small molecular weight inhibitor, 4-IPP, inhibited P. aeruginosa cellular invasion and
P. aeruginosa induced cytokine expression compared with infected mice treated with
vehicle only (150). The Donnelly Lab previously demonstrated that MIF tautomerase
activity promotes P. ageruginosa induced inflammatory damage in a model of chronic
respiratory infection (111). Furthermore, we previously demonstrated that MIF also
promotes P. aeruginosa biofilm formation (113). Finally, our lab has demonstrated that
CF patients with high levels of MIF expression exhibit earlier P. aeruginosa colonisation
and a more rapid decline in lung function compared with those with low MIF expression

levels (110, 111).

In this chapter, we aimed to examine the induction of pro-inflammatory
responses in HKPA and PPF stimulated macrophages, and the regulation of this

response by inhibitors of MIF. We demonstrated that both HKPA and PPF stimulation

128



induced significant production of TNF-a and RANTES. TNF-a production was induced
upon NF-kB activation, while RANTES production was upregulated upon NF-xB and IRF3
activation (398, 400). HKPA activates both TLR2 and TLR5, both of which converge upon
NF-kB activation (73). PPF contains a myriad of secreted products including, but not
limited to, LPS, quorum sensing molecules and bacterial DNA (388). Thus, PPF is capable
of activating a myriad of PRRs including both TLRs and cytosolic sensors. Notably, MIF
regulates the production of both TNF-a and RANTES (198, 399).

We hypothesised that SCD-19 would limit the induction HKPA and PPF-induced
pro-inflammatory responses. SCD-19 is a small molecular weight inhibitor of MIF’s
tautomerase activity that has been shown to limit LPS-induced inflammation in vitro
and P. aeruginosa induced inflammation in vivo (112, 113). Here, we report for the first
time that SCD-19 significantly decreased HKPA mediated TNF-a and RANTES production.
Furthermore, SCD-19 also significantly decreased PPF-induced TNF-a production. In CF,
irreversible lung damage occurs as a result of excessive inflammation which is
contributed to by P. aeruginosa associated PAMPs. The ability of SCD-19 to inhibit the
induction of pro-inflammatory cytokines by both HKPA and PPF adds weight to previous
studies from our laboratory that established that SCD-19 represented a candidate
therapeutic agent for the treatment of P. aeruginosa induced inflammation (Figure

3.21) (113).

The use of nanotechnology in medicine is a rapidly evolving field, with a large
increase in the development of nanoparticles as a vehicle for drug delivery to the lung
(47, 406). Nanoparticles offer numerous benefits including targeted drug delivery,
improved drug stability and limitations in systemic toxicity (47). To date, an estimated
40% of commercially available drugs and 90% of drugs in development are poorly water-
soluble (47, 407). Solubility of therapeutic agents is a key factor which is required to
achieve desired concentrations of drug in systemic circulation necessary for optimal
pharmacological response. Drugs which are poorly water-soluble require higher doses
in order to reach therapeutic plasma concentrations after oral administration compared
with water soluble compounds (408). As with most drugs in development, SCD-19 is
poorly water miscible. As a result, the Donnelly Lab have recently synthesised and

characterised SCD-19 loaded PLGA nanoparticles (394). The use of PLGA nanoparticles
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is an attractive option as they have high levels of biodegradability and biocompatibility,
low levels of toxicity and enable targeted drug delivery (409). PLGA is also approved by
the FDA and European Medicine Agency (EMA) for the use in drug delivery systems for
parenteral administration (409). The packaging of SCD-19 in PLGA nanoparticles
overcomes the issue of poor water-solubility and enables the therapy to be delivered
using water or saline as a vehicle (394). These nanoparticles have been optimised for
nebulisation using the Aerogen® Solo nebuliser (394). The Aerogen® Solo nebuliser
utilises a vibrating mesh in order to nebulise produce a low velocity aerosol optimised
for targeted drug delivery to the lungs (410). Furthermore, they exhibit limited toxicity,
high levels of cellular uptake and high levels of stability. They also are the optimal size
for deep lung deposition, with the majority of nebulised nanoparticles reaching the

deep lung in experiments utilising a human breathing simulator (394).

In this chapter, we detail for the first time the effective application of nebulised
SCD-19 loaded PLGA nanoparticles in decreasing pro-inflammatory cytokine production
induced by P. aeruginosa related antigens. SCD-19 loaded PLGA nanoparticles
effectively inhibit the induction of TNF-a by PPF, and both TNF-a and RANTES by HKPA
in macrophages. These results are extremely promising when coupled with the low
toxicity, high stability and high levels of cellular uptake of SCD-19 loaded PLGA
nanoparticles (394). Furthermore, these nebulised nanoparticles are suitable for
delivery via inhalation with the majority of nanoparticles depositing within the area of

deep lung (394).

We believe that these nanoparticles represent a potential anti-inflammatory
therapy for the treatment of P. aeruginosa induced inflammation (Figure 3.21).
However, it is important to note that complete ablation of an inflammatory response is
not the ultimate goal, as a fine balance exists between lowering the levels of cytokines
to a level that does not result in inflammatory damage, and that which results in
immunocompromised phenotype. For example, there is an increased risk of viral,
bacterial and fungal infection in patients receiving anti-TNF therapy for the treatment
of chronic inflammatory diseases (411). As such, further in vivo studies need to be
conducted to verify these nanoparticles would not tip the delicate balance towards an

immunocompromised phenotype. In future studies, we would like to examine the effect
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of these nebulised nanoparticles in a model of chronic respiratory P. aeruginosa

infection.

As previously mentioned, the Donnelly Lab has demonstrated that MIF
promotes P. aeruginosa biofilm formation (113). This finding was significant as biofilm
formation is one of the main mechanisms which facilitates antibiotic resistance and
chronic infection in CF (21, 23, 37). However, these experiments examined P.
aeruginosa biofilm formation on non-living surfaces (113). To date, it has remained
unclear if the observed effect would remain the same in the context of biofilm
formation on airway epithelial cells; the surface on which biofilms develop within the
lung (412). In order to address this, we utilised a system whereby we examined the
development of P. aeruginosa on airway epithelial cell monolayers. This system takes
into account the crosstalk that occurs between the bacterial and host cells (209). Our
experiments revealed, for the first time, that recombinant human MIF significantly
enhances biofilm formation of PAO1 on airway epithelial cell monolayers. Following on
from this, we hypothesised that SCD-19 may be able to inhibit the increase in MIF
mediated biofilm formation. We demonstrated that SCD-19 significantly inhibited PAO1
biofilm formation on airway epithelial cell monolayers compared with those treated
with the vehicle control. This is the first description of an inhibitor of MIF being used to

inhibit P. aeruginosa biofilm formation.

One of the difficulties associated with the treatment of infections in CF is
resistance which develops as a result of poor biofilm penetration of antibiotics (413).
Nanoparticles have been shown to enhance the efficacy of antibiotics against biofilm
infections (414). Nanoparticles have the advantage of being small enough to penetrate
and diffuse through thick biofilm ECM, enabling the antibiotics to come into contact
with the underlying bacteria (47, 415). In a phase |l clinical trial, CF patients with chronic
P. aeruginosa infection received treatment with inhaled amikacin sulfate encapsulated
in a liposomal nanoparticle, or placebo (415). The authors concluded that packaging
amikacin sulfate in liposomal nanoparticles maximises the delivery of the antibiotic
agent to the lung via nebulisation, enhances biofilm penetration and improves the

bioavailability of the drug at the site of infection (415). These benefits were achieved all
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while increasing the half-life of the compound within the lungs and limiting systemic

toxicity, due to the inhaled route of delivery (415).

With the benefits of inhaled nanoparticles in mind, we examined the ability of
SCD-19 loaded PLGA nanoparticles to inhibit P. aeruginosa attachment to airway
epithelial cells. We demonstrated for the first time the SCD-19 loaded PLGA
nanoparticles inhibited the attachment of both lab strain and a clinically isolated P.
aeruginosa to healthy and CF bronchial epithelial cell monolayers. This result is
important, as in this chapter we have demonstrated both anti-inflammatory and anti-
biofilm formation characteristics of these nanoparticles; two key characteristics which
are of interest in the treatment of infections in CF. Furthermore, the SCD-19 loaded
PLGA nanoparticles are optimised for nebulised delivery and deep lung deposition.
Overall, we believe that these nanoparticles represent a potential adjunctive therapy in
combination with conventional antibiotic therapies to decrease P. aeruginosa biofilm

formation and limit P. aeruginosa induced inflammatory damage (Figure 3.21).

As previously described, MIF promotes P. aeruginosa colonisation, decreases
bacterial clearance and promotes an aggressive disease phenotype in CF patients (110,
111, 198). In this chapter, we examined the effect of MIF on macrophage mediated
bacterial killing. Macrophages play a key role in the innate immune response to
infection and act to kill and remove pathogens. Macrophages utilise a number of
effector mechanisms to clear infections including phagocytic killing, ROS generation and
the release of antimicrobial peptides (42-44). We hypothesised that MIF would inhibit
macrophage mediated killing, and that SCD-19 would enhance the bactericidal capacity
of macrophages against P. aeruginosa. We have shown that recombinant MIF
recombinant MIF had no effect of PAO1 phagocytosis by macrophages. However, using
MIF deficient macrophages we demonstrated that MIF inhibits macrophage mediated
P. aeruginosa killing. SCD-19 was also shown to decrease phagocytic uptake of PAO1
and enhance macrophage mediated bacterial killing. In this instance, decreased
phagocytosis may occur due to enhanced bacterial killing and thus lower bacterial

numbers.

While these experiments give an insight into the effect of MIF and its targeting
using SCD-19 on macrophage phagocytosis and bacterial killing, it is important to note
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that it does not offer an explanation on the mechanism of bacterial killing. Further
research is necessary to ascertain the mechanism of killing, for example, increased ROS
production or enhanced antimicrobial peptide production. It may also be the case that
the antibacterial phenotype of the macrophage itself remains unchanged upon MIF or
SCD-19 treatment, while the phenotype of the bacteria adapts to impact macrophage

mediated killing.

Finally, in this chapter we detailed for the first time the characterisation of
BMDMs from humanised mice in which the murine Mif gene was removed and replaced
with the human Mif gene with either 5 or 7-CATT repeats in the promoter region. A
large body of work has implicated the MIF CATT microsatellite repeat in numerous
diseases including CF, rheumatoid arthritis and cancer, with the number of CATT repeats
correlating with MIF expression levels and consequently disease development and
severity (110, 111, 114, 416). To date, there has been no description of the generation
of a humanised murine model to examine the effects of the CATT microsatellite repeat.
In order to address this, the Donnelly Lab previously commissioned the generation of

two distinct humanised mice, described as 5-CATT and 7-CATT mice.

In this chapter, we detailed the cytokine response of BMDMs generated from 5-
CATT and 7-CATT mice and stimulated with LPS and poly(l:C). Poly(l:C) is a double
stranded RNA analogue, which activates TLR3 on the cell surface and endosomal
membrane, while LPS initiates an immune response by binding to TLR4 located
extracellularly on the cell membrane (417, 418). Both TLR3 and TLR4 activation results
in the activation of NF-kB and IRF3, with subsequent induction of pro-inflammatory
cytokine production (418, 419). We analysed protein levels of TNF-a, RANTES and the
murine IL-8 homolog, KC; all of which are regulated by MIF (198, 399, 404, 405). We
hypothesised that the level of pro-inflammatory cytokine production would be higher

in BMDMs from 7-CATT mice than 5-CATT mice following stimulation.

The first key observation in these experiments was that constitutive levels of
MIF, and also MIF levels in LPS stimulated and poly(l:C) stimulated 7-CATT BMDMs were
higher than those observed in 5-CATT BMDMs. This is important, as the functionality of

the mice relies on the fact that the 7-CATT mice express higher levels of MIF compared
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with the 5-CATT mice. It is important to note that as this a humanised mouse, these
mice produced human MIF and not murine MIF, as previously verified by the Donnelly
Lab (data unpublished). In LPS stimulated cells, we observed the induction of TNF-q,
RANTES and KC, as expected. The concentration of all three cytokines under these
conditions was higher in 7-CATT BMDMs, as hypothesised. We also observed the
induction of TNF-a and RANTES in poly(l:C) stimulated cells. The induction of these
cytokines was higher in 7-CATT BMDMs compared with 5-CATT BMDMs. These results
demonstrated for the first time the cytokine responses of BMDMs from the CATT mice
to LPS and poly(l:C). These results are promising as the cytokine responses are in
agreement with those observed in human patients, with 7-CATT mice having increased
MIF levels and subsequent higher TNF-a, RANTES and KC protein levels other pro-
inflammatory cytokines compared with 5-CATT mice (110, 114, 198, 399, 404, 405).
These results suggested that the humanised mice are functional, although further
characterisation is required. MIF has been shown to regulate TLR4 expression, counter
regulate the anti-inflammatory effects of glucocorticoids and promote HIF-1a
stabilisation among a myriad of other effects (176, 182, 193, 194). Investigating
differences in these characteristics in the 5-CATT and 7-CATT mice would shed further
light on the functionality of the CATT mice. Should these experiments also indicate
functionality, these mice are a valuable tool for investigating the effects of the CATT

microsatellite repeat in numerous diseases in vitro and in vivo.

Overall, in this chapter we have demonstrated that inhibition of MIF, using SCD-
19 loaded PLGA nanoparticles, effectively decreased P. aeruginosa-induced
inflammatory cytokine production and early P. aeruginosa biofilm formation on
epithelial cell monolayers. Furthermore, we demonstrated that MIF inhibited
macrophage-mediated P. aeruginosa killing, while SCD-19 promoted bacterial killing.
These results illustrated the validity of SCD-19 as a therapeutic agent in CF.
Furthermore, we detailed the characterisation of macrophages from the novel
humanised 5-CATT and 7-CATT mice, which may be used in future studied to examine

the effects of the CATT microsatellite repeat.
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Figure 3.21. Proposed benefits of SCD-19/ SCD-19 nanoparticles in CF.

HKPA and PPF induce the production of TNF-a, MIF and RANTES protein. MIF promotes P.
aeruginosa biofilm formation of airway epithelial cells. SCD-19 and SCD-19 nanoparticles inhibit
HKPA and PPF-induced TNF-a and RANTES production and P. aeruginosa biofilm formation of
airway epithelial cells. SCD-19 also promotes macrophage mediated P. aeruginosa killing.
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Chapter 4 - Investigation of the
effects of 4-octyl itaconate and
endogenous itaconate on the
cellular response to
lipopolysaccharide and heat killed

P. aeruginosa.
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4.1 Introduction

Itaconate is an anti-bacterial and immunomodulatory metabolic by-product of
the citric acid (TCA) cycle. Production of itaconate is mediated by cis-aconitate
decarboxylase (Acod1), also known as immunoresponsive gene 1 (Irgl), which converts
cis-aconitate to itaconate (359). The most prominent examples of the upregulation of
itaconate are in LPS stimulated and Mycobacterium tuberculosis (M. tb) infected murine
macrophages (365, 367). More recently, upregulation of Irgl mRNA expression has
been described in response to a variety of stimuli including poly(l:C) and TNF-a and also
in response to live infection with Staphylococcus aureus, Escherichia coli and Zika virus

(330, 383, 420-423).

The immunomodulatory effects of itaconate has been the subject of much
ongoing research. Interestingly, there has been no description of an itaconate
transporter or receptor. To date, there have been only a limited number of reports of
exogenous itaconate entering the cytoplasm of macrophages and adipocytes after 48-
72 hours of exposure (369, 370). As a result, synthetic cell permeable derivatives have
been developed. Experiments conducted using the cell permeable itaconate derivative,
dimethyl itaconate (DI), demonstrated the inhibition of reactive oxygen species (ROS),
nitric oxide (NO), IL-6 and IL-1B production in LPS stimulated macrophages (327). DI
exhibits electrophilic properties due to the nature of the structure of the compound
which enhances the likelihood that observed effects are independent of itaconate
(424). Consequently, 4-octyl itaconate (4-Ol) was developed as a compound which is
cell permeable, less electrophilic than DI and more akin to itaconate. 4-Ol has been
shown to inhibit IL-1B and iNOS mRNA and protein in LPS stimulated macrophages (330,
360). Furthermore, 4-0l also inhibits nitrite, IL-18 ,TNF-a, IL-6 production in an LPS
lethality model (330, 360).

The development of Irgl”" mice has enabled researchers to examine the effects
of endogenous itaconate in innate immunity (351, 425). Stimulation of Irgl” BMDMs
with LPS and IFN-y results in significantly higher levels of IL-12p70 and NO compared
with Irg1*+ cells (327). Irgl”- BMDMs stimulated with LPS results in significantly higher

levels of IL-6, IL-1B and HIF-1a protein compared with Irg1*/* cells, while TNF-a protein
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levels do not differ, demonstrating that itaconate does not simply promote a uniform

shutdown of the inflammatory response (327).

Itaconate exerts anti-inflammatory effects through a number of mechanisms of
action. Firstly, itaconate has been shown to inhibit succinate dehydrogenase (SDH)
(374). SDH oxidises succinate and also part on the electron transport chain, both of
which promote the generation of reactive species and inflammation (295). Inhibition of
SDH has been demonstrated in LPS stimulated Irgl”’- BMDMs, which have significantly
lower levels of succinate accumulation compared with Irgl** cells, indicating that
itaconate promotes SDH inhibition (327, 351). A second mechanism of itaconates anti-
inflammatory effects is through nuclear factor erythroid 2-related factor 2 (Nrf2)
induction (375, 426). Irgl deficient macrophages display impaired activation of Nrf2
(426). 4-Ol induces production of the master antioxidant transcription factor Nrf2 which
initiates transcription of downstream antioxidant genes including NAD(P)H Quinone
Dehydrogenase 1 (Ngol), Glutamate-Cysteine Ligase Modifier (Gclm), Glutathione
Reductase (Gsr) and Heme Oxygenase 1 (Hmox1) (424, 427). Promotion of antioxidant
effectors reduces levels of ROS, which results in less HIF-1a stabilisation and decreased

HIF-1a dependant inflammatory cytokine expression (424).

As previously mentioned, MIF is a pro-inflammatory cytokine that has been
shown to promote the pathogenesis of a number of inflammatory diseases including
cystic fibrosis (CF), asthma, rheumatoid arthritis and acute respiratory distress
syndrome (111, 114, 115, 390). MIF promotes inflammation through activation of the
MAPK pathway, NF-kB activation, increasing TLR4 expression and overriding the anti-
inflammatory effects of glucocorticoids all of which promote pro-inflammatory cytokine
expression (161, 167, 170-172, 176, 177, 182). Furthermore, MIF has been shown to be
required for optimal HIF-1a stabilisation (193, 194). Activation of HIF-1la mediated
signalling has been shown to result in alterations in gene expression involved in pro-

inflammatory cytokine production and cellular metabolism (183, 188, 189, 191, 192).

In LPS stimulated macrophages, the metabolism of activated cells shifts towards
aerobic glycolysis, also known as the Warburg effect (334-338). Glycolysis is essential

for activated immune cells to enable replication and serves to support phagocytosis and
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anti-bacterial functions (318, 339). HIF-1a has been shown to promote expression of
proteins involved in glycolytic processing, while HIF-1a”" cells fail to switch to this
Warburg metabolism (343-345). Pharmacological inhibition of glycolysis with 2-
deoxyglucose (2-DG) has been shown to limit macrophage activation and inflammation
in vivo (185, 333, 340, 341). Furthermore, in LPS stimulated macrophages there is
dysregulation of the TCA cycle whereby there is accumulation of succinate and citrate
as a result of decreased activity of their respective processing enzymes (185, 328).
Excess citrate is then processed for fatty acid synthesis and itaconate production (327,

328, 348, 349).

There are several overlapping effects of MIF and itaconate, respectively. MIF has
been shown to regulate TLR4 expression, which induces Irgl expression when
stimulated with LPS (182, 351). Furthermore, MIF is required for HIF-1a stabilisation
which is essential for Warburg metabolism and mediates the anti-inflammatory effects
of itaconate (193, 194, 318, 339). As such, we hypothesised that MIF may play a
mechanistic role in the immunomodulatory effects of itaconate and 4-OI (Figure 4.1).
We proposed that MIF drives HIF-1a and TLR4 expression. In MIF deficient cells, we
hypothesised that levels of Irgl mRNA will be lower following LPS stimulation compared
with wild type cells, due to lower levels of TLR4 expression (182). Furthermore, we
believed that the effects of 4-Ol would be limited in MIF deficient cells as one of the
main mechanisms of 4-0l is inhibition of HIF-1a stabilisation, which has been shown to

be reduced in MIF deficient cells (193).

In CF, irreparable damage to the lungs occurs as a result of chronic infection and
consequent chronic inflammation (21, 233, 265). The most commonly isolated
pathogen from the CF lung is Pseudomonas aeruginosa (P. aeruginosa) (35). Our lab has
previously demonstrated a key role for MIF in the promotion of inflammation and
disease severity in CF (110, 111). In CF, chronic lung inflammation results in irreversible
tissue destruction and as such there is a major unmet clinic need for the development
of anti-inflammatory therapies (6, 219). We hypothesised that 4-Ol may modulate
cellular responses to LPS and heat killed P. aeruginosa (HKPA), which may be of benefit

in the development of a novel anti-inflammatory therapy for the treatment of CF.
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In this chapter, we examined the effects of MIF on the immunoregulatory

activity of the exogenous itaconate analogue, 4-Ol. Furthermore, we examined the
effects of both 4-Ol and endogenous itaconate on the macrophage response to LPS and
HKPA stimulation. Finally, we investigated the effects of 4-Ol on HKPA and LPS

stimulated primary murine lung fibroblasts, key structural cells within the lung
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Figure 4.1. Hypothesised effects of MIF on itaconate and 4-Ol.

MIF binds to its receptor complex CD74/CD44 which promotes NF-kB activation, HIF-1a
stabilisation and increased TLR4 expression. Enhanced TLR4 expression promotes increased Irgl

expression and itaconate production following LPS stimulation.
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4.2 MIF does not regulate the effects of 4-Ol on LPS stimulated

bone marrow derived macrophages.

Here, we investigated the effect of MIF on the immunoregulatory effects of
itaconate. MIF is a key regulator of innate immunity, while Irgl mRNA expression and
itaconate production are significantly upregulated in both human and murine activated
macrophages (124, 180, 182, 330, 351, 358, 359, 364-367). MIF has been shown to
regulate TLR4 expression, which induces Irgl expression when stimulated with LPS (182,
351). Furthermore, MIF is required for HIF-1a stabilisation, a key protein involved in the
immunoregulatory effects of 4-0I1 (193, 194, 330, 339). LPS stimulation of macrophages
results in enhanced glycolysis and the induction a pro-inflammatory phenotype, with
concurrent Irg1 expression and itaconate expression, in a HIF-1a dependant manner
(185, 330, 428). As such, we hypothesised that MIF may play a mechanistic role in the

immunomodulatory effects of itaconate and 4-0OI.

4.2.1 4-Ol modulates LPS induced TNF-a and KC protein
production in BMDMs from MIF** and MIF/- mice.

Here, we examined the effects of 4-Ol on LPS induced TNF-a and KC protein
production in MIF** and MIF/- BMDMs. 4-Ol is cell permeable derivative of itaconate
and has been shown to limit LPS induced IL-1B , while having no effect on TNF-a protein

expression in MIF** BMDM s (330).

Here, we demonstrated that LPS (100 ng/ml) stimulation for 24 hours
significantly increased TNF-o protein production in both MIF* and MIF/~ BMDMs
compared with DMSO treatment (*** p<0.001, Figure 4.3A, B). Furthermore, treatment
with 4-0OI (125 uM) had no effect on LPS mediated TNF-a protein production in both
MIF** and MIF- BMDMs compared with LPS treatment (Figure 4.3A, B). LPS stimulation
for 24 hours also significantly increased KC protein production in both MIF*+ (***
p<0.001, Figure 4.3C) and MIF/- BMDM s (** p<0.01, Figure 4.3D) compared with DMSO

treatment. 4-0l treatment significantly increased LPS mediated KC protein production
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compared with LPS in MIF*/* (+ p<0.05, Figure 4.3C) and MIF/- BMDMs (++ p<0.01,

Figure 4.3D) compared with LPS treatment.

4.2.2 LPS stimulation induces Irg1 mRNA expression, while 4-0OI
regulates LPS induced RANTES and IL-1B mRNA expression in
BMDMs from MIF** and MIF/- mice.

Here, we demonstrated that LPS (100 ng/ml) stimulation induced significant
RANTES mRNA expression in MIF*/* (*** p<0.001, Figure 4.4A) and MIF/- BMDMS (***
p<0.001, Figure 4.4B) compared with DMSO treatment after 24 hours of stimulation. 4-
Ol (125 uM) treatment significantly inhibited LPS induced RANTES compared with LPS
in MIF* BMDMs (+ p<0.05, Figure 4.4A) and MIF/- cells (+ p<0.05, Figure 4.4B)

compared with LPS treatment.

LPS stimulation for 24 hours significantly increased IL-1 mRNA expression in
both MIF** (*** p<0.001, Figure 4.4C) and MIF/- BMDMs (* p<0.05, Figure 4.4D)
compared with DMSO. Treatment with LPS and 4-Ol significantly decreased LPS induced
IL-1B mRNA expression compared with LPS in MIF*/* (+ p<0.05, Figure 4.4C) and MIF/
BMDMs (+ p<0.05, Figure 4.4D).

We also demonstrated that LPS stimulation significantly increased expression of
Irgl mRNA in MIF** BMDMs after 24 hours (*** p<0.001, Figure 4.4E). Furthermore,
we demonstrated that LPS stimulation significantly increased expression of Irgl mRNA

in MIF/- BMDMs after 24 hours (*** p<0.001, Figure 4.4F).

4.2.3 Regulation of Gclm, Gsr, Hmox1 and Ngo1l mRNA expression
by 4-0Ol in LPS stimulated BMDMs from MIF** and MIF/-

mice.

Previously, 4-Ol has been shown to promote Nrf2 expression levels and
subsequently induce expression of antioxidant genes including Gclm, Gsr, Hmox1 and

Ngol which are downstream of Nrf2 (330, 429).
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Here, we demonstrated that treatment of MIF*/* BMDMs with 4-0OI (125 pM) for
24 hours increased the expression of Gclm mRNA (Figure 4.5A), Gsr mRNA (Figure 4.5C),
Hmox1l mRNA (Figure 4.5E) and Nqol mRNA (Figure 4.5G) compared with DMSO
treatment, although this increase was not significant. A similar trend was observed in
MIF/- BMDMs whereby 4-Ol increased expression of Gclm mRNA (Figure 4.5B), Hmox1
mRNA (Figure 4.5F) and Ngol mRNA (Figure 4.5H), although this was not significant
compared with DMSO treatment. Gsr mRNA expression was significantly increased in 4-
Ol treated MIF/- BMDMs compared with DMSO (* p<0.05, Figure 4.5D). Co-stimulation
with LPS (100 ng/ml) and 4-Ol significantly increased expression of Gclm (+ p<0.05,
Figure 4.5A) and Ngo1 (+ p<0.05, Figure 4.5G) mRNA in MIF*/* BMDMs compared with
LPS. Ngol mRNA expression was also significantly increased in MIF/-BMDMs treated

with 4-0l and LPS compared with LPS (+ p<0.05, Figure 4.5H).

These results demonstrated that MIF does not regulate Irgl mRNA expression

or play a role in 4-Ol mediated responses to LPS.
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Figure 4.3. Effect of 4-Ol on LPS induced TNF-a and KC protein production in BMDMs
from MIF*/* and MIF/- mice.

BMDMs from MIF** and MIF/- mice were stimulated with LPS (100 ng/ml) in the presence or
absence of 4-0l (125 uM) for 24 hours. Protein production was measured by ELISA. TNF-a
protein was measured in supernatant from (A) MIF*/* and (B) MIF/- BMDMs. KC protein was
measured in supernatant from (C) MIF*/* and (D) MIF- BMDMs. Data is presented as mean +
SEM of 3 independent experiments with 3 technical replicates. A One-way ANOVA with a
Tukey’s multiple comparison post-hoc test was used to test for statistical differences. ** p<
0.01, *** p<0.001; respective treatment compared with DMSO. + p<0.05, ++ p<0.01; respective
treatment compared with LPS.
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Figure 4.4. Effect of 4-Ol on LPS induced RANTES, IL-1B and Irgl mRNA expression in
BMDMs from MIF*/* and MIF/- mice.

BMDMs from MIF** and MIF/- mice were stimulated with LPS (100 ng/ml) in the presence or
absence of 4-0Ol (125 uM) for 24 hours. mRNA levels were quantified using gPCR analysis.
RANTES mRNA levels were measured in (A) MIF*/* and (B) MIF”- BMDMs. IL-13 mRNA was
measured in (C) MIF** and (D) MIF”- BMDMs. Irgl mRNA was measured in (E) MIF** and (F)
MIF7 BMDMs. mRNA levels were standardised per unit of B-actin. Results are expressed as a
relative fold increase compared with DMSO. Data is presented as mean + SEM of 3 independent
experiments with 3 technical replicates. (A, B, E, F) A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences (C, D) A Kruskal-Wallis test
with Dunn’s multiple comparison post-hoc test was used to test for statistical differences. *
p<0.05, *** p<0.001; respective treatment compared with DMSO. + p<0.05; respective
treatment compared with LPS.
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Figure 4.5. Effect of 4-Ol on Gclm, Gsr, Hmox1 and Nqol mRNA expression in LPS
stimulated BMDMs from MIF*/* and MIF/- mice.

Ngqol mRNA
(Relative Fold Increase)
Ngol mRNA
(Relative Fold Increase)

BMDMs from MIF** and MIF’- mice were stimulated with LPS (100 ng/ml) in the presence or
absence of 4-0I (125 uM) for 24 hours. mRNA levels were quantified using gPCR analysis. mRNA
levels of (A, B) GcIm, (C, D) Gsr, (E, F) Hmox1 and (G, H) Ngo1 in MIF* and MIF”"BMDMs. mRNA
levels were standardised per unit of B-actin. Results are expressed as a relative fold increase
compared with DMSO. Data is presented as mean + SEM of 3 independent experiments with 3
technical replicates. (A, E, F) A Kruskal-Wallis test with Dunn’s multiple comparison post-hoc
test was used to test for statistical differences. (D) A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences. * p<0.05: respective
treatment compared with DMSO. + p<0.05: respective treatment compared with LPS.
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4.3 MIF does not regulate the effects of 4-Ol on poly(l:C)
stimulated BMDMs.

Here, we investigated the effect of MIF on the immunoregulatory effects of
itaconate in poly(l:C) stimulated macrophages. MIF is a key regulator of the
inflammatory response, while Irgl mRNA expression and itaconate production are
significantly upregulated in poly(l:C) stimulated macrophages (124, 180, 182, 330, 358).
We hypothesised that MIF may play a role in the immunoregulatory effects of itaconate

in poly(l:C) stimulated macrophages.

4.3.1 Poly(I:C) stimulation induces Irg1 mRNA expression, while 4-
Ol regulates poly(I:C) induced RANTES and IL-1 mRNA

expression in BMDMs from MIF** and MIF/- mice.

We examined the effects of 4-OI on poly(l:C) induced RANTES and IL-1f mRNA
expression. Here, we demonstrated that poly(l:C) (10 pg/ml) stimulation for 24 hours
significantly increased RANTES mRNA expression in MIF** (*** p<0.001, Figure 4.6A)
and MIF/- BMDMS (** p<0.01, Figure 4.6B) compared with DMSO treatment. 4-Ol (125
1M) significantly inhibited poly(l:C) induced RANTES in MIF** BMDMs (+++ p<0.001,
Figure 4.6A) compared with poly(l:C), but not in MIF7- BMDMs (Figure 4.6B).

Poly(l:C) stimulation also significantly increased IL-13 mRNA expression in both
MIF*/* (** p<0.01, Figure 4.6C) and MIF/- BMDMs (** p<0.01, Figure 4.6D) compared
with DMSO treatment. 4-0Ol significantly decreased poly(l:C) mediated IL-1 mRNA
expression compared with poly(1:C) in MIF*/* (+ p<0.05, Figure 4.6C) and MIF/-BMDMs
(+ p<0.05, Figure 4.6D).

We also demonstrated that poly(l:C) stimulation significantly increased
expression of Irgl mRNA in MIF/* BMDM s after 24 hours (*** p<0.001, Figure 4.6E)
compared with medium. Furthermore, poly(l:C) stimulation significantly increased

expression of Irgl mRNA in MIF/- BMDMs after 24 hours (** p<0.01, Figure 4.6F).
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4.3.2 Regulation of Geclm, Gsr, Hmox1 and Ngqo1 mRNA expression
by 4-0l in poly(I:C) stimulated BMDMSs from MIF** and MIF
/- mice
As previously mentioned, 4-OI has been shown to promote Nrf2 expression

levels and subsequently induce expression of antioxidant genes including Gclm, Gsr,

Hmox1 and Ngol which are downstream of Nrf2 (330, 429).

We examined the ability of 4-Ol to upregulate the expression antioxidant genes
which are downstream of Nrf2 in poly(l:C) stimulated macrophages. Stimulation of
BMDMs with poly(l:C) and 4-Ol significantly increased expression of Gclm mRNA
compared with poly(1:C) alone in MIF** (+ p<0.05, Figure 4.7A) and MIF/- cells (+ p<0.05,
Figure 4.7B). Similarly, stimulation of MIF*/* and MIF/- BMDMs with poly(l:C) and 4-Ol
increased expression of Gsr mRNA(Figure 4.7C, D) , Hmox1 mRNA(Figure 4.7E, F) and
Ngol mRNA (Figure 4.7G, H) compared with poly(l:C) treatment, although this was not

significant.

These results demonstrated that MIF does regulate Irgl mRNA expression or

play a role 4-0Ol mediated response to poly(l:C).
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Figure 4.6. Effect of 4-Ol on poly(l:C) induced RANTES, IL-1B and Irgl mRNA expression
in BMDMs from MIF*/* and MIF/- mice.

BMDMs from MIF** and MIF/- mice were stimulated with poly(l:C) (10 pg/ml) in the presence
or absence of 4-OI (125 uM) for 24 hours. mRNA levels were quantified using qPCR analysis.
RANTES mRNA levels were measured in (A) MIF*/* and (B) MIF”- BMDMs. IL-18 mRNA was
measured in (C) MIF** and (D) MIF- BMDMs. Irgl mRNA was measured in (E) MIF** and (F)
MIF- BMDMs mRNA levels were standardised per unit of B-actin. Results are expressed as a
relative fold increase compared with DMSO. Data is presented as mean + SEM of 3 independent
experiments with 3 technical replicates. (A) A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences. (B-F) A Kruskal-Wallis test
with Dunn’s multiple comparison post-hoc test was used to test for statistical differences. ** p<
0.01, *** p<0.001; respective treatment compared with DMSO. + p<0.05, +++ p<0.001;
respective treatment compared with poly(l:C).
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Figure 4.7. Effect of 4-Ol on Gclm, Gsr, Hmox1 and Ngqol mRNA expression in poly(l:C)
stimulated BMDMs from MIF*/* and MIF/- mice.

BMDMs from MIF** and MIF/* mice were stimulated with poly(l:C) (10 pg/ml) in the presence
or absence of 4-0I (125 uM) for 24 hours. mRNA levels were quantified using gPCR analysis.
mRNA levels of (A, B) GcIm, (C, D) Gsr, (E, F) Hmox1 and (G, H) Ngo1 in MIF*/* and MIF/"BMDM:s.
MRNA levels were standardised per unit of B-actin. Results are expressed as a relative fold
increase compared with DMSO. Data is presented as mean + SEM of 3 independent experiments
with 3 technical replicates. (A) A Kruskal-Wallis test with Dunn’s multiple comparison post-hoc
test was used to test for statistical differences. (B) A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences. + p<0.05; respective
treatment compared with poly(l:C).
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4.4 Time course to investigate the effects of 4-Ol on the
production of TNF-a and RANTES in HKPA stimulated RAW
264.7 cells.

As 4-Ol has been shown by us and others to modulate the inflammatory
response to LPS and poly(l:C) (Figure 4.3 - Figure 4.7), we were interested in examining
the immunomodulatory effects of 4-0l in the context of HKPA stimulation. Here, we
investigated the cytokine response of RAW 264.7 macrophages to HKPA stimulation, a
TLR2 and TLR5 agonist, and the modulation of these cytokines by 4-Ol. RAW 264.7 cells

were used for preliminary experiments before progressing to BMDMs.

TNF-a is a pro-inflammatory cytokine that plays an important role in the immune
response with effector functions including apoptosis, cell activation, induction of
inflammatory cytokine production and recruitment of inflammatory cells to sites of
infection (430). RANTES is a chemokine that recruits immune cells to sites of infection

to promote pathogen clearance, but also inflammation (400, 401).

TNF-a and RANTES protein levels were analysed by ELISA at 6 and 24 hours
following stimulation with HKPA (MOI 100) in the presence or absence of 4-0Ol (125 uM).
Stimulation with HKPA induced TNF-a protein production at 6 and 24 hours, which was
abrogated in cells stimulated with HKPA and 4-Ol together at both 6 and 24 hours
(Figure 4.8A). TNF-a protein production was significantly induced by HKPA compared
with DMSO (*** p<0.001, Figure 4.8A), while 4-Ol inhibited HKPA mediated TNF-a
protein production (++ p<0.01, Figure 4.8A). Similarly, stimulation with HKPA induced
RANTES protein production at 6 and 24 hours, with 4-0Ol inhibiting HKPA induced
RANTES protein production at 24 hours in cells treated with both 4-Ol and HKPA (Figure
4.8B). RANTES protein production was significantly induced by HKPA compared with
DMSO treatment (*** p<0.001, Figure 4.8B), while 4-Ol inhibited HKPA mediated
RANTES protein production (+ p<0.05, Figure 4.8B).

These results demonstrate for the first time that 4-Ol modulates the induction

of pro-inflammatory cytokines by HKPA in RAW 264.7 cells.
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Figure 4.8. Time course of TNF-a and RANTES protein production by RAW 264.7
macrophages following HKPA and 4-Ol treatment.

Secreted levels of (A) TNF-a and (B) RANTES from RAW 264.7 macrophages were assessed at 6
and 24 hours. Protein production was quantified by ELISA. Data is presented as mean + SEM of
3 independent experiments with 3 technical replicates. [DMSO (red), 4-Ol (orange), HKPA
(green) and HKPA + 4-0OI (blue); 4-01, 125 uM; HKPA, MOI 100]. A One-way ANOVA with a
Tukey’s multiple comparison post-hoc test was used to test for statistical differences. ***
p<0.001; HKPA compared with DMSO at 24 hours. + p<0.05, ++ p<0.01; HKPA compared with 4-
Ol + HKPA at 24 hours.
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4.5 Regulation of the responses of BMDMs to HKPA stimulation

by endogenous itaconate and 4-Ol.

We have established that 4-Ol can modulate the inflammatory response to
HKPA stimulation in RAW 264.7 cells (Figure 4.8). Next, we examined the role of
endogenous itaconate and 4-0l in the modulation of the inflammatory response to LPS

and HKPA using BMDMs from Irg1*/* and Irgl”- mice.

4.5.1 4-0I, but not endogenous itaconate, modulates LPS induced
nitrite, TNF-a and KC protein production in BMDMs from
Irg1*/* and Irg1”/~ mice.

Here, we showed that LPS (100 ng/ml) stimulation induced significant TNF-a
protein production in Irg1*/* (*** p<0.001, Figure 4.9A) and Irg1”- (*** p<0.001, Figure
4.9B) BMDMs following 24 hours of stimulation, as expected. Treatment of cells with 4-
Ol (250 pM) significantly inhibited LPS induced TNF-a protein production in lrgl*/* (++
p<0.01, Figure 4.9A) and Irgl’- BMDMs (++ p<0.01, Figure 4.9B) compared with LPS

following 24 hours of stimulation. Levels of TNF-a induced by LPS were very similar in

both genotypes.

LPS stimulation also induced significant KC protein production in Irgl*/* (***
p<0.001, Figure 4.9C) and Irgl”" (*** p<0.001, Figure 4.9D) BMDMs following 24 hours
of stimulation compared with DMSO treatment. Treatment of cells with 4-0l
significantly enhanced LPS induced KC protein production in lrg1*/* (+++ p<0.001, Figure
4.9C) and Irgl”- BMDMs (+++ p<0.001, Figure 4.9D) following 24 hours of stimulation,
in line with our previous data (Figure 4.3). As with TNF-a, KC protein levels were similar

across the two genotypes.

We next examined the induction of nitrite production following LPS stimulation.
Nitrite quantification is used as a method of indirectly quantifying reactive nitrogen
species as nitrite is formed from the oxidisation of nitric oxide (NO) (431). NO mediates

cytotoxic and inflammatory effects trough the formation of peroxynitrite and
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subsequent oxidative reactions with lipids, DNA and proteins (432). As expected, LPS
significantly induced nitrite production in Irgl** BMDMs following 24 hours of
stimulation compared with DMSO treatment (*** p<0.001, Figure 4.9E). 4-Ol treatment
significantly inhibited LPS induced nitrite production in Irgl** BMDMs after 24 hour
stimulation compared with LPS (+++ p<0.001, Figure 4.9E). This data is in agreement
with published data which demonstrated 4-Ol-mediated inhibition of LPS-induced
nitrite production (330). These authors hypothesised that 4-Ol limited the production
of nitrite, a reactive nitrogen species, due to upregulation of antioxidant genes as a
result of Nrf2 induction (330). LPS stimulation also significantly induced nitrite
production in Irgl”- BMDM s following 24 hours of stimulation compared with DMSO
treatment (*** p<0.001, Figure 4.9F), which was abrogated in cells simultaneously
treated with LPS and 4-OI (+++ p<0.001, Figure 4.9F). Surprisingly, LPS induced notably
higher levels of nitrite in Irg1*/* BMDMs compared with Irgl”-BMDMs.

4.5.2 4-0I, but not endogenous itaconate, modulates HKPA
induced nitrite, TNF-a and KC protein production in BMDMs

from Irg1*/* and Irg1”/- mice.

We also examined the role endogenous itaconate in the modulation of the
inflammatory response to HKPA. As we seen in RAW 264.7 cells (Figure 4.8A), HKPA
(MOI 100) stimulation induced significant TNF-a protein production after 24 hours of
stimulation in Irgl** BMDMs compared with DMSO (*** p<0.001, Figure 4.10A).
Treatment of cells with 4-Ol (250 uM) significantly inhibited HKPA induced TNF-a
protein production in Irgl** BMDMs (+++ p<0.001, Figure 4.10A). Similarly, HKPA
stimulation induced significant TNF-a protein production after 24 hours of stimulation
in Irgl”- BMDMs compared with DMSO (*** p<0.001, Figure 4.10B). Treatment of cells
with 4-0l significantly inhibited HKPA induced TNF-a protein production in Irgl”
BMDMs (+++ p<0.001, Figure 4.10B). In addition, protein production levels were

notably similar within treatments between genotypes.

HKPA stimulation induced significant KC protein production in lrgl*/* (***
p<0.001, Figure 4.10C) and Irgl”" (*** p<0.001, Figure 4.10D) BMDMs following 24
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hours of stimulation compared with DMSO treatment. Treatment of cells with 4-Ol
significantly increased HKPA mediated KC protein production in Irgl*/* (+++ p<0.001,
Figure 4.10C) and Irgl” BMDMs (+++ p<0.001, Figure 4.10D) following 24 hours of

stimulation. As with TNF-a, KC protein levels were similar across the two genotypes.

HKPA stimulation significantly induced nitrite production in Irgl** BMDMs
following 24 hours of stimulation compared with DMSO (*** p<0.001, Figure 4.10E). 4-
Ol treatment significantly inhibited HKPA induced nitrite production in Irg1*/* BMDMs
after 24 hour stimulation (+++ p<0.001, Figure 4.10E). To our knowledge, this data is

the first description of 4-Ol inhibiting HKPA mediated nitrite production.

HKPA stimulation also significantly induced nitrite production in Irgl”- BMDMs
following 24 hours of stimulation compared with DMSO (** p<0.01, Figure 4.10F), which
was abrogated in cells simultaneously treated with HKPA and 4-01 (250 uM) (++ p<0.01,
Figure 4.10F). It is important to note that HKPA induced notably higher levels of nitrite
in Irgl** BMDMs compared with Irgl”- BMDMs, which was in agreement with our

results observed in LPS stimulated cells.

4.5.3 4-0! induces Nrf2 protein expression and inhibits HKPA-

induced pro-IL-18 protein expression in wild type BMDMs.

We next examined the effects of 4-Ol on HKPA-induced Nrf2 and pro-IL-1
protein expression in wild type BMDMs. Here we demonstrated that 4-OI (250 uM)
induced Nrf2 production after 24 hours of stimulation (Figure 4.11A, B). We also
demonstrated for the first time that HKPA stimulation induced pro-IL-1B protein

production, which was inhibited with 4-Ol treatment after 24 hours (Figure 4.11C, D).

Overall, this data demonstrated that 4-Ol modulated the production of both LPS
and HKPA induced inflammatory mediators in both Irg1** and Irgl”- BMDMs. However,
our data suggested that endogenous itaconate does not play a major role in these

responses.
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Figure 4.9. Effect of 4-Ol on LPS induced nitrite, TNF-a and KC protein production in
BMDMs from Irgl*/* and Irgl”/- mice.

BMDMs from Irg1*/* and Irg1l”" mice were stimulated with LPS (100 ng/ml) in the presence or
absence of 4-0l (250 uM) for 24 hours. Protein expression was measured by ELISA. TNF-a
protein production was measured in supernatant from (A) Irgl** and (B) Irgl” BMDMs. KC
protein production was measured in supernatant from (C) Irgl** and (D) Irgl” BMDMs.
Reactive nitrogen species were measured indirectly by quantifying nitrite production in
supernatant using Griess reagent. Nitrite levels were measured in (E) Irgl** and (F) Irgl”
BMDMs. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. *** p<0.001; respective treatment compared with DMSO. ++
p<0.01, +++ p<0.001; respective treatment compared with LPS.
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Figure 4.10. Effect of 4-Ol on HKPA-induced nitrite, TNF-a and KC protein production
in BMDM s from Irg1*/* and Irgl”- mice.

BMDM s from Irg1*/* and Irg1” mice were stimulated with HKPA (MOI 100) in the presence or
absence of 4-0l (250 uM) for 24 hours. Protein expression was measured by ELISA. TNF-a
protein production was measured in supernatant from (A) Irg1** and (B) Irgl” BMDMs. KC
protein production was measured in supernatant from (C) Irgl*’* and (D) Irgl” BMDMs.
Reactive nitrogen species were measured indirectly by quantifying nitrite production in
supernatant using Griess reagent. Nitrite levels were measured in (E) Irgl** and (F) Irgl”
BMDMs. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. ** p<0.01, *** p<0.001; respective treatment compared with
DMSO. ++ p<0.01, +++ p<0.001; respective treatment compared with HKPA.
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Figure 4.11. 4-Ol induces Nrf2 protein expression and inhibits HKPA-induced pro-IL-
1B protein expression in wild type BMDMs.

BMDMs from wild type mice were stimulated with HKPA (MOI 100) in the presence or absence
of 4-01 (250 uM) for 24 hours. (A, B) Nrf2 and (C, D) pro-IL-1B protein levels were analysed by
Western blot. Western blot image is representative of 3 independent experiments. Imagel
software was used to obtain densitometry data. For densitometry, protein levels were
standardised per unit of B-actin. Results are expressed as a relative fold increase compared with
DMSO. Data is presented as mean + SEM of 3 independent replicates.
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4.6 Investigation of the effects of a 4-Ol concentration gradient
on the responses of primary murine lung fibroblasts to LPS

and HKPA stimulation

Lung fibroblasts function to produce and secrete the extracellular matrix (ECM)
within the lung. The ECM is composed of a number of fibrous proteins, glycoproteins,
and proteoglycans that form the non-cellular structure of the lung. The function of lung
fibroblasts is to promote structural integrity and also wound healing and repair (433).
The deposition of ECM results in the formation of stiff fibrotic scars which inhibit the
efficiency of gaseous exchange (434). Chronic infection, inflammation and subsequent
repair results in the development of scar tissue (433). In CF, chronic infection precedes
the development of fibrosis impacting the gaseous exchange capabilities within the
lung, resulting in the need for lung transplantation (435). Fibroblasts also play a role in
promoting inflammation and can produce pro-inflammatory cytokines including TNF-a,
IL-6, IL-8, RANTES and pro-IL-1B, contributing to inflammatory damage within the lung

and subsequent fibrotic scar development (434, 436).

Here, we examined the inflammatory responses of primary lung fibroblasts from
wild type mice to LPS and HKPA stimulation, and the respective effects of 4-Ol on these

responses.

4.6.1 4-0Ol requlates LPS-induced TNF-a and RANTES protein

production in primary murine lung fibroblasts.

Here, we reported that LPS (100 ng/ml) induced significant TNF-a protein
production in wild type primary lung fibroblasts after 24 hours of stimulation compared
with DMSO (*** p<0.001, Figure 4.12A). We also report, for the first time, that 4-Ol at
all concentrations used (62.5, 125, 250 uM) significantly inhibited LPS induced TNF-a
protein production compared with LPS alone (+++ p<0.001, Figure 4.12A). LPS
stimulation also induced significant RANTES protein production in wild type primary
lung fibroblasts after 24 hours of stimulation compared with DMSO (*** p<0.001,
Figure 4.12B). In this instance, 4-Ol did not modulate LPS induced RANTES protein

production in wild type primary lung fibroblasts (Figure 4.12B).
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4.6.2 4-0l regulates HKPA-induced TNF-a and RANTES protein

production in induced in primary murine lung fibroblasts.

We also examined the induction of pro-inflammatory cytokines by HKPA in wild
type primary lung fibroblasts. Here, we reported that HKPA (MOl 100) induced
significant TNF-a protein production in primary lung fibroblasts after 24 hours of
stimulation compared with DMSO (*** p<0.001, Figure 4.13A). Here we also reported,
for the first time, that 4-0Ol (250 uM) inhibited HKPA mediated TNF-a protein production
in wild type primary lung fibroblasts after 24 hours of stimulation compared with HKPA
alone (+++ p<0.001, Figure 4.13A). HKPA stimulation also induced significant RANTES
protein production in wild type primary lung fibroblasts after 24 hours of stimulation
compared with DMSO (*** p<0.001, Figure 4.13B). HKPA mediated RANTES protein
production was significantly inhibited upon treatment of cells with 62 uM, 125 uM and
250 uM 4-0l (+++ p<0.001, Figure 4.13B) respectively compared with HKPA alone.

4.6.3 4-0I regulates LPS-induced pro-IL-18 protein expression in

primary murine lung fibroblasts.

LPS (100 ng/ml) stimulation significantly induced pro-IL-1B protein production
in wild type primary lung fibroblasts after 24 hours of stimulation compared with DMSO
(*** p<0.001, Figure 4.14B). We also report, for the first time, the significant inhibition
of LPS mediated pro-IL-1f protein production by 125 uM (++ p<0.01, Figure 4.14B) and
250 uM (+++ p<0.001, Figure 4.14B) compared with LPS in primary lung fibroblasts.
Stimulation with HKPA (MOI 100) for 24 hours did not induce any production of pro-IL-

1B protein in wild type primary lung fibroblasts (Figure 4.14B).

4.6.4 4-0l induces Nrf2 protein expression in primary murine lung

fibroblasts.

Finally, we examined Nrf2 protein production levels in wild type primary lung

fibroblasts. Treatment of cells with 125 uM 4-0I significantly increased Nrf2 protein
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production compared with DMSO (* p<0.05, Figure 4.15A, B), as did treatment with 250
UM (* p<0.05, Figure 4.15A, B). In LPS stimulated cells, 4-OI did not significantly increase
Nrf2 protein expression (Figure 4.15B). In HKPA stimulated cells, treatment with 125
UM 4-0lI significantly increased Nrf2 protein expression compared with HKPA alone (+

p<0.05, Figure 4.15B).

Overall, this data demonstrates that 4-Ol can modulate the production of
inflammatory cytokines and Nrf2 protein not only in innate immune cells, but also in

structural cells of the lung.
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Figure 4.12. TNF-a and RANTES protein production is in induced in LPS stimulated
primary murine lung fibroblasts, while 4-Ol modulates LPS induced TNF-a expression.

Stimulation of primary murine lung fibroblasts with LPS (100 ng/ml) induces (A) TNF-a and (B)
RANTES protein production respectively following 24 hours of stimulation. 4-01 (62.5, 125, 250
UM) treatment significantly inhibits (A) LPS induced TNF-a protein expression, but not (B)
RANTES following 24 hours of treatment. Protein production was quantified by ELISA. Data is
presented as mean + SEM of 3 independent experiments with 3 technical replicates. A One-way
ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for statistical
differences. *** p<0.001: DMSO compared with LPS; +++ p<0.001: respective treatment
compared with LPS.
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Figure 4.13. TNF-a and RANTES protein production is induced in primary murine lung
fibroblasts by HKPA, with 4-Ol capable of modulating both HKPA induced TNF-a and
RANTES expression.

Stimulation of primary murine lung fibroblasts with TLR2/TLR5 agonist HKPA (MOI 100) induces
(A) TNF-a and (B) RANTES protein production respectively following 24 hours of stimulation. 4-
Ol (62.5, 125, 250 uM) treatment significantly inhibits HKPA induced (A) TNF-a and (B) RANTES
protein expression following 24 hours of stimulation. Protein expression was quantified by
ELISA. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. (A) A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. A Kruskal-Wallis test with Dunn’s multiple comparison post-hoc
test was used to test for statistical differences. *** p<0.001; DMSO compared with HKPA. +++
p<0.001; HKPA compared with respective treatment.
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Figure 4.14. Effect of 4-Ol on LPS and HKPA mediated pro-IL-1f3 protein expression in
wild type primary lung fibroblasts.

Primary lung fibroblasts from wild type mice were stimulated with LPS (100 ng/ml) or HKPA
(MOI 100) in the presence or absence of 4-0l (62.5, 125, 250 uM) for 24 hours. (A) Pro-IL-1B
protein expression in both LPS and HKPA stimulated cells. (B) Densitometry for LPS and 4-Ol
treated cells. Pro-IL-1B protein levels were analysed by Western blot. Western blot image is
representative of 3 independent experiments. Imagel software was used to obtain
densitometry data. For densitometry, protein levels were standardised per unit of B-actin.
Results are expressed as a relative fold increase compared with DMSO. (B) Data is presented as
mean + SEM of 3 independent replicates. A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences. *** p<0.001; respective
treatment compared with DMSO. ++ p<0.05, +++ p<0.001; respective treatment compared with
LPS.
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Figure 4.15. Effect of 4-Ol on LPS and HKPA mediated Nrf2 protein expression in wild
type primary lung fibroblasts.

Primary lung fibroblasts from wild type mice were stimulated with LPS (100 ng/ml) or HKPA
(MOI100) in the presence or absence of 4-01 (62.5, 125, 250 uM) for 24 hours. (A) Nrf2 protein
expression in both LPS and HKPA stimulated cells. (B) Densitometry for LPS and 4-Ol treated
cells. (C) Densitometry for HKPA and 4-Ol treated cells. Nrf2 protein levels were analysed by
Western blot. Western blot image is representative of 3 independent experiments. Image)
software was used to obtain densitometry data. For densitometry, protein levels were
standardised per unit of B-actin. Results are expressed as a relative fold increase compared with
DMSO. (B, C) Data is presented as mean + SEM of 3 independent replicates. A One-way ANOVA
with a Tukey’s multiple comparison post-hoc test was used to test for statistical differences. *
p<0.05; respective treatment compared with DMSO. + p<0.05; respective treatment compared
with HKPA.
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4.7 Discussion

In this chapter, we examined the immunomodulatory role of 4-OI and the
endogenous itaconate in the context of: (i) LPS stimulation (ii) Poly (I:C) stimulation and
(iii) HKPA stimulation. Itaconate has been described as a critical immunomodulatory
metabolite, playing a pivotal role in the inflammatory response to synthetic stimuli and
both viral and bacterial infections (330, 351, 361, 375, 383, 424). Upregulation of Irgl
mRNA and itaconate expression was first reported in the context of LPS stimulated
macrophages (358, 359, 364). ltaconate limits inflammation through a variety of
mechanisms. Inhibition of SDH by itaconate has been demonstrated, which limits the
inflammation which occurs due to the generation of reactive species caused by
succinate oxidation and the electron transport chain (295, 351, 374). Itaconate also
promotes anti-inflammatory effects is through upregulation of Nrf2 which promotes
the transcription of downstream antioxidant genes, while Irgl deficient macrophages
display impaired lack of activation of Nrf2 (375, 426). 4-Ol also induces production of
Nrf2 and initiates transcription of downstream antioxidant genes including Ngo1, Gclm,
Gsr and Hmox1 (424, 427). Upregulation of these antioxidant effectors has been shown
to reduce levels of ROS, which results in less HIF-1a stabilisation and decreased HIF-1a
dependant inflammatory cytokine expression (424). The anti-inflammatory effects of
itaconate have been demonstrated in LPS stimulated Irgl”- BMDMs which produced
significantly higher levels of IL-6, IL-1B and HIF-1a protein compared with Irgl*/* cells
(327).

MIF is a key regulator of innate immunity and inflammation in numerous
diseases including CF, rheumatoid arthritis and acute respiratory distress syndrome
(110, 111, 114, 115, 124, 158, 177, 180, 393). MIF has been shown to promote
inflammation through numerous mechanisms including activation of the MAPK
pathway, NF-kB activation, increasing TLR4 expression and overriding the anti-
inflammatory effects of glucocorticoids (161, 167, 170-172, 176, 177, 182). MIF has also
been shown to be required for optimal HIF-la stabilisation which drives pro-

inflammatory cytokine production and cellular metabolism (183, 188, 189, 191-194).

As previously mentioned, the metabolism of LPS stimulated macrophages shifts

towards aerobic glycolysis, also known as the Warburg effect (334-338). It has also been
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demonstrated that HIF-1a promotes the expression of glycolytic processing enzymes,
while HIF-1a/ cells fail switch to this Warburg metabolism (343-345). LPS stimulated
macrophages also display dysregulation of the TCA cycle whereby there is accumulation
of succinate and citrate as a result of decreased activity of their respective processing
enzymes (185, 328). Excess citrate is then processed for fatty acid synthesis and
itaconate production (327, 328, 348, 349). The mechanism for this TCA cycle

dysregulation remains unknown.

As mentioned, there are several overlaps between the effects of MIF and
itaconate respectively. MIF has been shown to regulate TLR4 expression, a key receptor
which promotes the induction of Irgl expression when stimulated with LPS (182, 351).
Furthermore, MIF is required for HIF-1a stabilisation which is essential for Warburg
metabolism and mediates the anti-inflammatory effects of itaconate (193, 194, 318,
339). For these reasons, we hypothesised that MIF may play a mechanistic role in the
immunomodulatory effects of itaconate and 4-OI. We hypothesised that MIF mediated
increases in TLR4 expression would promote increased Irgl expression and itaconate
production following LPS stimulation (182). Furthermore, we believed that the effects
of 4-Ol would be limited in MIF deficient cells as one of the main mechanisms of 4-Ol is
inhibition of HIF-1a stabilisation, which has been shown to be reduced in MIF deficient
cells (193). To date, there has been no reports of a link between MIF and itaconate

mediated immunomodulation.

In this chapter, we have shown that MIF deficiency does not impact on Irg1 gene
expression or the immunomodulatory capabilities of 4-Ol in the context of both LPS and
poly(l:C) stimulation. Specifically, we observed that LPS and poly(l:C) significantly
induced Irg1 gene expression in both MIF** and MIF/- BMDMs, however, there were
no differences in the level of Irgl expression between the two genotypes. As such, any
differences that were observed between the genotypes are not attributed to

differential Irg1 gene expression.

We also observed the ability of 4-Ol to regulate the production of inflammatory
cytokines and chemokines in activated BMDMs. In LPS stimulated BMDMSs, we observed
that 4-Ol did not modulate LPS induced TNF-a in MIF** or MIF/- BMDMs. This is
agreement with previously published data, and indicates that the immunomodulatory
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effects of 4-Ol are not as a result of a shutdown of the inflammatory response (330). 4-
Ol also significantly increased the expression of LPS mediated KC protein in both MIF*/*
and MIF/- BMDMs. Interestingly, to our knowledge, there have been no published
reports to date indicating that 4-Ol enhances the expression of any pro-inflammatory
factors. 4-0Ol also significantly inhibited the expression of LPS induced RANTES and IL-13
mRNA expression in both MIF*/* and MIF/- BMDMs. Overall, there was no difference in
the modulation of LPS induced TNF-a, KC, RANTES or IL-1B induction by 4-OI in MIF*/*
or MIF- BMDMs. We also demonstrated that MIF deficiency did not impact the
induction of antioxidant genes GcIm, Gsr, Hmox1 or Ngo1 by 4-Ol in LPS stimulated cells
as when the data were analysed relative to the vehicle control of MIF*/* cells, there was
no difference in the induction of gene expression within treatments between

genotypes.

Similarly, in poly(l:C) stimulated cells 4-Ol inhibited the induction of RANTES and
IL-18 mRNA in both MIF** and MIF- BMDMs. Similar to our data in LPS stimulated
macrophages, MIF deficiency did not impact the induction of antioxidant genes Gcim,
Gsr, Hmox1 or Ngo1 by 4-Ol in poly(l:C) stimulated cells as when the data were analysed
relative to the vehicle control of MIF*/* cells there was no difference in the induction of
gene expression within treatments between genotypes. As a result of our data from
MIF** and MIF/- BMDMs, we concluded that MIF does not impact the induction of Irg1
gene expression or the immunoregulatory activity of 4-Ol in LPS or poly(l:C) stimulated

macrophages.

The Donnelly Lab has a long standing interest in the regulation of the
inflammatory response to P. aeruginosa infection in CF and the role of this inflammation
in disease progression (110, 111, 113). In CF, disease progression occurs due to
irreparable damage to the lungs as a result of chronic infection and consequent chronic
inflammation (21, 233, 265). P. aeruginosa is the most commonly isolated pathogen
from the CF lung (35). P. aeruginosa infection develops into bacterial biofilms which
confer antibiotic resistance and tolerance to the host immune system, resulting in
chronic infection and inflammation (113, 233, 437-439). As such, there is a major unmet
clinic need for the development of anti-inflammatory therapies in CF (6, 219). We

hypothesised that 4-Ol would modulate cellular responses to HKPA, a synthetic ligand
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of TLR2 and TLR5, which may be of benefit in the development of a novel anti-

inflammatory therapy for the treatment of CF.

We conducted a preliminary study to examine the effects of 4-Ol on the
induction of TNF-a and RANTES by HKPA, two key pro-inflammatory mediators that are
expressed during P. aeruginosa infection (150, 283, 284). HKPA is an agonist for TLR2
and TLR5, and we have demonstrated the induction of both TNF-a and RANTES protein
production (see Chapter 3). Our data demonstrated for the first time the modulation of
both TNF-a and RANTES protein production in HKPA stimulated macrophages by 4-Ol.
As previously mentioned, 4-Ol employs numerous mechanisms to inhibit pro-
inflammatory responses in activated macrophages (295, 330, 368, 379). In P. aeruginosa
infection, the production of RANTES and TNF-a protein has been shown to be IRF3
dependant, with PAO1 infected IRF37- mice having decreased RANTES and TNF-a levels
in BAL fluid compared with IRF3*/*. IRF3 is a key transcription factor that also induces
the production of type | IFN genes (440, 441). 4-Ol has been shown to reduce the
transcription of type | IFN-dependant genes (330, 442). We believe that the 4-Ol
mediated decrease in HKPA mediated TNF-a and RANTES protein could be due
activation of the negative feedback loop between 4-Ol and type | interferons, however
further work is necessary to confirm this. Furthermore, 4-Ol also displays highly
electrophilic characteristics with a significant induction of Nrf2 activation and
downstream antioxidant genes, responses which have also been shown to limit pro-
inflammatory cytokine production which may also play a role in it’s regulation of the

macrophage response to HKPA (330, 429, 442, 443).

In this chapter, following our demonstration that 4-Ol modulated the response
of LPS and HKPA stimulated macrophages, we subsequently examined the impact of
endogenous itaconate on the response of macrophages to these stimuli. The Irg1 gene
is responsible for the production of cis-aconitate decarboxylase, which converts cis-
aconitate to itaconate (359). ltaconate is an anti-bacterial and immunomodulatory
metabolite that has been shown to be upregulated in LPS stimulated and M. tb infected
cells (359, 365, 367). We hypothesised that itaconate deficiency would enhance the
production of pro-inflammatory mediators in LPS and HKPA stimulated macrophages.

We observed that LPS stimulation induced equivalent levels of TNF-a protein in Irg1*/*
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and Irgl”- BMDM:s. Levels of KC protein induced by LPS were also equivalent in Irgl*/*
and Irgl”- BMDMs. The induction of nitrite production by LPS was lower in Irgl”" than
Irg1** BMDMs. This was unexpected, as we hypothesised that expression of itaconate
in Irg1*/* cells would inhibit the induction of nitrite production through the inhibition of

ROS (330).

In HKPA stimulated cells, we observed the induction of equivalent levels of TNF-
a and KC in Irgl** and Irgl”- BMDMs. As detected in LPS stimulated cells, we were
surprised that levels of nitrite production following HKPA stimulation was lower in Irgl-
/~than Irgl*/*. We also demonstrated, for the first time, the induction of Nrf2 protein in
HKPA stimulated cells treated with 4-Ol and subsequent inhibition of pro-IL-1 protein
production in Irg1** BMDMs.

Interestingly, we also demonstrated that the effects of 4-Ol on the modulation
of BMDM responses to LPS and HKPA stimulation are not Irgl dependant, with no
differences observed in the effects of 4-Ol on the modulation of LPS and HKPA induced
TNF-a, RANTES or nitrite between the two genotypes. This is similar to recently
published data examining the effects of 4-Ol and endogenous itaconate on particulate-
matter induced inflammation (444). Overall, our data demonstrates differential effects

between 4-0l and endogenously produced itaconate mediated by the Irgl protein.

In this chapter, we also examined the effects of 4-Ol on the induction of TNF-a,
RANTES and pro-IL-1B protein by LPS and HKPA in primary murine lung fibroblasts.
Typically, fibroblasts are associated with their role in the repair of damaged lung
architecture through proliferation and subsequent secretion of the ECM (433).
However, lung fibroblasts also play a role in airway inflammation through the
recognition of pathogen-associated molecular patterns and damage-associated
molecular patterns and subsequent generation of an inflammatory response (434, 445).
Fibroblasts also play a role in promoting inflammation and can produce pro-
inflammatory cytokines including TNF-a, RANTES and pro-IL-1B, contributing to
inflammatory damage within the lung and subsequent fibrotic scar development (434,
436). As such, fibroblasts also mediate the inflammatory response to infection within

the lung (446, 447).
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In this chapter, we demonstrated a significant induction of TNF-a, RANTES and
pro-IL-1B protein production in LPS stimulated fibroblasts. Furthermore, we observed
significant inhibition of LPS mediated TNF-a and pro-IL-1B protein production with 4-Ol
treatment. We also observed the induction of Nrf2 protein production in these cells,
demonstrating for the first time that 4-Ol is also functional in primary murine lung

fibroblasts, and not just myeloid derived lymphocytes.

In primary murine lung fibroblasts, HKPA stimulation induced the production of
TNF-a and RANTES, but not pro-IL-1B. 4-0Ol treatment inhibited HKPA mediated TNF-a
and RANTES production and also induced the production of Nrf2 protein, indicative of
the activation of an antioxidant response (429). This was similar to the effects observed
in LPS stimulated lung fibroblasts, although the level of induction of TNF-a and RANTES
was not as high as in LPS stimulated cells, perhaps explaining why 4-Ol was capable of
inhibiting RANTES in HKPA but not LPS stimulated cells. These findings are important as
it is the first description of the regulation of the inflammatory response of primary lung
fibroblasts to LPS and HKPA by 4-0l. Potentially, by decreasing the inflammatory profile
of tissue resident fibroblasts, 4-Ol may in turn reduce the expression of pro-fibrotic
markers including type | collagen and a-smooth muscle actin, although further work is

necessary to examine this (448).

In CF, chronic inflammation withing the lung drives tissue damage and disease
progression (21, 233, 265). As such, there is a major unmet clinic need for the
development of anti-inflammatory therapies in CF (6, 219). Based on the
immunomodulatory effects that we have observed, we believe that 4-Ol may be of
therapeutic benefit for the treatment of inflammation in CF (Figure 4.16). We have
demonstrated that HKPA and LPS both induce TNF-a, pro-IL-13, RANTES and nitrite
production in macrophages and lung fibroblasts, all of which are inhibited by 4-Ol
treatment. Furthermore, 4-Ol inhibits the production of these inflammatory factors and
induces production of Nrf2 and transcription of antioxidant genes. These results are
promising, although it is important to note that these synthetic ligands are not fully
representative of a live P. aeruginosa infection. Further work is necessary to evaluate

the effect of 4-Ol on the responses of macrophages to P. aeruginosa infection.
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In conclusion, we have demonstrated that MIF does not modulate the
immunomodulatory effects of 4-Ol in LPS and poly(l:C) stimulated BMDMs. We also
demonstrated, for the first time, that 4-Ol can modulate to response of BMDMs to
HKPA. Our results also illustrated for the first time that 4-Ol can modulate the
inflammatory responses of primary murine lung fibroblasts to LPS and HKPA.
Furthermore, we showed that endogenous itaconate has limited effect on the response
of macrophages to HKPA stimulation, demonstrating differential effects between

endogenous itaconate and 4-0Ol.

173



Alveolar Space

N Nrf2
4 Antioxidants
Macrophage
4-0l N TNF-a
A Pro-IL-1B
4 RANTES
P. aeruginosa 1 Nitrite

i i Epithelium

|9|9|9(@(9|@ CAC AR

g 7N g ECM %'%’es,

essel

Figure 4.16. Model of 4-Ol modulation of the immune response to HKPA and LPS.

HKPA and LPS both induce TNF-a, pro-IL-1, RANTES and nitrite production in macrophages and
lung fibroblasts. 4-Ol inhibits the production of these inflammatory factors and induces
production of Nrf2 and transcription of antioxidant genes.
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Chapter 5 - Investigation of the
effects of 4-Ol and endogenous
itaconate on live P. aeruginosa

infection.
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5.1 Introduction

In cystic fibrosis (CF), respiratory failure occurs as a result of chronic infection
and inflammation (21, 233, 265). The most commonly isolated pathogen from the CF
lung is P. aeruginosa (35). In 2017, the World Health Organisation deemed it of critical
importance that new antibiotic regimes be developed against P. aeruginosa infection
due to high levels of antibiotic resistance (449). As such, there is an unmet clinical need
for the development of therapeutic agents that promote P. aeruginosa clearance and

limit antibiotic resistance and pathogenic inflammation (6, 219).

In this chapter, we focused on the effects of itaconate and 4-Ol on numerous
aspects of live P. aeruginosa infection. As previously mentioned, itaconate is a by-
product of the citric acid cycle that exerts both immunomodulatory and anti-bacterial
effects (359). Itaconate production is mediated by the immunoresponsive gene 1 (Irgl)
enzyme which is under the control of the Irg1 gene (359). Irgl has been shown to be
rapidly upregulated in response to numerous bacterial infections including
Staphylococcus aureus (S. aureus), Escherichia coli and Mycobacterium tuberculosis (M.

tb) (420, 421, 450).

As previously mentioned, itaconate has been shown to modulate a number of
anti-inflammatory effects. While the exact mechanism of itaconate’s anti-inflammatory
effects remain to be investigated, one known mechanism of action is through the
inhibition of succinate dehydrogenase (SDH) (327, 351, 374). SDH acts to oxidise
succinate which results in the generation of reactive oxygen species (ROS),
consequently inhibition of SDH has anti-inflammatory effects (295). Itaconate has also
been shown to inhibit HIF-1a stabilisation in LPS stimulated Irgl” cells compared with

Irg1*/* cells, providing a further mechanism for its anti-inflammatory activity (327).

The anti-inflammatory effects of endogenous itaconate have also been shown
in an in vivo model of M. tb infection. Irgl”/- mice display increased mortality and
inflammation within the lung compared with Irg1*/* mice in a model of M. tb infection
(361). These authors demonstrated that this increased mortality was due to pathogenic

inflammation as Irgl”- mice which were treated with a neutrophil depleting antibody
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displayed increased survival compared with Irgl”” mice receiving control antibody in the

same M. tb infection model (361).

Throughout this chapter we utilised 4-octyl itaconate (4-0l) as a cell permeable
analogue of itaconate, as to date there has been no description of an itaconate receptor
or transport channel. Furthermore, reports of itaconate gaining entry to the cytoplasm
of cells remain limited (369, 370). 4-0Ol has previously been shown to inhibit LPS induced
IL-1B mRNA expression and protein production in LPS stimulated macrophages (330,
360). 4-0l has also been shown to be active in vivo, inhibiting IL-1B and TNF-a protein
production in a murine LPS lethality model (330, 360). 4-Ol has been shown to exert its
anti-inflammatory effects through the upregulation of nuclear factor erythroid 2-
related factor 2 (Nrf2) protein expression and subsequent upregulation of anti-oxidant
genes including NAD(P)H Quinone Dehydrogenase 1 (Ngo1), Glutamate-Cysteine Ligase
Modifier (Geclm), Glutathione Reductase (Gsr) and Heme Oxygenase 1 (Hmox1) (330,
424, 427). This results in inhibition of ROS, decreased HIF-1a stabilisation and
consequent reduction in HIF-la dependant pro-inflammatory cytokine expression

(424).

Itaconate has also been shown to have potent antibiotic properties (359). It has
previously been demonstrated that P. aeruginosa expresses genes involved in the
detoxification of itaconate (378, 381). These genes are PA0878, PA0O882 and PA0883
which encode itaconyl-CoA hydratase (Ich), succinyl-CoA:itaconate CoA transferase

(Ict), and (S)-citramalylCoA lyase (Ccl) respectively (378, 381).

In this chapter, we examined the ability of 4-Ol to modulate macrophage
responses to live P. geruginosa infection. We also examined the role of endogenous
itaconate in the response of macrophages to live P. aeruginosa infection using cells form
Irgl7/- mice. We then investigated the effect of itaconate on P. aeruginosa growth and
biofilm formation using lab strain PAO1 and five P. aeruginosa strains isolated from CF
patients. Furthermore, we examined the effects of itaconate on PAO1 virulence factor
expression and the susceptibility of PAO1 to commonly used antibiotics against P.
aeruginosa. Finally, we utilised the Galleria mellonella (G. mellonella) invertebrate

model to examine the effects of itaconate and 4-Ol on P. aeruginosa infection in vivo.
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Figure 5.1. Overview of the experimental design for Chapter 5.

178



5.2 4-0Ol modulates the responses of RAW 264.7 cells to live P.

aeruginosa infection

We have established that 4-Ol can modulate the cytokine responses of RAW
264.7 cells following HKPA stimulation (Figure 4.8). Next, we examined the ability of 4-
Ol to modulate the response of RAW 264.7 cells to live P. aeruginosa infection. RAW
264.7 cells were used for preliminary experiments before repeating experiments in

BMDMs.

P. aeruginosa is a gram-negative bacterium that expresses several PAMPs that
result in the induction of a potent inflammatory response. These PAMPs include, but
are not limited to, LPS, flagellin, bacterial DNA, peptidoglycan, diffusible signalling
molecules and type lll secretion system components (93, 230, 249, 281, 451, 452). PAO1

is a commonly used laboratory-adapted strain of P. aeruginosa (453).

5.2.1 PAO1 infection induces Irgl mRNA expression in RAW 264.7

macrophages.

Previously, Irgl mRNA has been shown to be upregulated in LPS stimulated
human macrophages and also in the lungs of M. tb infected mice (364-367). Here, we
described for the first time that PAO1 infection (MOI 30) of RAW 264.7 cells significantly
increased expression of Irgl mRNA after 24 hours of infection compared with medium

only (* p<0.05, Figure 5.2).

5.2.2 PAO1 infection induces TNF-aa and pro-IL-1B protein
production and IL-13 mRNA expression, which is modulated

by 4-0l treatment.

Next, we examined the ability of 4-0Ol (62.5-250 uM) to inhibit PAO1 (MOI 30)
induced cytokine production. Here, we demonstrated that PAO1 infection (MOI 30)

significantly induced TNF-a protein production after 8 hours of PAO1 infection in RAW
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264.7 cells compared with DMSO (*** p<0.001, Figure 5.3). 4-Ol treatment dose
dependently decreased PAO1 mediated TNF-a protein production after 8 hours of PAO1
infection in RAW 264.7 cells (+ p<0.05, +++ p<0.001, Figure 5.3).

Previous studies have shown that IL-1B inhibits macrophage mediated P.
aeruginosa clearance (302). Inhibition of caspase-1, the enzyme which cleaves pro-IL-
1B to mature IL-1B, results in bacterial burden in a model of P. aeruginosa induced
ocular keratitis, while caspase-17/- mice exhibit increased bacterial clearance compared
with wild type mice (304, 305). As a result, we examined the effects of 4-Ol on P.

aeruginosa induced pro-IL-1B protein production.

PAO1 (MOI 30) also significantly induced pro-IL-1B protein expression in RAW
264.7 cells after 8 hours of infection (*** p<0.001, Figure 5.4B). Treatment of cells with
4-0l (62.5-250 uM) significantly decreased the production of PAO1 induced pro-IL-13
protein production in RAW 264.7 cells after 8 hours of infection (+++ p< 0.001, Figure
5.4B). IL-1B mRNA expression was also significantly induced by PAO1 infection
compared with DMSO (** p<0.01, Figure 5.4C), with treatment of 125 uM and 250 uM
significantly inhibiting PAO1 induced mRNA expression compared with PAO1 (+ p<0.05,
Figure 5.4C).

5.2.34-0I induces Nrf2 protein expression and downstream
antioxidant genes Gclm, Gsr and Ngol mRNA; all of which
are down reqgulated during PAO1 infection in RAW 264.7

macrophages.

Next, we examined the effect of 4-Ol on Nrf2 protein expression, as 4-Ol has
previously been shown to enhance Nrf2 protein levels (330). Here, we demonstrated
that 4-0l (62.5-250 uM) induced Nrf2 protein expression in RAW 264.7 cells after 8
hours of stimulation (Figure 5.5). PAO1 infection inhibits 4-Ol mediated Nrf2 protein
expression (Figure 5.5). We then examined the mRNA expression of antioxidant genes
Gclm, Gsr and Ngo1, which are downstream of Nrf2 activation (330, 429). Treatment of

RAW 264.7 cells with 250 uM 4-0lI significantly increased the expression of Gclm and
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Ngol mRNA after 8 hours (** p<0.01, Figure 5.6A, C). Interestingly, PAO1 infection
inhibited the ability of 4-Ol to enhance Gclm, Gsr and Ngol mRNA expression. It is
important to note that PAO1 infected cells that were treated with 4-Ol had higher levels
of Gsr, Gclm and Ngol mRNA expression compared with those without 4-0l, although

the difference was not significant (Figure 5.6A-C).
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Figure 5.2. PAO1 infection induces Irgl mRNA expression in RAW 264.7 macrophages.

Infection of RAW 264.7 macrophages with PAO1 (MOI 30) for 8 hours induces Irgl mRNA
expression, as quantified by gPCR analysis. mRNA levels were standardised per unit of B-actin.
Results are expressed as a relative fold increase compared with medium. Data is presented as
mean + SEM of 3 independent experiments with 3 technical replicates. An unpaired T-test was
used to test for statistical differences. * p<0.05; PAO1 compared with medium.
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Figure 5.3. PAO1 infection induces TNF-a protein production, which is modulated by
4-0l co-treatment.

PAO1 infection induces TNF-a protein production following 8 hours of stimulation. 4-Ol
treatment significantly inhibits PAO1 induced TNF-a protein production following 8 hours of
treatment. Protein production was quantified by ELISA. Data is presented as mean * SEM of 3
independent experiments with 3 technical replicates. A One-way ANOVA with a Tukey’s
multiple comparison post-hoc test was used to test for statistical differences. *** p<0.001;
DMSO compared with PAO1 + DMSO. + p<0.05, +++ p<0.001 respective 4-Ol treatment
compared with PAO1 + DMSO.
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Figure 5.4. Pro-IL-18 protein and mRNA expression in RAW 264.7 macrophages
following PAO1 infection and 4-Ol co-treatment.

RAW 264.7 macrophages expressed low levels of intracellular pro-IL-1B protein basally, with
PAO1 infection resulting in increased pro-IL-1B protein expression. Treatment with 4-Ol leads to
decreased pro-IL-1B expression. Protein levels were analysed by Western blot flowing 8 hours
treatment with 4-Ol £ PAO1 (MOI 30). (A) Western blot image is representative of 3 independent
experiments. Imagel software was used to obtain densitometry data. For densitometry, protein
levels were standardised per unit of B-actin. (B) Densitometry results are expressed as a relative
fold increase compared with DMSO. (C) IL-1B mRNA as quantified by gPCR analysis. mRNA levels
were standardised per unit of B-actin. Results are expressed as a relative fold increase
compared with medium. Data is presented as mean + SEM of 3 independent replicates. A One-
way ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for statistical
differences. (B) *** p<0.001; DMSO + PAO1 compared with DMSO. +++ p<0.001; respective
treatment compared with DMSO + PAO1. (C) *** p<0.001; DMSO + PA01 compared with DMSO.
+ p<0.05; respective treatment compared with DMSO + PAO1
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Figure 5.5. Nrf2 protein expression in RAW 264.7 macrophages following PAO1
infection and 4-0OI co-treatment.

RAW 264.7 macrophages expressed low levels of intracellular Nrf2 protein basally, with 4-Ol
increasing Nrf2 protein expression. Infection with PAO1 inhibits 4-Ol mediated Nrf2 expression.
Protein levels were analysed by Western blot flowing 8 hours treatment with 4-0Ol + PA01 (MOI
30). (A) Western blot image is representative of 3 independent experiments. Imagel software
was used to obtain densitometry data. For densitometry, protein levels were standardised per
unit of B-actin. Results are expressed as a relative fold increase compared with DMSO. (B) Data
is presented as mean + SEM of 3 independent replicates.
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Figure 5.6. 4-Ol induces expression of Gclm, Gsr and Ngqol mRNA, which are down
regulated during PAO1 infection.

4-0l induced expression of (A) Geclm, (B) Gsr and (C) Ngol mRNA respectively following 8 hours
of stimulation. Infection with PAO1 inhibited 4-Ol induced upregulation of Gclm, Gsr, and Ngo1
MRNA expression (A-C). Gene expression was quantified by gPCR analysis. mRNA levels were
standardised per unit of B-actin. Results are expressed as a relative fold increase compared with
DMSO. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. (A, C) ** p<0.01; DMSO compared with 250 uM 4-0l. (A-C) +
p<0.05, +++ p<0.001; 250 uM 4-0Ol compared with PAO1 + 250 uM 4-0l. (C) T p<0.05; 62.5 uM
4-0l compared with PAO1 + 62.5 uM 4-Ol.
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5.3 Investigation of the effects of 4-Ol and endogenous
itaconate on macrophage responses to P. aeruginosa

infection

We have established during our preliminary experiments that 4-Ol can modulate
the inflammatory response to P. aeruginosa in RAW 264.7 cells, with 4-0Ol regulating
cytokine production, Nrf2 protein expression and antioxidant gene expression (Figure
5.3 - Figure 5.6). Next, we utilised BMDMs wild type and itaconate deficient mice to
examine the role of endogenous itaconate in the modulation of the inflammatory

response to P. aeruginosa.

5.3.1 4-0Ol and PAO1 are not cytotoxic to BMDMIs.

Initially, we examined the levels of cytotoxicity associated with PAO1 infection
in wild type BMDMs. Following 8 hours of infection with PAO1 (MOI 30) there was no
induction of lactate dehydrogenase (LDH) release, an indirect marker of cytotoxicity,
compared with DMSO treatment (Figure 5.7). Treatment of cells with 4-O1 (250 uM) ,
and co-treatment with PAO1 and 4-0l also failed to induce any LDH release compared
with DMSO treatment (Figure 5.7). These results demonstrated that PAO1 (MOI 30), 4-
Ol (250 uM) or PAO1 and 4-Ol co-treatment did not induce significant cell death in

BMDMs in these experiments.

5.3.2 4-0lI, but not endogenous itaconate, modulate PAO1 induced
TNF-a protein production in BMDMs from Irg1*/* and Irg17

mice.

We subsequently examined, for the first time, the effects of 4-Ol and
endogenous itaconate on the induction of pro-inflammatory cytokines by PAO1
infection in BMDMs. Here, we demonstrated that PAO1 (MOI 30) infection significantly
induced MIF protein production in Irgl*/* BMDMs after 8 hours of infection compared
with DMSO treatment (** p<0.01, Figure 5.8A). Treatment with 4-OI (250 uM) had no

effect on PAO1 induced MIF protein production compared with PAO1 alone in Irgl*/*
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BMDMs (Figure 5.8A). In Irgl’- BMDMs, PAO1 infection did not induce MIF protein
production compared with DMSO (Figure 5.8B), which could be due to higher
constitutive levels of MIF in these cells. As with Irgl** cells, PAO1 infection did not
induce MIF protein production compared with DMSO in Irgl”- BMDMs after 8 hours
(Figure 5.8B).

PAO1 infection induced significant KC protein production in Irgl** BMDMs
compared with DMSO treatment (*** p<0.001, Figure 5.8C), while treatment with 4-Ol
had no effect on PAO1 induced KC protein production compared with PAO1 alone
(Figure 5.8C). In Irgl”- BMDMs, PAO1 infection also significantly induced KC protein
production compared with DMSO treatment (*** p<0.001, Figure 5.8D), with 4-Ol
treatment having no effect on PAO1 induced KC protein production compared with
PAO1 alone (Figure 5.8D). Levels of KC protein were similar Irgl*/* BMDMs and Irgl”-

BMDMs that received the same treatments.

PAO1 infection also induced significant TNF-a protein production in Irgl*/*
BMDMs compared with DMSO treatment (*** p<0.001, Figure 5.8E), which was
abrogated with 4-Ol compared with PAO1 alone (+++ p<0.001, Figure 5.8E). This data is
consistent with our data from PAO1 infected RAW 264.7 cells (Figure 5.3) In Irgl”
BMDMs, PAO1 infection induced significant TNF-a protein production compared with
DMSO treatment (*** p<0.001, Figure 5.8F). The levels of TNF-a induced in Irgl”-
BMDM s upon PAO1 infection was higher than that in Irg1** BMDM:s. In Irgl’- BMIDMs,
4-0l treatment inhibited PAO1 induced TNF-a compared with PAO1 alone (+++ p<0.001,

Figure 5.8F).

PAO1 infection also induced significant RANTES protein production in Irgl*/*
BMDMs compared with DMSO treatment (*** p<0.001, Figure 5.8G), which was
unchanged with 4-Ol treatment compared with PAO1 alone (Figure 5.8G). In Irgl”
BMDMs, PAO1 infection also induced significant RANTES protein production compared
with DMSO treatment (*** p<0.001, Figure 5.8H), which was significantly decreased

with 4-0Ol treatment compared with PAO1 alone (+++ p<0.001, Figure 5.8H).
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5.3.3 Effect of 4-Ol on IL-10, iNOS, TNF-a« and PHD3 mRNA
expression in PAO1 infected BMDMs from Irg1*/* and Irg1”

mice.

IL-10 is an anti-inflammatory cytokine that has been shown to limit
inflammatory damage within the lungs of P. aeruginosa infected mice (454, 455). We
demonstrated for the first time that in Irgl** BMDMs, 4-Ol (250 pM) treatment
significantly increased IL-10 mRNA in PAO1 infected cells compared with PAO1 after 8
hours (+ p<0.01, Figure 5.9A). In Irg1l”-BMDM s, PA01 infection induced significant IL-10
MRNA expression after 8 hours compared with DMSO treatment (* p<0.05, Figure
5.9B). Furthermore, 4-Ol treatment enhanced this PAO1 mediated increase in IL-10

MRNA compared with PAO1 (+++ p<0.001, Figure 5.9B).

Inducible nitric oxide synthase Il (iNOS) is the enzyme the is responsible for the
production of NO (456). iNOS transcription is activated by numerous stimuli, including
LPS, with activation of NF-kB and MAPK pathways converging to promote iNOS
transcription (456). NO is a radical effector which exhibits anti-bacterial properties, but
also has deleterious effects to the host cells (456, 457). 4-Ol has previously been shown
to modulate LPS induced iNOS expression in macrophages (330). Here, we
demonstrated that PAO1 infection significantly induced iNOS mRNA expression in Irg1*/*
BMDMs after 8 hours compared with DMSO treatment(* p<0.05, Figure 5.9C). 4-Ol had
no effect of PAO1 induced iNOS mRNA expression compared with PAOL. In Irgl”
BMDMs, PAO1 infection also significantly induced iNOS mRNA expression after 8 hours
compared with DMSO treatment (* p<0.05, Figure 5.9D), with 4-Ol significantly
decreasing PAO1 mediated iNOS mRNA induction compared with PA0O1 (+ p<0.05, Figure
5.9D).

PAO1 infection induced significant TNF-a mRNA in Irgl** BMDMs compared
with DMSO treatment (*** p<0.001, Figure 5.9E), while 4-Ol had no effect on PAO1
induced TNF-a mRNA expression compared with PAO1 (Figure 5.9E). Similar findings
were observed in Irgl” cells, PAO1 infection induced significant TNF-a mRNA in Irgl”
BMDMs compared with DMSO treatment (** p<0.01, Figure 5.9F), while 4-Ol had no
effect on PAO1 induced TNF-a mRNA expression compared with PAO1 (Figure 5.9F).
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HIF-1a is a transcription factor which regulates macrophage aggregation and
invasion and also drives the expression of pro-inflammatory cytokines (458). HIF-1a
levels are regulated by PHDs which target HIF-1a for degradation (184-186). For
example, LPS stimulation decreases expression levels of PHDs, resulting in further HIF-
la stabilisation (190). PHD3 is a key regulation of HIF-1a protein levels (458). Here, we
show that PA01 (MOI 30) infection significantly inhibited PHD3 mRNA expression in
Irg1*/* BMDMS after 8 hours of infection compared with DMSO (* p<0.05, Figure 5.9G).
4-01 (250 uM) treatment did not impact PHD3 mRNA expression levels in Irg1*/* BMDMs
compared with DMSO, nor in PAO1 infected cells compared with PAO1 (Figure 5.9G). In
Irgl”- BMDMs, PAO1 infection inhibits PHD3 mRNA expression in Irg1*/* BMIDMS after 8
hours of infection compared with DMSO, although this was not significant (Figure 5.9H).
As with Irg1** BMDMs, 4-Ol treatment did not impact PHD3 mRNA expression levels in
Irgl”- BMDMs compared with DMSO, nor in PAO1 infected cells compared with PAO1
(Figure 5.9H).

5.3.44-0! induces Nrf2 protein expression and inhibits P.
aeruginosa induced pro-IL-1B protein expression in PAO1

infected Irg1*/* and Irg17/- BMDMs.

Next, we examined the induction of Nrf2 protein expression in Irgl** and Irg1”
BMDMs following 4-Ol treatment and P. aeruginosa infection. As previously mentioned,
4-0l has been shown to enhance Nrf2 protein levels (330). 4-Ol (250 uM) treatment
significantly increased Nrf2 protein after 8 hours of treatment compared with DMSO
treatment (* p<0.05, Figure 5.10A, C) in Irgl** BMDMs. Nrf2 expression was also
significantly increased in PAO1 infected Irgl** BMDMs with 4-Ol treatment compared
with PAO1 alone (+++ p<0.001, Figure 5.10A, C).

As previously mentioned, IL-1B has been associated with the inhibition of P.
aeruginosa clearance both in vitro and in vivo (302, 304, 305). Here, we demonstrated
that levels of pro-IL-1B protein were significantly increased upon PAO1 infection in
Irg1** BMDMS for 8 hours compared with DMSO treatment (*** p<0.001, Figure 5.10A,
E). This data is consistent with our previous findings in PAO1 infected RAW 264.7 cells
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(Figure 5.4). 4-0Ol treatment significantly inhibited PAO1 induced pro-IL-1B protein
production compared with PAO1 (+++ p<0.001, Figure 5.10A, E).

In Irgl”- BMDMs, 4-0l (250 uM) treatment increased Nrf2 protein after 8 hours
of treatment compared with DMSO alone, although this was not significant (Figure
5.10B, D). Pro-IL-1pB protein production was significantly increased upon PAO1 infection
in Irgl’- BMDMs following 8 hours of stimulation compared with DMSO (*** p<0.001,
Figure 5.10B, F), which was significantly decreased upon 4-Ol treatment compared with

PAO1 (+ p<0.05, Figure 5.10D, F).

5.3.5 4-0I, but not endogenous itaconate, requlates Gclm, Hmox1
and Ngol mRNA expression in PAO1 infected BMDMSs from
Irg1** and Irg1”/" mice.

Once we observed significant upregulation of Nrf2 protein expression in 4-0Ol
treated BMDMs, we subsequently examined the expression of antioxidant genes Geml,
Hmox1 and Ngol mRNA, which are downstream of Nrf2 (330, 429). As expected, 4-Ol
(250 pM) treatment significantly induced Gclm mRNA expression in Irgl*/* BMDMs after
8 hours compared with DMSO treatment (** p<0.01, Figure 5.11A). Upon PAO1
infection (MOI 30) Gelm mRNA expression levels were decreased compared with DMSO
treatment, while 4-Ol enhanced Gclm expression in PAO1 infected cells compared with
PAO1, although this is not significant (Figure 5.11A). Similarly, in Irgl”- BMDMs 4-Ol

significantly increased Gclm mRNA expression after 8 hours compared with DMSO

treatment (*** p<0.001, Figure 5.11B), with PAQ1 infection limiting this effect of 4-Ol.

4-0Ol treatment significantly induced Hmox1 mRNA expression in Irg1*/* BMDMs
after 8 hours compared with DMSO (*** p<0.001, Figure 5.11C). Upon PAO1 infection
Hmox1l mRNA expression levels are decreased compared with DMSO, while 4-Ol
increased Hmox1 mRNA expression in PAO1 infected cells compared with PAO1 although
this is not significant (Figure 5.11C). In Irgl’- BMDMs 4-Ol increased Hmox1 mRNA

expression after 8 hours compared with DMSO (Figure 5.11D), although this was not
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significant. In PAO1 infected Irgl”- BMDMs, 4-Ol did not significantly induce Hmox1

MRNA expression (Figure 5.11D).

Similarly, 4-Ol treatment significantly induced Nqo1l mRNA expression in Irg1*/*
BMDMs after 8 hours compared with DMSO (*** p<0.001, Figure 5.11E). PAO1 infected
Irg1** BMDM s express decreased levels of Ngol mRNA compared with DMSO, while 4-
Ol fails to induce Ngo1 mRNA expression in these infected cells (Figure 5.11E). In Irgl”-
BMDMs, 4-0Ol treatment significantly induced Ngol mRNA expression after 8 hours
compared with DMSO (*** p<0.001, Figure 5.11F). PAO1 infection decreased levels of
Ngol mRNA in Irgl”- BMDMs compared with DMSO, while 4-Ol fails to induce Ngol

mMRNA expression in these infected cells (Figure 5.11F).

5.3.6 4-0Ol and endogenous itaconate requlate BMDM mediated P.

aeruginosa killing.

Macrophages display potent anti-bacterial properties, playing an important role
in the killing and removal of pathogens (72, 74). As previously mentioned, macrophages
utilise numerous effector mechanisms to kill invading pathogens including ROS
generation, phagocytic killing, and the release of anti-microbial peptides (200, 302,
403). Our aim was to investigate the effect of 4-Ol and endogenous itaconate on BMDM

mediated killing of P. aeruginosa.

Here, we demonstrated for the first time that 4-Ol (250 uM) significantly
promoted BMDM mediated killing of PAO1 compared with DMSO (* p<0.05, Figure
5.12A) as a lower number of CFU/ml were recovered from cells treated with 4-Ol
compared with DMSO after 8 hours. We next examined the role of endogenous
itaconate in BMDM mediated PAO1 killing using itaconate expressing Irgl** BMDMs
and itaconate deficient Irgl” cells. Here, we demonstrated for the first time that Irg1*/*
BMDMs display significantly enhanced bactericidal capacity against PAO1 compared
with itaconate deficient Irgl” BMDMs (* p<0.05, Figure 5.12B) indicating that

endogenous itaconate promotes the anti-bacterial activity of macrophages.
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Figure 5.7. 4-Ol and PAO1 are not cytotoxic to BMDMs.

BMDMs from Irg1*/* mice were infected with PAO1 (MOI 30) in the presence or absence of 4-Ol
(250 uM) for 8 hours. Cytotoxicity was measured by assessing lactate dehydrogenase release in
cell supernatants. Results are expressed as a percentage of cytotoxicity of the 100% lysed
positive control. Data is presented as mean + SEM of 3 biological replicates with 3 technical
replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. n.s; no significance.
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Figure 5.8. Effect of 4-Ol on MIF, KC, TNF-a and RANTES protein production in PAO1
infected BMDM s from Irg1*/* and Irgl”/" mice.

BMDMs from Irgl*/* and Irgl” mice were infected with PAO1 (MOI 30) in the presence or
absence of 4-0l (250 uM) for 8 hours. Protein levels of (A, B) MIF, (C, D) KC, (E, F) TNF- a and
(G, H) RANTES were examined after 8 hours of infection. Protein production was quantified by
ELISA. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. (A, D, G) A Kruskal-Wallis test with Dunn’s multiple comparison post-hoc test was
used to test for statistical differences. (C, E, F, H) A One-way ANOVA with a Tukey’s multiple
comparison post-hoc test was used to test for statistical differences. *** p<0.001; respective
treatment compared with DMSO. +++ p<0.001; respective treatment compared with PAO1.
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Figure 5.9. Effect of 4-Ol on IL-10, iNOS, TNF-a and PHD3 mRNA expression in PAO1
infected BMDM s from Irg1*/* and Irgl”/" mice.

BMDMs from Irgl*/* and Irgl” mice were infected with PAO1 (MOI 30) in the presence or
absence of 4-0I (250 uM) for 8 hours. mRNA levels of (A, B) IL-10, (C, D) iNOS, (E, F) TNF-a and
(G, H) PHD3 were examined after 8 hours of infection. mRNA expression was assessed by qPCR.
MRNA levels were standardised per unit of B-actin. Results are expressed as a relative fold
increase compared with DMSO. Data is presented as mean + SEM of 3 independent experiments
with 3 technical replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test
was used to test for statistical differences. * p<0.05, ** p<0.01, *** p<0.001; respective
treatment compared with DMSO.

195



Irg1+/+ |rg1'/‘

PAOL - - + + g PAOL- -+ -
4-0l - + -  + 4-01- - - +
Nrf2 - -97 kDa Nrf2 - f @ | - 97 kDa
Pro IL-1B - @ | -31kpa Proll-1B- o &= 37D
B-Actin - W “42KDa  B-Actin- | T RN o
c D 15.|fg1./.
4 Irg1** .
3 +++ 3
g T t £3 T N
& o 24 NN g:_ o N
o'y £z 5 N
s 2 5 N \
é 1-j | ‘ ) ‘ ﬁ k‘ \ ‘
o 0 i " N N\ N
04 i

304Irg1™
4+ Hokk
E 50+ Irg1 d oy F 9
c ®
¥ s 2
b 40 % £ 20
f3 T
§ <30 =3 L
e B - o
- 20 +++ o 2 101
e e &=
] ]
o N -3
< 104
= 0

o

—T=

(o) NS

Q) O
& W ¥

Figure 5.10. 4-Ol induces Nrf2 protein expression and inhibits P. aeruginosa induced
pro-IL-1PB protein expression in PA0O1 infected Irgl*/* and Irgl’- BMDMs.

Murine BMDMs were infected with PAO1 (MOI 30) in the presence or absence of 4-0l (250 uM)
for 8 hours. Levels of Nrf2 and pro-IL-1B were examined in Irg1*/* and Irgl”- BMDM s respectively
(A, B). Protein levels were analysed by Western blot. Western blot images are representative of
3 independent experiments. Imagel software was used to obtain densitometry data. (C)
Densitometry analysis of Nrf2 protein from Irgl** BMDMS. (D) Densitometry analysis of Nrf2
protein from Irgl”- BMDMS (E) Densitometry analysis of pro-IL-1B protein from Irg1** BMDMS.
(F) Densitometry analysis of pro-IL-1B protein from Irgl”- BMDMS. For densitometry, protein
levels were standardised per unit of B-actin. Results are expressed as a relative fold increase
compared with DMSO. Data is presented as mean + SEM of 3 independent replicates. A One-
way ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for statistical
differences. * p<0.05, *** p<0.001; respective treatment compared with DMSO. + P<0.05, +++
p< 0.001; respective treatment compared with PAO1
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Figure 5.11. Effect of 4-Ol on Gclm, Hmox1l and Ngol mRNA expression in PAO1
infected BMDMs from Irg1*/* and Irg1”/" mice.

BMDMs from Irgl** and Irgl” mice were infected with PAO1 (MOI 30) in the presence or
absence of 4-0l (250 uM) for 8 hours. mRNA levels of (A, B) Gclm, (C, D) Hmox1 and (E, F) Ngo1
were examined after 8 hours of infection. mMRNA expression was assessed by gPCR. mRNA levels
were standardised per unit of B-actin. Results are expressed as a relative fold increase
compared with DMSO. Data is presented as mean = SEM of 3 independent experiments with 3
technical replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was
used to test for statistical differences. ** p<0.01, *** p<0.001; respective treatment compared
with DMSO.
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Figure 5.12. 4-0Ol and endogenous itaconate regulate BMDM mediated P. aeruginosa
killing.

(A) 4-0Ol (250 uM) promotes macrophage mediated P. aeruginosa killing. (B) Itaconate
deficiency inhibits macrophage mediated P. aeruginosa killing. BMDMs were infected with PAO1
(MOI 10) for 4 hours. Macrophages were then lysed and combined with the respective
supernatant before spot plating for CFU/ml analysis. Data is presented as mean * SEM of 3
biological replicates with 3 technical replicates. A two-tailed unpaired t-test was used to test for
statistical significance of differences. (A) * p<0.05; DMSO compared with 4-0Ol. (B) * p<0.05;
Irg1** compared with Irgl”".
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5.4 Investigation of the effects of itaconate on P. aeruginosa
growth, biofilm formation, virulence factor production and

antibiotic resistance.

We have established that 4-OIl and itaconate promote bacterial clearance by
macrophages (Figure 5.12). Next, we examined the effects of itaconate on a number of

key facets of P. aeruginosa infection.

5.4.1 Itaconate inhibits the growth of P. aeruginosa.

Firstly, we examined the effects of itaconate on P. aeruginosa growth. Here, we
demonstrated that itaconate inhibits P. aeruginosa growth in LB broth. For PAO1,
bacterial growth was inhibited at a concentration of 780 pg/ml of itaconate (Figure
5.13A). For clinical isolates CI#5158, CI#5382, CI#5082 and CI#5194, bacterial growth
was noticeably reduced at 780 ug/ml of itaconate compared with LB only and was
completely inhibited at 1560 pg/ml of itaconate (Figure 5.13B, C, D, F). Similar to PAO1,
bacterial growth was inhibited at a concentration of 780 pg/ml of itaconate for clinical

isolate CI#5436 (Figure 5.13E).

5.4.2 Itaconate inhibits P. aeruginosa biofilm formation.

P. aeruginosa is one of many types of bacterial pathogen that are capable of
forming biofilms (459). Biofilm formation involves attachment to surrounding surfaces
followed by division and growth of bacteria within a matrix consisting of extracellular
polymeric substances such as mucus, lipids and extracellular DNA attachment (259,
260). By switching to a biofilm mode of growth P. aeruginosa displays increased
antibiotic resistance which is of importance in diseases such as CF (233, 258, 278). As
such, our aim was to examine the effects of itaconate on P. aeruginosa biofilm

formation.

As we have established the impacts of itaconate on P. aeruginosa growth, we

next investigated the effect of itaconate on biofilm formation. Here, we demonstrated
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that itaconate dose dependently inhibited biofilm formation of PAO1 after 24 hours of
growth (Figure 5.14A). Furthermore, itaconate also inhibited biofilm formation in all
five clinical isolated P. aeruginosa strains CI#5158, CI#5382, CI#5082, Cl#5436 and
CI#5194 respectively (Figure 5.14B-F). Complete inhibition of biofilm formation was
observed at a concentration 1560 pg/ml of itaconate in five strains tested, while

complete inhibition was observed at 3120 pg/ml of itaconate for CI#5158.

5.4.3 Itaconate antagonises the efficacy of commonly used
antibiotics tobramycin, meropenem, azactam and

piperacillin/tazobactam against P. aeruginosa.

We next examined the effects of itaconate on the tolerance of P. aeruginosa to
four commonly used antibiotics against P. aeruginosa. To do this, we utilised the
checkerboard assay which is routinely used to examine interactions between anti-
microbial compounds (Figure 5.15). The checkerboard assay assesses the interaction
between two compounds by examining a variety of concentrations of each compound
in 2-fold dilutions (386). From this assay, the Fractional Inhibitory Concentration Index
(FICI) is calculated. The FICI is calculated by comparing the Minimum Inhibitory
Concentration (MIC), the lowest concentration of an agent required to inhibit bacterial
growth, of each compound alone with the MIC of the compounds in combination (386).

The FICl is calculated as per the following equation.

Concentration of A in combination + Concentration of B in combination

FICI=
MIC of A alone MIC of B

Compounds can act synergistically, whereby the presence of agent A lowers the
concentration of agent B needed to inhibit bacterial growth to a concentration lower
than that required when agent B is used alone. For example, agent A has an MIC of 32
ug/ml when used against P. aeruginosa alone, but in the presence of agent B the MIC

of agent A becomes 8 pg/ml. Combinations of agents which result in a 4-fold decrease
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(FICI £ 0.5) in the MIC compared with the MIC of agents alone are said to act
synergistically (Figure 5.15) (386, 387).

Compounds can also act antagonistically whereby the presence of agent A
increases the concentration of agent B needed to inhibit bacterial growth to a
concentration higher than that required when agent B is used alone. For example, agent
A has an MIC of 32 pug/ml when used against P. aeruginosa alone, but in the presence
of agent B the MIC of agent A becomes 128 ug/ml. Combinations of agents which result
in a 4-fold increase (FICI > 4) in the MIC compared with the MIC of agents alone are said
to act antagonistically (Figure 5.15) (386, 387). Alternatively, a FICI of between 0.5 and

4 indicates that the two compounds have no interactions.

In these experiments, we examined the effects of a concentration gradient of
itaconate ranging from 48 pug/ml to 1560 pg/ml. These concentrations correspond to

0.375 mM to 12 mM itaconate.

Tobramycin is a broad spectrum antibiotic from the aminoglycoside family which
is particularly effective against P. aeruginosa (49). Inhaled tobramycin is approved for
the treatment of chronic P. ageruginosa infection in CF patients (48, 49). Here, we
demonstrated for the first time that itaconate a concentration range of 195 — 390 ug/ml
antagonises the anti-bacterial effects of tobramycin (Table 5.1). For PAO1, the MIC of
tobramycin was 4 pug/ml. When PAO1 was cultured in LB broth containing 195 pg/ml of
itaconate the MIC of tobramycin was 16 pug/ml. This corresponds to a FICI of 4.19 and
as a result it is said that itaconate at a concentration of 195 pg/ml antagonises the
effects of tobramycin on PAO1. At a concentration of 390 pg/ml of itaconate,
antagonistic effects on tobramycin were observed in PAO1 and four of five clinical

isolates where the FICI of ranged from 4.13 — 8.25.

Meropenem is a broad spectrum antibiotic from carbapenem family which is
administered intravenously for the treatment of multi drug resistant gram negative
bacterial infections, including P. aeruginosa (45, 46). Here, we demonstrated for the
first time that itaconate a concentration of 390 pug/ml antagonises the anti-bacterial
effects of meropenem (Table 5.2). For PAO1, the MIC of meropenem was 1 pg/ml. When

PAO1 was cultured in LB broth containing 390 pg/ml of itaconate the MIC of meropenem
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was 4 pug/ml. This corresponds to a FICI of 4.25 and as a result it is said that itaconate at
a concentration of 390 ug/ml antagonises the effects of meropenem on PAO1. At a
concentration of 390 ug/ml of itaconate, antagonistic effects on meropenem were
observed in PAO1 and two of five clinical isolates where the FICI of ranged from 4.13 —

16.13.

Azactam is a member of the B-lactam antibiotic family and is primarily used to
treat gram-negative bacterial infections (460). Azactam is delivered intravenously or as
an inhaled agent and is approved for use in CF patients with P. aeruginosa infection
(461). Here, we demonstrated for the first time that itaconate a concentration of 390
ug/ml antagonises the anti-bacterial effects of azactam (Table 5.3). For PAO1, the MIC
of azactam was 8 pug/ml. When PAO1 was cultured in LB broth containing 390 ug/ml of
itaconate the MIC of azactam was 32 pg/ml. This corresponds to a FICI of 4.25 and as a
result it is said that itaconate at a concentration of 390 pug/ml antagonises the effects of
azactam on PAO1. At a concentration of 390 pg/ml of itaconate, antagonistic effects on
azactam were observed in PAO1 and five of five clinical isolates where the FICI of ranged
from 4.13 — 16.13. Itaconate at a concentration of 195 pug/ml also antagonised the
effects of azactam in CI#5382 and CI#5082, with a FICI of 4.09 observed in both strains.
Itaconate at a lower concentration of 97.6 pg/ml also antagonised the effects of

azactam on CI#5382 with a FIC of 4.06.

Piperacillin/tazobactam a combination antibiotic therapy comprised the pB-
lactam piperacillin and the B-lactamase inhibitor tazobactam. Is used intravenously to
treat P. aeruginosa infection (462). Here, we demonstrated for the first time that
itaconate a concentration of 390 pg/ml antagonises the anti-bacterial effects of
piperacillin/tazobactam (Table 5.4). For PAO1, the MIC of piperacillin/tazobactam was
4 pg/ml. When PAO1 was cultured in LB broth containing 390 ug/ml of itaconate the
MIC of piperacillin/tazobactam was 16 pug/ml. This corresponds to a FICI of 4.25 and as
a result it is said that itaconate at a concentration of 390 pug/ml antagonises the effects
of piperacillin/tazobactam on PAO1. At a concentration of 390 pug/ml of itaconate,
antagonistic effects on piperacillin/tazobactam were observed in PAO1 and all five

clinical isolates where the FICI of ranged from 4.13 — 8.13. In CI#5436, itaconate
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antagonised the effects of piperacillin/tazobactam at the lowest concentration of

itaconate tested (48.8 ug/ml) uo to 390 pg/ml.

5.4.4 Itaconate decreases PAO1 pyocyanin production but not

elastase activity, two key virulence factors.

As we have established that itaconate inhibits P. aeruginosa growth, we next
examined the effects of itaconate on bacteria that were still viable and reproducing.
Our aim was to examine the effects of itaconate on P. aeruginosa secreted virulence

factors, pyocyanin and elastase.

Pyocyanin is a redox active phenazine that is secreted by P. aeruginosa which
gives the liquid culture it’s characteristic blue colour. Pyocyanin production has been
shown to be essential virulence factor in P. aeruginosa pathogenesis. Murine models
have demonstrated that pyocyanin drives lung inflammation and cellular damage, while
infection with pyocyanin deficient isogenic mutants of PAO1 results in less severe
pneumonia in models of both acute and chronic lung infection in mice (463). Further
models have shown pyocyanin to be necessary in the killing of plants, Drosophila

melanogaster and C. elegans (464-466).

Here, we demonstrated for the first time that itaconate significantly inhibits the
production of pyocyanin by PAO1 after 18 hours of culture at concentrations of 97.5
ug/ml (** p<0.01, Figure 5.16A), 195 pg/ml (*** p<0.001, Figure 5.16A) and 390 pg/ml
(*** p<0.01, Figure 5.16A), respectively.

Next, we examined the effect of itaconate on P. aeruginosa elastase production.
Elastase is a virulence factor that is produced by P. aeruginosa and acts to degrade host
elastin and compromise the barrier function of the epithelium through disruption of
epithelial tight junction proteins (242, 243). Elastase has also been shown to degrade
important host mucins and surfactant proteins which are necessary for effective

bacterial clearance (467-469).

We utilised the elastin-Congo red assay whereby supernatant from bacterial

cultures are incubated with elastin-Congo red which is insoluble in this medium.
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Elastase acts to cleave the elastin, releasing the Congo red which is soluble in LB broth.
Residual elastin-Congo red is removed by centrifugation and the absorbance of the
sample recorded at 495 nm. Here, we demonstrated that itaconate did not impact the
production of elastase by P. aeruginosa after 18 hours of culture, as quantified using

the elastin-Congo red assay (Figure 5.16B).

5.4.5 |taconate induces PAO1 expression of PAO882 and PA0883

MRNA expression, but not aceA mRNA expression.

Previously, it has been demonstrated that itaconate inhibits isocitrate lyase in
Pseudomonas indigofera, an enzyme that plays a role in the glyoxylate shunt (470). The
isocitrate lyase enzyme, which is under the control of the aceA gene, is part of the
glyoxylate shunt pathway in P. aeruginosa where it converts isocitrate to glyoxylate and
succinate (471). They glyoxylate shunt enables bacteria to use alternative carbon
sources such as acetate when simple sugars, such as glucose, are not readily available
as a fuel source (470). The glyoxylate shunt is of importance as phagocytosed bacteria
utilise this mechanism of energy generation within the phagosome of macrophages
after phagocytosis where they experience nutrient starvation (472). As itaconate is
known to inhibit the isocitrate lyase enzyme, we examined the effects of itaconate on
aceA mRNA expression. Here, we demonstrated that itaconate has no effect on the

expression of aceA mRNA in PAO1 cultured in a LB broth for 18 hours (Figure 5.17A).

We next examined the effects of itaconate on the expression of PA0882 and
PA0883 mRNA in PAO1. P. aeruginosa has been shown to express genes involved in the
detoxification of itaconate (378, 381). These genes are PA0O882 and PA0883 which
encode succinyl-CoA: itaconate CoA transferase and (S)-citramalyl-CoA lyase
respectively, which act to process itaconate to Acetyl-CoA and pyruvate (378, 381).
Here, we demonstrated that PAO1 cultured in LB broth containing 97.5 ug/ml itaconate
expressed significantly higher levels of PAO882 mRNA compared with medium only (**
p<0.01, Figure 5.17B). Expression of PA0882 was also higher in PAO1 cultured in LB
broth containing 390 pg/ml itaconate compared with medium only, although this was

not significant (Figure 5.17B). We also demonstrated an increase in PAO883 mRNA
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expression in PAO1 cultured in LB broth containing 97.5 and 195 pg/ml itaconate
compared with medium (Figure 5.17C). PA0883 was significantly increased in PAO1
cultured in LB broth containing 390 pg/ml itaconate compared with medium only (*

p<0.05, Figure 5.17C).
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Figure 5.13. Itaconate inhibits the growth of P. aeruginosa.

Growth curves of (A) PAO1 and clinical isolates from CF patients (B) CI#5158 (C) CI#5382 (D)
CI#5082 (E) CI#5436 (F) CI#5194. Bacteria were cultured for 20 hours in LB broth containing
itaconate (390, 780, 1560, 3120 pg/ml). Graphs are representative of 3 independent
experiments with similar results.
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Figure 5.14. Itaconate inhibits the P. aeruginosa biofilm formation.

Biofilm formation of (A) PAO1 and clinical isolates (B) CI#5158 (C) CI#5382 (D) CI#5082 (E)
CI#5436 (F) CI#5194. Biofilms were cultured for 24 hours in LB broth containing itaconate (3, 6,
12, 24, 48 mM). Graphs are representative of 3 independent experiments with similar results.
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Figure 5.15. lllustrative example of the minimum inhibitory concentrations (MICs) (ug/ml) and corresponding fractional inhibitory

concentration indices (FICI) of two compounds as calculated using the checkerboard assay.

The MIC of a compound is demonstrated by the lowest concentration of a single compound alone that is required to inhibit bacterial growth. Synergy is
indicated by a FICI of < 0.5, as calculated by the FICI equation respectively. Antagonistic effects are indicated by a FICI > 4, as calculated by the FICI equation

respectively.
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Table 5.1. Tobramycin MICs (ug/ml) and corresponding FICI in the presence of increasing itaconate concentrations for PAO1 and five P.
aeruginosa clinical isolates as per checkerboard assay.

. Itaconate (ug/ml)
| 'ta;::'cate T°b:;:2y°'" 48.8 97.6 195 390 780
Strain (ug/ml) (ug/ml) Tobramycin FIC Tobramycin FIC Tobramycin FIC Tobramycin FICI Tobramycin FICI
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

PAO1 780 4 4 1.06 4 1.13 16 4.19 32 8.25 8 2.31
CI#5158 1560 4 8 2.03 8 2.06 8 2.09 16 4.13 8 2.16
CI#5382 1560 2 4 2.03 4 2.06 8 4.09 16 8.13 2 1.16
CI#5082 1560 4 4 1.03 8 2.06 8 2.09 16 4.13 4 1.16
CI#5436 780 16 16 1.06 16 1.13 16 1.19 16 1.25 - -
CI#5194 1560 4 4 1.03 4 1.06 8 2.09 32 8.13 8 2.16

FICI values equating to antagonism are shown with blue shading.
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Table 5.2. Meropenem MICs (ug/ml) and corresponding FICI in the presence of increasing itaconate concentrations for PAO1 and five P.
aeruginosa clinical isolates as per checkerboard assay.

Itaconate (ug/ml)
| 'taf\:l’lncate Mer:,':’li"em 48.8 97.6 195 390 780
Strain (ug/ml) (ug/ml) Meropenem FICI Meropenem FICI Meropenem FICI Meropenem FICI Meropenem FICI
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

PAO1 780 1 1 1.06 1 1.13 2 2.19 4 4.25 2 2.31
Cl#5158 1560 0.5 0.5 1.03 0.5 1.06 0.5 1.09 1 2.13 .25 0.66
Cl#5382 1560 0.25 0.25 1.03 0.25 1.06 0.25 1.09 0.5 2.13 0.25 1.16
Cl#5082 1560 0.5 0.5 1.03 0.5 1.06 1 2.09 4 16.13 0.5 1.16
Cl#5436 780 16 16 1.06 16 1.13 16 1.19 16 1.25 - -
Cl#5194 1560 0.25 0.25 1.03 0.25 1.06 0.25 1.09 1 4.13 4 16.16

FICI values equating to antagonism are shown with blue shading.

210



Table 5.3. Azactam MICs (ug/ml) and corresponding FICI in the presence of increasing itaconate concentrations for PAO1 and five P.
aeruginosa clinical isolates as per checkerboard assay.

it ; Azact Itaconate (ug/ml)
aconate Zactam
Strain e we | 48.8 __ 97.6 __ 195 __ 390 __ 780
(ug/ml) (ug/mi) | AZactam FICI zactam e zactam gy zactam oo R 2 [
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

PAOL| 780 8 8 1.06 8 1.13 8 1.19 32 4.25 ) 1.16
clis158 | 1560 8 8 1.03 8 1.06 16 2.09 64 8.13 8 1.16
clis382 | 1560 2 4 2.03 8 4.06 8 4.09 16 8.13 4 2.16
cl#5082 | 1560 4 4 1.03 8 2.06 16 4.09 64 16.13 2 0.66
cisa3e | 780 8 8 1.06 8 1.13 16 2.19 32 4.25 - ;
clis194 | 1560 4 4 1.03 4 1.06 4 1.09 16 4.13 2 0.66

FICI values equating to antagonism are shown with blue shading.
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Table 5.4. Piperacillin/Tazobactam MICs (ug/ml) and corresponding FICI in the presence of increasing itaconate concentrations for PAO1 and
five P. aeruginosa clinical isolates as per checkerboard assay.

pi illin/ Itaconate (ug/ml)
ltaconate | . Poracin 48.8 97.6 195 390 780
. Tazobactam f——_ — — — ——
Strain Mic MIC Piperacillin/ Piperacillin/ Piperacillin/ Piperacillin/ Piperacillin/
(ng/ml) Tazobactam FICI | Tazobactam FICI | Tazobactam FICI Tazobactam FICI | Tazobactam  FICI
(ng/ml)
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

PAO1 780 4 4 1.06 4 1.13 4 1.19 16 4.25 4 1.16
CI#5158 1560 8 8 1.03 8 1.06 8 1.09 32 4.13 4 0.66
CI#5382 1560 2 4 2.03 4 2.06 4 2.09 16 8.13 1 0.66
CI#5082 1560 4 4 1.03 4 1.06 4 1.09 32 8.13 2 0.66
CI#5436 780 32 128 4.06 128 4.13 >256 >4 >256 >4 -
Cl#5194 1560 2 2 2.03 2 2.06 4 2.09 8 4.13 1.16

FICI values equating to antagonism are shown with blue shading.
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Figure 5.16. Effect of itaconate on PAO1 pyocyanin production and elastase activity.

PAO1 were cultured in LB broth containing itaconate (48.8 — 390 pg/ml) for 18 hours. (A)
Pyocyanin was then extracted with chloroform and HCl, and absorbance readings were taken
at 520 nm for pyocyanin quantification. (B) Elastase production in PAO1 was measured by the
elastin-Congo red assay. After 18 hours of culture, supernatants were then incubated with
elastin-Congo red for 6 hours. The absorbance was recorded at 495 nm. Data is presented as
mean + SEM of 3 independent experiments with 3 technical replicates. A Kruskal-Wallis test
with Dunn’s multiple comparison post-hoc test was used to test for statistical differences. **
p<0.01, *** p<0.001; respective treatment compared with medium.
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Figure 5.17. Effects of itaconate on aceA mRNA expression, from the glyoxylate shunt,
and PA0882 and PA0883 mRNA expression, which are involved in itaconate
detoxification.

PAO1 was cultured for 24 hours in LB broth containing itaconate (97.5 — 390 pg/ml). mRNA levels
of (A) aceA, (B) PA0882 and (C) PA0883 were quantified by qPCR analysis. mRNA levels were
standardised per unit of rpoD. Results are expressed as a relative fold increase compared with
medium. Data is presented as mean + SEM of 3 independent experiments with 3 technical
replicates. A One-way ANOVA with a Tukey’s multiple comparison post-hoc test was used to
test for statistical differences. * p<0.05, ** p<0.01; respective treatment compared with
medium.
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5.5 Investigation of the effects of itaconate and 4-Ol on P.
aeruginosa infection in vivo using the G. mellonella

infection model.

In this chapter, we established that 4-Ol limited P. aeruginosa induced
inflammation in macrophages (Figure 5.8 - Figure 5.11). We also demonstrated that 4-
Ol and itaconate promote macrophage mediated P. aeruginosa clearance (Figure 5.12).
Furthermore, we demonstrated that itaconate inhibits P. aeruginosa growth, biofilm
formation any pyocyanin production (Figure 5.14 - Figure 5.16). However, we also
observed increased antibiotic resistance in P. aeruginosa cultured in itaconate, most
notably at a concentration of 390 pug/ml (Table 5.1 - Table 5.4). Following this, we

examined the effects of itaconate and 4-Ol on P. geruginosa infection in vivo.

5.5.1 Itaconate is protective in vivo in a model of P. aeruginosa

infection in G. mellonella.

We assessed the effects of itaconate and 4-Ol in vivo using an invertebrate
model of P. aeruginosa infection. G. mellonella larvae are becoming a popular tool as
an in vivo model of bacterial infection (473). G. mellonella offer many benefits as they
are inexpensive, are available in large numbers and do not require specialist laboratory
equipment (473). Most importantly, although they lack an adaptive immune system,
the innate immune system of G. mellonella is very similar to that of vertebrates (473).
The humoral arm of the G. mellonella immune system is comprised of a variety of
soluble factors which act to immobilise and kill pathogens (473-475). The cellular arm
of the G. mellonella immune system is comprised of a variety of phagocytic cells knowns

as haemocytes which act to phagocytose and kill invading pathogens (473, 476, 477).

G. mellonella are routinely utilised in studies examining the virulence of P.
aeruginosa strains and efficacy of anti-microbial agents (473). Here, we demonstrated
at inoculation of G. mellonella with 20 pl of PBS does not impact survival, while
inoculation with 20 pl of PBS containing 2.5 x 103 CFU/ml of PAO1, equating to 50 CFU,

induces death at 24 hours, as indicated by melanisation (Figure 5.18).
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Next, we examined the effect of itaconate alone on G. mellonella survival. G.
mellonella use for this study had an average weight of 0.25 g, with every unit weighing
between 0.2 and 0.3 g. Here, we demonstrated for the first time that itaconate alone
was not toxic to G. mellonella when they are inoculated with 20 pul of PBS containing
itaconate at a concentration of 3.9 mg of itaconate / kg of G. mellonella (0.975 pg of
itaconate) (Figure 5.19B), 7.8 mg/kg (1.95 ug of itaconate) (Figure 5.19C), 15.6 mg/kg
(3.9 pg of itaconate) (Figure 5.19D), 31.3 mg/kg (7.8 ug of itaconate) (Figure 5.19E),
62.5 mg/kg (15.6 ug of itaconate) (Figure 5.19F) or 125 mg/kg (31.2 ug of itaconate)
(Figure 5.19G) respectively.

We also demonstrated for the first time that G. mellonella that were inoculated
with P. aeruginosa and 62.5 mg/kg of itaconate had significantly increased survival
compared to those inoculated with P. aeruginosa only (* p<0.05, Figure 5.20).
Furthermore, G. mellonella that were inoculated with P. aeruginosa and 125 mg/kg of
itaconate had significantly increased survival compared to those inoculated with P.

aeruginosa only (*** p<0.001, Figure 5.20).

5.5.2 4-0Ol is protective in vivo in a model of P. aeruginosa infection

in G. mellonella.

Having previously demonstrated that 4-Ol inhibits macrophage mediated
inflammatory responses (Figure 5.8 - Figure 5.10) and promotes macrophage mediated
P. aeruginosa clearance (Figure 5.12), we subsequently examined the effects of 4-Ol in
the G. mellonella model of P. aeruginosa infection. 4-0Ol is non polar and must be
dissolved in DMSO, although the concentration is low enough that it does not impact G.
mellonella survival (Figure 5.21A). Here, we demonstrated for the first time that 4-0l
alone was not toxic to G. mellonella when they are inoculated with 20 pl of PBS
containing 4-0Ol at a concentration of 50 mg/kg (12.5 pg of 4-Ol) (Figure 5.21B), 125
mg/kg (31.25 ug of 4-0l) (Figure 5.21C), or 250 mg/kg (62.5 pg of 4-0l) (Figure 5.21D)
respectively. We also demonstrated for the first time that 4-OIl promotes survival in G.
mellonella challenged with P. aeruginosa (Figure 5.22A-D). G. mellonella that were

inoculated with P. aeruginosa and 250 mg/kg of 4-Ol had significantly increased survival
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compared to those inoculated with P. aeruginosa and DMSO vehicle control (** p<0.01,

Figure 5.22E).
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Figure 5.18. PAO1 infection induces death of G. mellonella at 24 hours.

G. mellonella were inoculated with 20 pL of PBS or 2.5 x 10® CFU/ml of PAO1 for 24 hours. (A)
Inoculation with PBS only did not result in G. mellonella death. (B) Inoculation with PBS
containing PAO1 resulted in G. mellonella death, as indicated by decomposition and
melanisation.
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Figure 5.19. Itaconate is not toxic to G. mellonella at 24 hours.

G. mellonella were inoculated with 20 uLs of (A) PBS or itaconate at a concentration of (B) 3.9
mg/kg (0.37 mM) (C), 7.8 mg/kg (0.75 mM) (D), 15.6 mg/kg (1.5 mM) (E), 31.3 mg/kg (3 mM)
(F), 62.5 mg/kg (6 mM) or (G) 125 mg/kg (12 mM) respectively. Treatment of G. mellonella with
any of the concentrations of itaconate examined did not result in death. Figures are
representative of 3 independent experiments.

219



10019

**x % -e- + PAO1

- -PAO1

50 1

% Survival

PBS 3.9 7.8 15.6 31.3 62.5 125

Itaconate (mg/kg)

Figure 5.20. Itaconate co-treatment promotes survival of G. mellonella following
challenge with PAO1 at 24 hours.

Mean survival rates of G. mellonella 24 hours post inoculation of 20 uLs of 2.5 x 103
CFU/ml of PAO1 and a concentration range of itaconate (3.9 — 125 mg/kg). Data is
presented as mean + SEM of 4 independent experiments. A two-way ANOVA with a
Tukey’s multiple comparison post-hoc test was used to test for statistical differences. *
p<0.05; 62.5 mg/kg itaconate + PAO1 compared with PBS + PAO1. *** p<0.001; 125
mg/kg itaconate + PAO1 compared with PBS + PAO1.
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Figure 5.21. 4-Ol is not toxic to G. mellonella at 24 hours.

G. mellonella were inoculated with 20 uLs of (A) DMSO or 4-Ol at a concentration of (B) 50
mg/kg (C) 125 mg/kg (D) 250 mg/kg. Treatment of G. mellonella with any of the concentrations
of 4-Ol examined did not result in death. Figures are representative of 3 independent
experiments.
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Figure 5.22. 4-0Ol co-treatment promotes survival of G. mellonella following challenge
with PAO1 at 24 hours.

G. mellonella were inoculated with 20 pLs of 2.5 x 10° CFU/ml of PAO1 and (A) DMSO or 4-0Ol at
a concentration of (B) 50 mg/kg (C) 125 mg/kg (D) 250 mg/kg respectively. Treatment of G.
mellonella with 4-Ol promotes survival in PAO1 infected G. mellonella. Figures are
representative of 4 independent experiments. (E) Mean survival rates of G. mellonella 24 hours
post inoculation. Data is presented as mean + SEM of 4 independent experiments. A two-way
ANOVA with a Tukey’s multiple comparison post-hoc test was used to test for statistical
differences. ** p<0.01; 250 mg/kg 4-0Ol + PAO1 compared with DMSO + PAO1.
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5.6 Discussion

In CF, there is an undeniable unmet clinical need for the development of novel
anti-inflammatory and antimicrobial therapies as CF disease progresses due to
respiratory damage from chronic inflammation and chronic infection (21, 233, 265). In
order to address this, we have examined the effects of 4-Ol and itaconate in this
context. We conducted experiments examining the effects of 4-Ol on the regulation of
the inflammatory responses of macrophages to live P. aeruginosa infection. We also
examined the effects of itaconate on P. aeruginosa growth, biofilm formation, virulence
factor expression and antibiotic tolerance. Furthermore, we examined the effects of
both 4-0l and itaconate on live P. aeruginosa infection in vivo using the G. mellonella

infection model.

Anti-microbial resistance is undoubtedly one of the biggest challenges facing
society, with estimations that up to 10,000,000 people a year will die due to antibiotic
resistant infections (43). Although it is difficult to ascertain the exact number of
individuals that will contract an antibiotic resistant infection, it remains undisputed that
antibiotic resistance is a critical issue (478). As such, the development of new therapies
that are antimicrobial or enhance the efficacy of current antibiotic regimes remains an
unmet clinical need of crucial importance. Currently, antibiotic regimes classically target
bacterial cells by a variety of mechanisms including inhibiting cell wall synthesis, nucleic
acid synthesis and protein synthesis (479). Recently, host-directed therapies which
target and manipulate the host immune response to infection in a manner that benefits
the host and is detrimental to the pathogen have become an attractive new therapeutic

prospect (480, 481).

Targeting metabolic products in activated immune cells has become an area of
much research termed “immunometabolism” (186, 315, 318, 482, 483). In activated
macrophages, metabolic rewiring occurs whereby there is a shift towards aerobic
glycolysis, also known as the Warburg effect (334-338). Glycolysis is considered a
hallmark of immune cells undergoing rapid activation and replication and serves to
support phagocytosis and anti-bacterial functions (318, 339). Glycolysis has been shown
to be required for production of nitric oxide, prostaglandins and ROS, while inhibition
of glycolysis using 2-deoxyglucose (2-DG) has been shown to limit macrophage
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activation and inflammation in vivo (185, 333, 340, 341). Furthermore, in classically
activated macrophages there is dysregulation of the TCA cycle whereby there is
accumulation of succinate and citrate as a result of decreased activity of their respective
processing enzymes (185, 328). Excess citrate is then processed for fatty acid synthesis

and itaconate production (327, 328, 348, 349).

Itaconate is a metabolic by-product that is being heralded as a valid therapeutic
target for the development of anti-inflammatory therapies (327, 330, 351, 360, 375,
380, 382, 424, 426). Itaconate is a by-product of cellular metabolism that exerts strong
anti-inflammatory effects. Itaconate is produced from cis-aconitate which is converted
to itaconate by Irgl protein (359). Upregulation of itaconate and Irgl mRNA expression
has been observed in a myriad of cells including LPS stimulated macrophages and in the
lungs of M. tb infected mice (358, 365-367). One mechanism of itaconates anti-
inflammatory activity is via inhibition of SDH, which was first demonstrated in 1949
(374). It has since been demonstrated that LPS stimulated Irgl”- macrophages, which
lack endogenous itaconate, have decreased succinate accumulation compared with
wild type cells, indicative of SDH inhibition by itaconate (327, 351). Itaconate also
modulates anti-inflammatory response through upregulation of the transcription factor
Nrf2 (375). Nrf2 functions to upregulate antioxidant genes including Hmox1, Gclm, Gsr
and Ngol in response to cellular stress to limit inflammatory cytokine and ROS
production (330, 377, 429). Irgl deficient macrophages display impaired lack of
activation of Nrf2 (426). Irgl deficient mice have been used to demonstrate that
itaconate modulates pro-inflammatory cytokine production following LPS stimulation
(327). Furthermore, itaconate deficient mice are more susceptible to M. tb infection
and display increased inflammation compared with wild type mice (361). As such,

itaconate plays a role in the inflammation and the host response to infection.

In the previous chapter, we examined the effects of itaconate and 4-Ol on the
regulation of macrophage responses to synthetic stimuli LPS and HKPA. While these
stimuli provide an insight into the regulatory effects of itaconate and 4-Ol on TLR4 and
TLR2/TLR5 activation respectively, and also limit cytotoxicity that may be introduced by
live bacteria, it is not representative of a live bacterial infection (484-486). Although P.

aeruginosa does express LPS, which induces itaconate production, it also possesses a
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variety of other factors including quorum sensing molecules, secreted virulence factors
and toxins all of which can impact on the response of macrophages (244, 249, 285-287,
487-491). Furthermore, different macrophage activating stimuli have been shown to
induce differential metabolic profiles and consequently we must not assume that P.
aeruginosa infection will induce itaconate production (332). As such, it important to use
live P. aeruginosa in experiments in order to gain an accurate understanding of the

immune response to infection.

Initially, we used RAW 264.7 murine macrophages for preliminary experiments
of live P. aeruginosa infection as they are easier to source than primary murine cells.
We demonstrated for the first time that infection of RAW 264.7 murine macrophages
with PAO1 significantly induced expression of Irgl mRNA. Treatment of these cells with
4-0l inhibited the production of PAO1 mediated TNF-a and pro-IL-1B protein, while 4-
Ol also enhanced Nrf2 protein expression and downstream antioxidant genes.
Interestingly, infection with PAO1 inhibited the induction of Nrf2 protein expression and
subsequent induction of downstream genes Gclm, Gsr and Ngol. This may be due to
the inhibition of Nrf2 protein expression by 2-Heptyl-3-hydroxy-4(1H)-quinolone, a
secreted quorum sensing molecule, which has previously been demonstrated to inhibit
antioxidant gene expression, although further work is necessary to determine this
mechanism (492). Nrf2 has previously been shown to be protective in P. aeruginosa
infection (493). Nrf2 promotes phagocytic uptake of P. aeruginosa by murine alveolar
macrophages and also decreases the recruitment of inflammatory cells to the lungs, as

measured in BAL fluid, in a model of respiratory P. aeruginosa infection (493).

Following on from our finding that 4-Ol can mediate the responses of PAO1
infected macrophages, we next examined the role of endogenous itaconate in the
macrophage response to P. aeruginosa infection. To do this, we used BMDMs from Irgl
deficient mice which lack the Irgl protein necessary for itaconate production (359, 361,
425, 494). We hypothesised that itaconate deficiency would enhance the production of

pro-inflammatory mediators in P. aeruginosa infected macrophages.

We observed that in Irgl** BMDMs, PAO1 infection induced the production of
MIF, KC, TNF-a and RANTES protein. Interestingly, the levels of these proteins that were
produced were equivalent to those produced in Irgl”- BMDMs. We also demonstrated
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the induction of IL-10 and TNF-a mRNA in both Irg1** and Irg17/- BMDM s following PAO1
infection, with no differences in induction observed between the genotypes. PAO1
infection also induced iNOS mRNA expression in both Irgl*/* and Irgl”- BMDMs , with
significantly higher induction in Irgl”> BMDMs, which is consistent with data
demonstrating itaconate mediated inhibition of LPS stimulated reactive nitrogen
species production (330). PHD3 mRNA expression levels are used as a non-direct
readout for HIF-1a activation levels, as PHD3 protein promotes HIF-1a destabilisation
and subsequent degradation (295, 495, 496). PAO1 infection resulted in reduced
expression of PHD3, indicative of HIF-1a activation and subsequent pro-inflammatory
cytokine expression. As 4-Ol has been shown to inhibit LPS mediated HIF-1a
stabilisation (330), we were surprised to observe that endogenous itaconate did not

impact PHD3 expression levels.

We also examined the effects of 4-Ol on the responses of macrophages to PAO1
infection in both Irg1** and Irgl”- BMDMs. In Irgl** BMDMs, 4-Ol had no effect on
PAO1 induced MIF, KC or RANTES protein levels, but it did significantly inhibit PAO1
induced TNF-a protein levels. 4-Ol treatment also significantly enhanced the expression
of IL-10 mRNA, an anti-inflammatory cytokine, in PAOl1 infected cells (454).
Furthermore, pro-IL-1B protein levels were significantly inhibited by 4-OI in PAO1
infected Irgl*/* cells. As was observed in Irgl*/* BMDMs, 4-Ol treatment had no effect
on PAO1 induced MIF or KC protein in Irgl7- BMDMs. 4-Ol also inhibited PAO1 induced
TNF-a and pro-IL-1PB protein production and enhanced IL-10 mRNA expression in PAO1
infected Irgl” BMDMs. In PAO1 infected Irgl”’- BMDMs, 4-Ol inhibited RANTES protein
production and iINOS mRNA expression, effects that were not observed in Irgl**
BMDMs. This may be due, at least in part, to the lack of endogenous itaconate in Irgl”-
cells with 4-0l acting as an itaconate analogue, however further research is needed to

investigate these differences.

In both genotypes, 4-0Ol enhanced the production of Nrf2 protein in both non-
infected and PAO1 infected cells. Downstream of Nrf2, 4-Ol also enhanced the
expression of Geclm, Hmox1 and Ngol mRNA in both non-infected and PAO1 infected

cells. There was higher levels of Gclm and Ngol mRNA expression in 4-0l stimulated
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Irg1*/* cells compared with Irg17- cells, likely due in part to the presence of endogenous

itaconate in the Irg1*/* cells.

Iltaconate is a key immunoregulatory metabolite in cells stimulated with
synthetic ligands including LPS and poly(l:C), and also cells infected with live pathogens,
including M. tb and Zika virus (330, 358, 361, 383). Irgl gene expression is highly
induced upon infection with numerous bacteria including S. aureus, M. tb and Listeria
monocytogenes, viruses including Zika virus, West Nile virus and Respiratory syncytial
virus and parasites including Toxoplasma gondii and Leishmania donovani (361, 383,
420-422, 450, 497, 498). As Itaconate production is mediated by a protein under the
control of Irg1 gene expression, one would expect to observe differences between Irg1
expressing and Irgl deficient cells on effects including the modulation of the
inflammatory response. In our experiments, we observed limited differences between
these two genotypes. One potential reason that we observed subtle differences may be
that Irg1”/ cells have developed a mechanism of compensation for the lack of itaconate,
however this remains to be examined. As such, a more useful tool examining the effects
of endogenous itaconate may be the development of a system that examines the effects

of Irg1/itaconate overexpression, rather than deletion.

Overall, our results from Irgl” cells were surprising as the differences in the
responses to live P. aeruginosa infection that we examined were somewhat limited
compared with Irg1** BMDMs. For each protein we examined, the level of production
induced by P. aeruginosa infection in both Irg1*/* and Irg1” cells were similar. Likewise,
the levels of antioxidant gene expression in both non-infected and PAO1 infected Irg1*/*
and Irg1” cells were similar between the two genotypes. However, It is important to be
cogniscent of the fact that the majority of experiments that focus on the effects of
itaconate utilise synthetic ligands such as LPS and poly(l:C) (330, 351). As such, few
experiments have been conducted to examine the role of itaconate during live bacterial
or viral infection. Live P. aeruginosa infection has the potential to introduce a complex
assortment of PAMPs into the experimental set up including, but not limited to LPS,
alginate, quorum sensing molecules, pyocyanin, flagellin, diffusible signalling
molecules, bacterial DNA and also complex T3SS’s — all of which are capable of

impacting on the macrophage response (78, 249, 252, 253, 285-287). Consequently, the
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immunoregulatory effects of itaconate may be overshadowed by the other factors that

are introduced using live bacteria.

Recently published data has also demonstrated limited differences between
particulate-matter induced inflammation in Irgl” and Irgl** macrophages (444).
Similar to our data, the authors also suggest differential effects between 4-Ol and
endogenous itaconate (444). Furthermore, it is also suggested that the effects of
itaconate are stimulus dependant (444). Experiments examining macrophage mediated
inflammation induced by particulate matter demonstrated limited differences in Irg1*/*
macrophages compared with Irgl”- (444). The authors also ran control experiments
examining the regulation of macrophage responses to LPS by endogenous itaconate,
and show that the effects of itaconate are stimulus dependant (444). Interestingly,
these authors demonstrate that endogenous itaconate and 4-Ol, an exogenous
itaconate analogue, do in fact induce different effects (444). In Irgl” BMDMs
stimulated with particulate matter, there was no difference in the mRNA expression
levels of Gclm, Hmox1, Ngol, TNF-a or IL-18 mRNA compared with Irgl** cells.
However, in particulate matter stimulated Irgl*/* cells treated with 4-Ol there was
significantly higher expression levels of Gclm, Hmox1, Ngol mRNA and significantly
reduced TNF-a or IL-1B mRNA expression levels compared with particulate matter
stimulated cells that did not receive 4-0l (444). This data is in line with our own in which
4-0l treatment induced significant effects in P. aeruginosa infected cells, whereas there
was limited differences observed between genotypes in experiments using Irgl” and
Irg1*/* cells which highlights the fact that there are important differences between

endogenous itaconate and 4-0I (444).

To date, the literature surrounding the use of itaconate and modified itaconate
derivatives has yielded many results, however the variability in both the experimental
conditions and the itaconate derivatives used has presented a challenge in the
interpretation of key aspects of itaconates immunomodulatory activity (442). The two
most commonly utilised itaconate derivatives are DI and 4-0Ol. DI is similar in structure
to itaconate, although it has an esterified carboxyl group which acts to reduce the
negative charge of itaconate and increase membrane permeability (424). However,

further research demonstrated that this esterification increases the thiol-reactivity of
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DI and as such increases the likelihood of itaconate-independent effects (330).
Furthermore, DI is not metabolised into itaconate and as such should not be used to
mimic endogenous itaconate (372, 442). 4-Ol was developed as a more suitable
itaconate surrogate, displaying similar thiol-reactivity to itaconate and hydrolysis to

itaconate in LPS stimulates macrophages (330).

More recently, data which was published after we had conducted our
experiments demonstrated that treatment of resting BMDMs with 4-Ol does not
enhance intracellular levels of itaconate, in line with Mills et a/ (330, 442). Furthermore,
the authors demonstrated that unmodified itaconate does in fact accumulate within
BMDMs at much shorter time points than previous publications (370, 442).
Interestingly, 4-Ol was shown to induce basal Nrf2 expression, transcription of Ngol
and Hmox1 and inhibition of LPS mediated expression of IL-6 protein (442).
Furthermore, none of these effects were observed in cells treated with unmodified
itaconate. Considering that cells treated with unmodified itaconate had increased
intracellular itaconate, but no induction of Nrf2 or downstream genes, this
demonstrates that itaconate has a lower degree of electrophilicity compared with 4-0l

(442).

Furthermore, the inhibition of IFN production by 4-OI was also observed, in line
with previous research, however the authors also demonstrate that endogenous
itaconate in fact increases IFN-B3 production and transcription of genes downstream of
type | interferon signalling (330, 442). The use of Irgl”" cells revealed significantly
reduced expression of genes downstream of type | interferon signalling compared with
Irg1*/* cells, which was rescued upon treatment with unmodified itaconate (442). This
important study demonstrates drastic differences between the effects of 4-Ol and
itaconate and suggests that 4-Ol is fact not a suitable itaconate surrogate, with
unmodified itaconate being more physiologically relevant to Irg1-produced itaconate

(442).

Based on the limited differences that we observed in experiments using Irgl”
and Irgl**, and the significant effects that we observed with 4-Ol treatment in P.
aeruginosa infected cells; it may be of value to consider the potential benefits of 4-0I
in respiratory P. aeruginosa infection independent of itaconate. In our experiments, the
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most striking effect of 4-Ol was the inhibition of PAO1 mediated pro-IL-1p expression.
Previous studies have demonstrated a detrimental role for IL-1B in P. aeruginosa
infection. Recombinant IL-1B has been shown to inhibit macrophage mediated P.
aeruginosa clearance, while levels of IL-1B in CF BAL fluid have been shown to correlate
with clinical outcome (302, 303). Caspase-1 is an enzyme which acts to proteolytically
cleave pro-IL-1B to mature IL-1B. Treatment of mice with caspase-1 inhibitors has been
shown to decrease inflammation and bacterial burden in a model of P. aeruginosa
induced ocular keratitis, while caspase-17- mice exhibit enhanced bacterial clearance
compared with wild type in the same model (304, 305). Recently, the use of an NLRP3
inhibitor, MCC950, has been shown to inhibit the production of IL-1B protein in the
lungs of P. aeruginosa infected mice and also enhance bacterial clearance (303).
Furthermore, 4-Ol treatment boosted IL-10 transcription, an anti-inflammatory
cytokine that has been shown to decrease inflammation and lessen disease severity in
a model of P. aeruginosa infection (454). The induction of Nrf2 and subsequent
induction of downstream anti-oxidant genes may also be on benefit in limiting excessive
inflammation in CF, however further research is necessary to examine this. As such, the

use of 4-Ol may be of therapeutic interest in P. aeruginosa infection.

Itaconate has also been shown to display antibiotic properties against methicillin
resistant Staphylococcus aureus (MRSA), M. tb, Salmonella enterica (S. enterica) and
multidrug-resistant Acinetobacter baumanni (359, 361, 379). In vivo, endogenous
itaconate promotes survival in a murine model of M. tb infection (361). Itaconate is
known to inhibit isocitrate lyase - a key enzyme in the glyoxylate cycle, an anabolic
process analogous to the TCA cycle in plants and microorganisms (378). However,
itaconate also displays protective activities in vivo following infection with M. tb lacking
a functional glyoxylate shunt , the mice still readily succumbed to infection suggesting
an alternative mechanism of action for itaconates antimicrobial activity (361). As such,
we hypothesised that itaconate would have antibacterial properties against P.

aeruginosa infection.

We examined the effect of endogenous itaconate on macrophage mediated P.
aeruginosa killing using macrophages from itaconate deficient and wild type

macrophages. Our data demonstrated for the first time that endogenous itaconate
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promotes the bactericidal capabilities of macrophages against P. aeruginosa. This
finding may occur due to direct antibacterial activities of itaconate against P. aeruginosa
or may be due to itaconate mediated regulation of the immune response to infection;
further work is necessary to clarify this mechanism. We also demonstrated that 4-Ol
promoted macrophage mediated P. aeruginosa killing. This may occur as Nrf2, which is
upregulated by 4-Ol, promotes phagocytic uptake of P. aeruginosa by murine

macrophages which may contribute to enhanced bacterial killing (493).

To investigate the effects of itaconate directly on P. aeruginosa, we cultured P.
ageruginosa strains in LB broth containing itaconate. We demonstrated that PAO1
upregulates the expression of PAO882 and PA0O883 genes, which regulate the expression
of itaconate processing genes, demonstrating that P. aeruginosa can detect the
presence of itaconate (378, 381). We also demonstrated that itaconate inhibited growth
of PAO1 at a concentration of 780 ug/ml, which corresponds to 6mM. Furthermore, the
growth of five clinical isolates was significantly stunted at a concentration of 780 ug/ml,
and completely inhibited at 1560 ug/ml. We also demonstrated itaconate decreased
biofilm formation in PAO1 and all five clinical isolates that were examined. Biofilm
formation was completely inhibited at concentrations from 780 to 1560 ug/ml, likely
due toinhibition of bacterial growth, but also at lower concentrations examined. Biofilm
formation confers antibiotic resistant properties to P. aeruginosa against commonly
used antibiotics, with biofilm formation a major cause of chronic infections in CF (113,
437, 499, 500). As such, the antibacterial and anti-biofilm properties of itaconate may

be of interest in CF patients.

We next examine the impacts of itaconate on the susceptibility of PAO1 and five
clinically isolated P. aeruginosa strains to commonly used antibiotics. To do this, we
utilised the checkerboard assay which alloys the examination of the effects of a
combination of two-fold dilutions of two independent treatments to be examined on
bacterial growth. The MIC of itaconate against the strains examined ranged from 780 —
1560 pg/ml. Interestingly, at a concentration of 390 ug/ml itaconate had an antagonistic
effect on the antibacterial effects of tobramycin in five of six strains that were
examined. This means that itaconate induced at least a 4-fold increase in the

concentration of tobramycin required to inhibit bacterial growth. Similarly, itaconate at
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this concentration also antagonised the effects of meropenem in three of six strains
examined. Antagonism by itaconate was observed in six of six strains against azactam

and also against piperacillin/tazobactam.

Interestingly, it is common for sub-MIC concentrations of antibiotics to induce
biofilm formation and antibiotic resistance in a variety of infections, including S. aureus,
S. enterica and P. aeruginosa (501-506). The induction of biofilm formation is said to be
a stress response to the antibacterial agents which results may also include changes in
virulence factor expression and the development of persister cells (507). Sub-MIC
concentrations of methicillin induces biofilm formation in S. aureus (504). Sodium
hypochlorite, a common disinfectant agent, induces biofilm formation in S. enterica,
common causative agent in acute gastroenteritis (505). In P. aeruginosa, sub-MIC
concentrations of tobramycin, a commonly used antibiotic in CF, induces biofilm
formation in a dose-dependent manner (501). Our findings demonstrate for the first
time that sub-MIC concentrations of itaconate promote antibiotic resistance to
commonly used antibiotics against P. aeruginosa, as determined by an FICl indicative of
antagonism. Interestingly, this finding is in line with the induction of biofilm formation
at sub-MIC ranges in the previous examples which occur at approximately % to % of the
MIC (501, 506). This may be of interest as if levels of itaconate were within this range,
it may be of benefit to pharmacologically increase itaconate concentrations which
would promote its antibacterial effects and overcome itaconate mediate antibiotic

resistance.

We next examined the effect of itaconate on the expression of two common
virulence factors expressed by PAO1, elastase and pyocyanin. The concentrations of
itaconate that we examined were below the MIC that were observed in the
checkerboard assay experiments. P. ageruginosa elastase functions to degrade host
elastin, compromising the barrier function of the lung epithelium and enabling bacterial
invasion and inflammatory damage (242, 243). Elastase also degrades host factors,
including mucins and surfactant proteins, which are required to bacterial clearance
(467-469). We demonstrated that itaconate had no effect on elastase production by

PAO1 at any concentration examined.
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Pyocyanin is an essential virulence factor in P. aeruginosa pathogenesis.
Pyocyanin has been shown to promote lung inflammation and cellular damage in vivo
in @ murine model of P. aeruginosa infection (463). Furthermore, pyocyanin production
by P. aeruginosa results in death in infection models of plants, Drosophila melanogaster
and C. elegans (464-466). Pyocyanin causes cellular damage as it elevates through
increasing levels of ROS including superoxide (O2-) and hydrogen peroxide (H20;) which
cause cellular damage to DNA, mitochondria, cell membrane and cell cycle components
(487, 488, 508, 509). We demonstrated that at sub-MIC concentrations that itaconate
inhibits pyocyanin production in PAO1 in a dose dependant manner. Infection of mice
with pyocyanin deficient isogenic mutants of PAO1 results in less severe pneumonia in
models of both acute and chronic lung infection in mice (463). Inhibition of pyocyanin
by itaconate may therefore be another beneficial effect of itaconate in the context of

P. aeruginosa infection.

Finally, we examined the effects of itaconate and 4-Ol in vivo. To do this, we
utilised the larvae of the greater wax moth, G. mellonella, which offers a number of
practical benefits over murine models. G. mellonella larvae are inexpensive and
available in larger numbers which is ideal for our experiments. Furthermore, the do not
require ethical approval or need to be housed in specialist equipment. When stored at
14°C the larvae will remain viable, but it will slow down their development into pupae.
They can also be housed at 37 °C for the duration of experiments, making it ideal for
studying mammalian pathogens (473, 510). Most importantly, the immune system of
G. mellonella is strikingly similar to that of the vertebrate innate immune system and is
comprised of humoral and cellular arms (473-475). The humoral arm is a variety of
soluble factors which act to immobilise and kill pathogens (473-475). The cellular arm is
a variety of phagocytic cells knowns as haemocytes which act to phagocytose and kill

invading pathogens (473, 476, 477).

In G. mellonella, melanisation, the production of melanin, is indicative of an
active immune response. During infection, phagocytic cells secrete enzymes that are
involved in the production of melanin which gives infected larvae a characteristic black
colour. Melaninization is comparable to the compliment cascade in humans and results

in pathogen encapsulation, followed by coagulation and opsonization and is analogous
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to the formation of abscesses in mammalian infections (473, 511-513). G. mellonella are
routinely utilised in studies examining the virulence of P. aeruginosa strains and efficacy
of anti-microbial agents (473). G. mellonella are extremely susceptible to P. aeruginosa
infection, with inoculum as low as 25 CFU of certain P. aeruginosa strains proving toxic
(514). Previous studies have demonstrated strong correlations between antibiotic
pharmacokinetics observed in vitro and the therapeutic effect in P. aeruginosa infected
G. mellonella (514). Furthermore, the effects of antibiotics in G. mellonella are similar
to those observed in murine models (515). As such, G. mellonella represent a valid tool

in the initial study of anti-pseudomonal treatments.

Our data demonstrates for the first time that G. mellonella inoculated with PAO1
and itaconate at concentrations corresponding to 780 and 1560 pg/ml respectively have
significantly increased survival compared to those inoculated with PAO1 alone.
Increases in survival were also demonstrated at lower concentrations, although these
were not significant, which may be due to decreased biofilm formation and pyocyanin
production. In this case, the increase in survival is likely due to the antibiotic effects of
itaconate on PAO1 that we observed in the checkerboard assay experiments.
Furthermore, G. mellonella inoculated with PAO1 and 250 mg/kg of 4-Ol have
significantly increased survival compared with PAO1 alone. This is a significant finding

as it demonstrates for the first time that 4-Ol promotes P. aeruginosa clearance in vivo.

Overall, we believe that 4-Ol may represent a valid therapeutic agent in CF
(Figure 5.23). CF pathophysiology is dominated by respiratory inflammation and chronic
P. aeruginosa infection. As such, an unmet clinical need exists for the development of
novel therapies that limit inflammation and promote P. aeruginosa clearance and
antibacterial activity. We have demonstrated that 4-Ol limits macrophage mediated
inflammation in response to P. aeruginosa. Importantly, levels of IL-10 and Nrf2 were
increased and levels of pro-IL-1B were reduced with 4-Ol treatment, which has been
shown to be beneficial in models of P. aeruginosa infection (454, 455) (493) (302).
Furthermore, 4-0l has recently been shown to inhibit the NLRP3 inflammasome, a key
protein complex involved in IL-1B processing (516). Previously, specific inhibition of
NLRP3 has been shown to inhibit IL-1B and airway inflammation and promote P.

aeruginosa clearance in the lungs of mice in vivo (303). 4-Ol has been shown to increase
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levels of itaconate production by macrophages, which may further promote
antibacterial and downregulation of biofilm formation and pyocyanin production by P.
aeruginosa (360, 516). Finally, both itaconate and 4-OIl were protective in vivo in a

model of G. mellonella infection with P. aeruginosa.
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and biofilm formation. Furthermore, both endogenous itaconate and 4-Ol promote P.

aeruginosa killing by macrophages.
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Chapter 6 - General Discussion
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In this Ph.D. thesis, we have described the inhibition of Pseudomonas
aeruginosa (P. aeruginosa) induced inflammation and also inhibition of key aspects of
the pathogenesis of P. aeruginosa infection by two independent drug candidates, SCD
and 4-octyl itaconate (4-0Ol). The primary focus of this work was to investigate the
efficacy of two potential host-directed therapies for the treatment of P. aeruginosa
infection in cystic fibrosis (CF). Initially, we focused on targeting macrophage migration
inhibitory factor (MIF) using a novel, small molecular weight inhibitor, SCD-19. We
hypothesised that SCD-19 could limit P. aeruginosa induced inflammatory responses of
macrophages and also P. aeruginosa biofilm formation. We also focused on examining
the effects of itaconate, an immunomodulatory metabolic by-product of the citric acid
(TCA) cycle, on the growth, biofilm formation and virulence factor expression of P.
aeruginosa. Furthermore, we examined the effects of 4-0l, a cell permeable itaconate
derivative, on the responses of macrophages to P. aeruginosa infection. We
hypothesised that itaconate could display antibacterial effects against P. aeruginosa,
while 4-0l could limit the inflammatory responses of macrophages to P. aeruginosa

infection.

CF is a life limiting genetic disease, the most common inherited disorder in the
Caucasian population, with an estimated prevalence of 1 in 2000 births (1). CF arises
from genetic mutations which cause defects in the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR), resulting in impaired chloride ion transport across the
surface of the lungs (2, 3). Consequently, patients suffer from thick, viscous secretions
in the lungs, liver, pancreas and gallbladder (4, 5). Within the CF lung, a
microenvironment develops which is conducive to bacterial colonisation and
inflammation, mainly due to the build-up of thick mucus (4, 21). The effects of CF on
the lungs are visible on CT scans in patients as young as 3 years old, with apparent
mucus obstruction and bronchiectasis, and evidence of neutrophilic inflammation,

neutrophil elastase activity and recurrent respiratory tract infections (26-29).

P. aeruginosa is the most commonly isolated pathogen from the CF lung (249).
CF patients develop a series of recurrent, intermittent colonisations of P. aeruginosa
before the acquisition of a chronic infection; as a result, P. aeruginosa is regarded as

one of the most important bacteria in the pathogenesis of CF (2, 37). P. aeruginosa
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switches from a planktonic mode of growth to a biofilm, whereby bacteria adhere to
the epithelial cells of the lung and begin to secrete slimy extracellular polymeric
substances (EPS) (259, 260). The EPS consists of extracellular DNA, proteins, lipids, pili
and flagella which hold bacteria together, maintain structural integrity of the biofilm
and enable surface attachment (259, 260). Biofilms confer protection against
conventional antibiotic therapies and are said to be the cause of chronic infection in CF
patients, ultimately driving chronic inflammation and irreversible lung damage (21, 113,
233, 265, 437-439, 517-519). As such, there is an unmet clinical need for the
development of novel therapies that both limit inflammation and also promote

antibacterial responses in CF patients.

MIF is a key regulator of innate immunity and has been implicated in the
pathogenesis of many inflammatory diseases including rheumatoid arthritis, acute
respiratory distress syndrome, various cancers and CF (110-112, 114, 115, 397, 520).
MIF promotes inflammation through a variety of mechanisms including activation of the
mitogen-activated protein kinase/extracellular signal-regulated kinases (MAPK/ERK)
pathway, NF-kB mediated gene transcription, regulation of TLR4 expression and also
the ability to override the anti-inflammatory effects of glucocorticoids (153, 161, 170,
176-179, 182). MIF expression levels have been shown to be regulated by a CATT
microsatellite repeat in the promoter region of the MIF gene, with the number of CATT
repeats corresponding to the expression levels of MIF (114). The Donnelly Lab has a
longstanding interest in the role of MIF in the pathogenesis of CF. Previously, we have
demonstrated that CF patients have higher levels of circulating MIF than healthy
controls (111). Furthermore, we have also demonstrated that CF patients with 5-CATT
repeats display decreased disease severity, decreased P. aeruginosa colonisation and a
slower decline in lung function compared with those with more than 5-CATT repeats
(110, 111). Bozza et al have previously demonstrated that MIF deficient mice were less
susceptible to P. aeruginosa infection than wild type mice following intratracheal
instillation of this bacteria (198). MIF also possesses enzymatic activity, although the
physiological substrate for MIF remains unknown (109). The active site of MIF has
proved useful in the generation of inhibitors of MIFs pro-inflammatory activity (111,

112, 141, 146, 150). The Donnelly Lab has demonstrated previously that the enzymatic
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activity of MIF promotes inflammatory damage to the lung in a murine model of chronic
P. aeruginosa infection (111). Most recently, we have demonstrated that MIF directly
promotes P. aeruginosa biofilm formation and antibiotic resistance (113). Furthermore,
inhibition of MIF using SCD-19, which targets the active site of MIF, promoted bacterial

clearance in a murine model of chronic P. aeruginosa infection (113).

In this study, we hypothesised that SCD-19 could limit P. aeruginosa induced
inflammatory responses of macrophages and also P. aeruginosa biofilm formation
through the inhibition of MIF mediated effects. Ultimately, we predicted that SCD-19
would have both anti-inflammatory and anti-biofilm formation properties. To
investigate this hypothesis, we examined the production of TNF-aand RANTES, two key
inflammatory proteins regulated by MIF, in macrophages stimulated with heat killed P.
aeruginosa (HKPA) and also planktonic P. aeruginosa filtrate (PPF), a cocktail of P.
aeruginosa secreted products (198, 398, 399). We observed that our hypothesis was
correct, and that SCD-19 did limit the production of these inflammatory proteins in our

experiments.

We next examined the impacts of MIF on P. aeruginosa biofilm formation. As
previously mentioned, The Donnelly Lab have demonstrated that MIF promotes P.
aeruginosa biofilm formation on plastic surfaces, which occurs due to upregulation of
genes involved in bacterial cell-to-cell communication, alginate production and mucoid
converion (113). An in vitro cell culture model that is more representative of a lung
infection in CF patients examines P. aeruginosa biofilm formation on monolayers of
airway epithelial cells (206-209, 278). As such, we hypothesised that MIF would
promote biofilm formation of P. aeruginosa on airway epithelial cells and that SCD-19
would inhibit such an effect. To examine this, we utilised a co-culture system whereby
airway epithelial cell monolayers were infected with P. aeruginosa for a period before
washing away non-adhered bacteria. The cells were then incubated for a further 3 hours
and the number of adhered bacteria quantified. We observed that MIF promoted
biofilm formation on these epithelial cells which was inhibited with SCD-19, which

confirmed our hypothesis.

When one considers the therapeutic potential of SCD-19, a notable limitation is
that it is poorly soluble in water. Solubility of therapeutic agents is a key factor which is
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required to achieve desired concentrations of drug in systemic circulation necessary for
optimal pharmacological response. Drugs which are poorly water-soluble require higher
doses in order to reach therapeutic plasma concentrations after oral administration
compared with water soluble compounds (408). To overcome this issue, The Donnelly
Lab designed and characterised poly(lactic-co-glycolic acid) (PLGA) nanoparticles which
were loaded with SCD-19. The design and characterisation of these nanoparticles was
the focus of another Ph.D. thesis. These nanoparticles are soluble in water and saline,
which enables them to be nebulised for use as an inhaled therapy. Furthermore, in
collaboration with Aerogen®, a world leading biotechnology company specialising in the
delivery of aerosolised therapies, these nanoparticles were shown to be capable of
penetrating the deep lung. Inhalation therapy is associated with increased pulmonary
drug delivery, while increasing the half-life of drugs within the lungs and limiting

systemic toxicity (47, 402, 415).

In this study, we focused on the functionality of these nanoparticles in the
context of the inhibition of P. aeruginosa induced inflammatory responses of
macrophages and also P. aeruginosa biofilm formation on airway epithelial cells. As we
have previously demonstrated that SCD-19 inhibited the production of TNF-a and
RANTES in HKPA and planktonic P. aeruginosa filtrate (PPF) stimulated macrophages,
we hypothesised that SCD-19 loaded nanoparticles should have similar effects. We
observed that these nanoparticles also inhibited the production of TNF-a and RANTES.
As drug-release from nanoparticles occurs over time, it was important to investigate the
effects of the nanoparticles in this context, as it was not known if packaging SCD-19
within these nanoparticles would impact the efficacy of SCD-19. Similarly, it was
necessary to investigate if the nanoparticles would inhibit biofilm formation of P.
aeruginosa on airway epithelial cells. As we hypothesised, the nanoparticles inhibited
the growth of both the PAO1 lab strain and clinically isolated P. aeruginosa on healthy

and CF bronchial epithelial cell monolayers.

These findings are promising in the context of CF, whereby two key issues in the
pathophysiology of disease are over exuberant inflammation and chronic P. aeruginosa
infection (21). Previously, we demonstrated that SCD-19 limits lung inflammation and

promotes P. aeruginosa clearance in vivo (113). We have also demonstrated that these
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SCD-19 nanoparticles are not cytotoxic and are capable of deep lung penetration (394).
Our findings that SCD-19 nanoparticles inhibit inflammation and P. aeruginosa biofilm
formation lead us to believe that nebulised SCD-19 nanoparticles represent a valid

potential adjunctive therapy in CF.

It is important to note that there were several limitations to the experiments
discussed previously. Firstly, while the use of HKPA and PPF limits cellulartoxicity in
vitro, these stimuli are not fully representative of P. aeruginosa infection and as such
may illicit differential responses from macrophages compared to live P. aeruginosa
infection. As such, experiments utilising a more relevant in vitro cellular model
examining the effects of SCD-19 and SCD-19 nanoparticles on macrophage responses to
live P. aeruginosa infection should be conducted. A second limitation of our
experiments is that the time point is relatively short in our model of P. aeruginosa
biofilm formation on airway epithelial cells. Bacterial biofilm formation is a cyclical
process that begins with initial bacterial attachment to surfaces and progresses through
to the production of a mature biofilm (266). Our timepoint of 4 hours, chosen due to
the induction of cell death, is therefore relatively short but does give us an insight into
the very early stages of biofilm formation (266). Finally, the experiments outlined in this
study only focus on in vitro experiments. In order to demonstrate the functionality of
these nanoparticles and add weight to our hypothesis that they represent a valid
therapy in CF, it is necessary to carry out an in vivo study. ldeally, this study would
examine the effects of the nanoparticles on bacterial clearance, lung inflammation and

systemic inflammation in a murine model of chronic P. aeruginosa infection.

In this study, we also described for the first time the characterisation of
macrophages from novel, humanised mice which possess either a 5-CATT or 7-CATT
repeat in the promoter region of their MIF gene. Characterisation of the responses of
BMDMs from these mice to LPS and poly(l:C) is the first step in demonstrating the
functionality of these mice. We believe that these mice may be an invaluable tool in
studies examining the effects of the CATT repeat in MIF-mediated diseases. Although
MIF knockout mice enable the effects of MIF to be examined in vivo, the CATT mice
offer a more physiologically relevant model for examining the effects of the CATT

microsatellite repeat in murine disease models.
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As previously mentioned, CF patients with 5-CATT repeats display decreased
disease severity, decreased P. aeruginosa colonisation and a slower decline in lung
function compared with patients who possess more than 5-CATT repeats in their MIF
promoter region (110, 111). As such, it may be of benefit from a personalised medicine
perspective to stratify patients and tailor their treatments based on their MIF CATT
genotype. For example, non-5-CATT patients may require higher antibiotic
concentrations than their 5-CATT counterparts. We propose that these mice provide a
platform for the investigation of the CATT microsatellite repeat in diseases and may

inspire further translational research in the field of personalised medicine.

As previously mentioned, the focus of this Ph.D. project was to investigate the
efficacy of two potential host-directed therapies for the treatment of P. aeruginosa
infection in CF. The second potential therapy that we focused on was 4-0l, which is a
cell permeable itaconate derivative. ltaconate is a metabolic by-product of TCA cycle
that is becoming widely studied due to its potent immunoregulatory activity (318, 327,
424,521). 4-Ol was developed 2018 as, to date, there are very limited reports of cellular
uptake of itaconate and no description of an extracellular receptor or transporter has
been made. As such, 4-0Ol is used as a surrogate for itaconate in experiments using
mammalian cells (369, 370). Iltaconate is produced from cis-aconitate which is
converted to itaconate by the immunoresponsive gene 1 (Irgl) protein (359). Itaconate
levels and Irgl mRNA expression are significantly upregulated in LPS and poly(l:C)
stimulated macrophages and also in the lungs of mice infected with Mycobacterium
tuberculosis (M. tb) (330, 359, 365-367). Itaconate exerts its anti-inflammatory effects
through the inhibition of succinate dehydrogenase (SDH) and HIF-1a and also the
upregulation of nuclear factor erythroid 2-related factor 2 (Nrf2) and downstream
antioxidant genes including NAD(P)H quinone dehydrogenase 1 (Nqol), glutamate-
cysteine ligase modifier (Gclm), glutathione reductase (Gsr) and heme oxygenase 1

(Hmox1) (327, 330, 351, 375, 377, 429).

Initially, we hypothesised that MIF could play a role in the immunoregulatory
effects of itaconate and 4-0Ol due to overlapping mechanisms of action relating to HIF-a
stabilisation and the role of MIF in the promotion of glucose uptake and glycolytic

processing (182, 193, 194, 318, 339, 351, 522). To investigate this, we utilised bone
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marrow derived macrophages (BMDMs) from MIF-knockout and MIF wild type mice and
examined their responses to LPS and poly(l:C) stimulation in the presence of 4-Ol. In
these experiments, we observed no significant difference in the responses of BMDMs
from MIF-knockout and MIF wild type, and therefore, rejected our initial hypothesis.
However, as itaconate’s anti-inflammatory and antibacterial properties have been well
described, we were interested in examining the effects of itaconate and 4-Ol in the

context of P. aeruginosa infection (359, 380, 470).

Initially, we examined the ability of 4-Ol to inhibit TNF-a and RANTES protein
production in HKPA stimulated RAW 264.7 macrophages. We hypothesised that 4-Ol
would inhibit the production of these proteins in a similar manner to our observations
in LPS stimulated BMDMs. Our observation that 4-0Ol did inhibit HKPA-induced TNF-a
and RANTES protein production in RAW 264.7 macrophages led us to examine this
effect in primary murine BMDM:s. In these cells we observed, for the first time, that 4-
Ol inhibited the HKPA-induced production of TNF-a protein, pro-IL-1B protein and
nitrite production while increasing Nrf2 protein expression. Interestingly, we also
conducted these experiments in Irgl-knockout BMDMs, which lack endogenous
itaconate, and observed similar results to those observed in wild type macrophages

(351).

Following on from these experiments, we subsequently examined the effects of
4-0l and endogenous itaconate on the responses of RAW 264.7 cells and primary
BMDMs to live P. aeruginosa infection. As previously mentioned, while HKPA does
provide an insight into the responses of macrophages to P. aeruginosa, the macrophage
response is not fully representative of that which would be elicited during P. aeruginosa
infection. HKPA lack of a variety of inflammatory stimuli produced by live bacteria
including quorum sensing molecules, pyocyanin, diffusible signalling molecules,
bacterial DNA and also complex type 3 secretion systems (78, 249, 252, 253, 285-287).
We hypothesised that P. aeruginosa infection would induce Irgl mRNA expression and
inflammatory cytokines, while 4-Ol would induce Nrf2 protein expression and limit pro-
inflammatory cytokine production. Initially, we used RAW 264.7 cells in our preliminary
experiments as they are easier to source than primary murine BMDMs. In our

experiments, we demonstrated for the first time that P. aeruginosa infection induced
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the expression of Irgl mRNA in these cells. We also observed for the first time that 4-Ol
inhibited P. aeruginosa induced pro-IL-1B protein expression and TNF-a protein
production from RAW 264.7 cells. As we had strong evidence in support of our
hypothesis, we moved our experiments forward to live P. aeruginosa infection of both
wild type and Irgl deficient BMDMs. In these experiments, our aim was to investigate
the effects of 4-Ol on the responses of macrophages to live P. aeruginosa infection, but
also the role of endogenous itaconate on these responses of macrophages. In wild type
cells, we again observed inhibition of P. aeruginosa induced TNF-a and pro-IL-1p protein
and the induction of Nrf2 protein in 4-Ol treated cells. We also demonstrated the
induction of anti-oxidant genes in P. aeruginosa infected cells in response to 4-Ol
treatment. Furthermore, we demonstrated for the first time that 4-Ol promotes BMDM
induced killing of P. aeruginosa. Taken together, this data suggests that 4-Ol represents
a potential therapeutic agent for the treatment of P. aeruginosa induced inflammation

in CF.

As mentioned previously, we conducted experiments examining the responses
of macrophages to live P. aeruginosa infection in wild type and Irgl deficient BMDMs.
We hypothesised that itaconate deficiency would enhance the production of pro-
inflammatory mediators in P. aeruginosa infected macrophages. This hypothesis was
based on previous research demonstrating a critical role for itaconate in limiting the
inflammatory response to LPS stimulation and M. tb infection in vivo (330, 360, 361). In
our experiments, we observed no significant differences between the responses of wild
type and Irgl deficient macrophages to P. aeruginosa infection. These observations
were in agreement with our previous experiments utilising HKPA. This evidence
suggested to us that our hypothesis was incorrect, and that the effects of endogenous
itaconate are stimulus-dependant. Furthermore, it also provided evidence to us that the
effects of 4-Ol are not analogous to those of itaconate. During the completion of these
experiments, there was no published data to suggest that 4-Ol and itaconate may have
divergent mechanisms of action. Recently, data has been published which
demonstrates that there are limited differences between particulate-matter induced
inflammation in Irgl-knockout and Irgl-wild type macrophages, demonstrating that the

effects of itaconate are stimulus-dependent (444). Furthermore, these authors also
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demonstrate the differential effects between 4-Ol and endogenous itaconate (444).
Specifically, 4-Ol was demonstrated to promote the expression of Geclm, Hmox1, Ngol
mRNA and significantly reduced TNF-a or IL-1B mRNA expression levels in wild type
BMDMs stimulated with particulate matter (444). While Irgl deficiency did not impact
on these factors compared to particulate matter stimulated wild type cells (444). These
findings are in agreement with our previous findings which demonstrated significant
differences in macrophage responses in 4-Ol treated cells compared with control, while
Irgl deficiency appeared to have limited effects. While it was surprising to demonstrate
that the effects of 4-Ol are not analogous to endogenous itaconate, we believe that 4-
Ol represents a valid therapeutic agent for the treatment of P. aeruginosa induced

inflammation.

As previously mentioned, itaconate is a well established antibacterial agent that
inhibits the growth of pathogens including M. tb, Pseudomonas indigofera, methicillin
resistant Staphylococcus aureus, Salmonella enterica and multidrug-resistant
Acinetobacter baumanni (359, 361, 379, 470). As a result, we hypothesised that
itaconate may possess antibacterial properties during P. aeruginosa infection. To
investigate this, we examined the effects of increasing dosed of itaconate treatment on
the growth of the P. aeruginosa lab strain, PAO1, and five clinically isolated strains from
CF patients. In support of our hypothesis, itaconate inhibited the growth of each strain
examined at a concentration range of between 780 — 1560 pg/ml. Furthermore,
itaconate also inhibited biofilm formation in these strains and inhibited the production
of a potent toxin, pyocyanin, by PAO1 (463). This evidence suggested that itaconate may
play a role in pathogen clearance by immune effector cells. To analyse this, we
examined the effects of itaconate deficiency on the ability of macrophages to kill P.
ageruginosa. We demonstrated that Irgl-knockout BMDMs display impaired P.
aeruginosa killing compared with wild type macrophages, supporting our hypothesis

that itaconate plays a role in the clearance of this pathogen.

Subsequently, we examined the effects of itaconate on antibiotic tolerance in
the P. aeruginosa strains outlined above. As we had observed that itaconate displays
antibacterial properties against P. aeruginosa, we hypothesised that itaconate may act

synergistically with conventional antibiotics to reduce the concentration of antibiotic
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necessary to inhibit bacterial growth. To investigate this, we carried out a checkerboard
assay which examined the combinatory effects of two agents on bacterial growth at a
variety of concentrations (386). We examined the effects of itaconate on the
antibacterial properties of four conventional antibiotics used against P. aeruginosa
infection; tobramycin, meropenem, azactam and piperacillin/tazobactam (45, 46, 48,
49, 460, 462). In these experiments, we observed that our hypothesis was incorrect, as
itaconate antagonised the activity of these antibiotic meaning that higher
concentrations were necessary in the presence of itaconate. This finding was
unexpected, when considered in the context that itaconate inhibits P. aeruginosa
growth. However, this finding is in agreement with current literature (501, 506).
Previous experiments by other authors have demonstrated that sub-inhibitory
concentrations of antibiotic agents can induce a stress response in bacteria whereby
they induce biofilm formation and virulence factor expression as a protective
mechanism (501, 506). For example, sub-inhibitory concentrations of tobramycin
induce biofilm formation in a dose-dependent manner (501). Previously, this caused
concern in clinicians that antibiotic treatment may be promoting bacterial biofilm
formation within the deep lung, where sub-inhibitory concentrations were prevalent.
However, tobramycin is still routinely used in CF (501). In this context, our experiments
have increased the understanding of the effects of itaconate during P. aeruginosa
infection. It may be interesting to consider these results in the context of the
development of a treatment which boosts endogenous itaconate production, or the use

of itaconate as an antipseudomonal therapy itself.

Our final experiments involved examining the effect of 4-Ol and itaconate in
vivo. We hypothesised that 4-OI and itaconate would exert protective effects in vivo in
a model of P. aeruginosa infection. In order to test this hypothesis, we conducted these
experiments in Galleria mellonella (G. mellonella) larvae which are routinely utilised in
studies to examine the virulence of P. aeruginosa strains and efficacy of anti-microbial
agents (473). The decision to employ the G. mellonella model was based on a number
of benefits that this model offers over murine models. Firstly, G. mellonella larvae are
inexpensive, do not require specialist equipment and are available in large numbers for

experiments (473, 510). Furthermore, ethical approval is not required for experiments
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which enabled these experiments to be carried out with little notice. Finally, the
immune system of G. mellonella is strikingly similar to that of the vertebrate innate
immune system and is comprised of humoral and cellular arms (473-475). The humoral
arm is comprised of a variety of soluble factors which act to immobilise and kill
pathogens (473-475). The cellular arm is comprised of a variety of phagocytic cells,
knowns as haemocytes, which act to phagocytose and kill invading pathogens (473, 476,
477). In the context of P. aeruginosa infection, G. mellonella are extremely susceptible
to infection, but previous studies have demonstrated strong correlations between
antibiotic pharmacokinetics observed in vitro and the therapeutic effect in P.
aeruginosa infected G. mellonella (514). Furthermore, the effects of antibiotics in G.
mellonella are similar to those observed in murine models (515). For these reasons, we

believed that G. mellonella was an ideal system to investigate our hypothesis.

Our findings demonstrated for the first time that itaconate is protective in vivo
in an invertebrate model of P. aeruginosa infection. Furthermore, we also
demonstrated for the first time that 4-Ol is also protective in this model. These results
are in agreement with our previous findings which demonstrated the antibacterial
properties of both itaconate and 4-Ol. This is the first description of the use of either 4-
Ol or itaconate as a therapeutic agent against P. aeruginosa in vivo. We propose that
this adds further weight to the use of 4-0Ol as a therapeutic agent for the treatment of

P. aeruginosa infection.

We believe that our data provides evidence for the use of 4-Ol as a novel
therapeutic agent for the treatment of P. aeruginosa infection in CF. As previously
stated, inflammation and P. aeruginosa infection are major aspects of CF disease (21).
In this study, we demonstrated that 4-Ol limits the inflammatory responses of
macrophages and promotes P. aeruginosa killing in vitro and also displays protective
effects against P. aeruginosa infection in vivo. Further experimentation is necessary to
ascertain the efficacy of 4-Ol in this context. Ideally, further experiments would involve
a murine model of chronic respiratory P. aeruginosa infection and subsequent
administration of 4-Ol to examine the effects within the lung on inflammation and also
bacterial clearance. If these experiments were successful and demonstrated efficacy, 4-

Ol loaded nanoparticles could be prepared as previously carried out in The Donnelly Lab
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using SCD-19. This would overcome the solubility issues associated with 4-Ol and enable

nebulised delivery for deep lung penetration.

It is important to recognise that our experiments examining 4-Ol and itaconate
are not without their limitations. As stated above, experiments using HKPA are not
representative of live P. aeruginosa infection. However, we did endeavour to overcome
this by examining he effects of 4-Ol and endogenous itaconate on live P. aeruginosa
infection. This subsequently introduced new difficulties, as it was necessary to change
the time point for the experiment from 24 hours to 8 hours due to toxicity issues. As
such, it is important to be cogniscent that we are examining a very early timepoint in
the macrophage response. In the context of our in vivo study, G. mellonella were co-
administered P. aeruginosa and itaconate or P. aeruginosa and 4-0l in a single injection.
This was due to high levels of toxicity associated with P. aeruginosa infection in G.
mellonella. ldeally, larvae would have been injected with P. aeruginosa and then at a
later timepoint receive 4-0l or itaconate treatment, which would be more translational

to a real-life infection.

In conclusion, in CF there is an unmet clinical need for the development of novel
therapies that are both anti-inflammatory and antipseudomonal. In this thesis, we have
characterised the effects of two potential host-directed therapies, SCD-19 and 4-0Ol
respectively, in the context of P. aeruginosa infection. We have demonstrated that SCD-
19 inhibits the inflammatory responses of macrophages to HKPA and secreted P.
aeruginosa products. Furthermore, we have demonstrated that SCD-19 inhibits P.
aeruginosa biofilm formation on airway epithelial cells. We have also successfully
demonstrated these effects using SCD-19 loaded nanoparticles which have previously
been shown to be capable of deep lung penetration. In the context of 4-Ol, we have
successfully demonstrated that 4-Ol limits P. aeruginosa induced inflammatory
responses in macrophages. Furthermore, we demonstrated that itaconate displays
antipseudomonal properties. We have also demonstrated that both 4-0I and itaconate
are protective in vivo in a model of P. aeruginosa infection. Overall, our findings suggest
that SCD-19 and 4-0lI, respectively, represent two novel potential treatments for CF

patients. These findings warrant further investigation.
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