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Abstract

Pellinol, Pellino2 and Pellino3 form a family of E3 ubiquitin ligases that have been
implicated in regulation of innate immune signalling pathways including that
employed by IL-1. IL-1 signalling is an important component in the development of
emphysema and COPD, for which there is no known cure. In an effort to understand
the mechanisms leading to the development of emphysema, wild type and Pellino2-
deficient mice were subjected to experimental models of lung injury. The studies
suggest an important role for Pellino2 in mediating the early inflammatory response in
elastase-induced emphysema. Interestingly whilst early inflammation was suppressed
in Pellino2-deficient mice, these mice demonstrated more chronic fibrosis in response
to repeated elastase challenge than wild type mice. Equivalent studies were also
performed in Pellino3-deficient mice. Unlike Pellino2, Pellino3 does not appear to
mediate lung inflammation or fibrosis, at least in response to elastase treatment. The
studies demonstrate that these differential functions of Pellino2 and Pellino3 in lung
inflammation may be associated with involvement of Pellino2 as a mediator in
NLRP3 inflammasome-mediated IL-1f3 production whereas Pellino3 is without effect

in this pathway. As Pellino2 was shown to play a role in the immune response



following lung injury, the effect of Pellino2 deficiency on the inflammatory response
during respiratory infection with Pseudomonas aeruginosa was examined. Pellino2-
deficient mice had improved survival and reduced bacterial load when compared with
wild type mice in response to respiratory infection. These data are also discussed in
the context of impaired activation of the NLRP3-inflammasome in Pellino2-deficient
mice. In conclusion, these studies illustrate a role for Pellino2 in regulating the early
immune response in the lung to bacterial infection and injury. The studies also suggest
a role for Pellino2 in controlling later pathogenesis and lung fibrosis and highlight the

non-redundant nature of Pellino proteins in regulation of the innate immune response.

xi
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1 Introduction

1.1 The immune system

The immune system is multifaceted and is generally divided into two parts: the innate
and adaptive immune system based on the speed and specificity of the response
initiated (Kurtz, 2005). Both systems can act together and integrate with each other to
mount an appropriate immune response (Lanier and Sun, 2009). The innate immune
system is the first line of defence against invading pathogens and is comprised of
physical barriers, soluble proteins and small bioactive molecules and receptors
(membrane-bound or soluble) that can recognise patterns associated with invading
pathogens (Kumar et al., 2009). The innate immune response controls initial infection
and activates the adaptive immune response (Iwasaki and Medzhitov, 2010). The
adaptive immune response is orchestrated mainly by B-cells and T-cells. These cells
can recognise antigens associated with pathogens with a very high degree of
specificity and work to limit infection in numerous ways: B-cells produce antibodies
against antigens which neutralise pathogens, helper T-cells aid B-cells, improve the

efficiency of the innate immune system and activate cytotoxic T-cells, cytotoxic T-
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Chapter 1

cells kill infected cells (Crotty, 2015). Another facet of the adaptive immune response
is the role of regulatory T-cells. These cells regulate the immune response and prevent
auto-immune responses that would otherwise lead to the body mounting an immune
response against its own self-antigens, resulting in tissue destruction (Wu et al.,
2009). However, regulation of the immune response occurs at various stages and is
crucial as an excessive immune response can lead to damage of host tissue whilst a
weak response could leave the body vulnerable to infection. This thesis will focus
primarily on the regulation of the innate immune system in response to infection or
acute injury of the lung. For context, a broad overview of the innate immune system is

initially provided.

1.2 Innate immunity

Innate immunity is responsible for first line of defence against invading pathogens. It
responds very quickly. For many years innate immunity was envisaged to act quite
non-specifically but with an ability to interface with and activate the adaptive immune
response. However more recently, some degree of specificity has been ascribed to the
innate immune response. The response requires pattern recognition receptors (PRRs)
that recognise pathogen associated molecular patterns (PAMPs) i.e. components of
the invading pathogens (Janeway, 2013). Upon recognition of PAMPs extracellularly
or intracellularly, PRRs initiate a signalling cascade ultimately leading to the
production of inflammatory mediators that can control the infection, protect the cells
and activate the adaptive immune response (Medzhitov and Janeway, 2000).
Regulation of the immune response initiated by PRRs is critical for an appropriate
immune response as dysregulation can lead to disease.

17
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PRRs include 4 major groups of receptors: toll-like receptors (TLRs), nucleotide
oligomerisation domain (NOD) like receptors (NLRs), retinoic acid inducible gene 1

(RIG-1)-like receptors (RLRs) and C-type lectin receptors.

1.3 Toll like receptors

1.3.1 Background to TLRs

TLRs are transmembrane PRRs that recognise a range of microbe-derived molecules.
TLRs were first discovered by Hoffman and Beutler in 1998 when searching for a
receptor that recognised lipopolysaccharide (LPS) during septic shock (Poltorak et al.,
1998). It was found that mice resistant to LPS did not express a mutated version of a
gene similar to the tol/l gene in Drosophila. In Drosophila, the toll gene is responsible
for controlling dorsoventral polarity in the developing embryo. It was later found to
be important for defence against fungal infections (Lemaitre ef al., 1996). Since this
initial discovery there have been 10 TLRs identified in humans and 12 identified in

mice (TLR1-9 and TLR11-13) (Kawasaki and Kawai, 2014).

TLRs are differentially localised within the cell. In humans, TLR1, TLR2, TLR4 and
TLRS are expressed on the cell surface while TLR3, TLR4, TLR7, TLR8, TLR9 and
TLR10 are expressed on endosomes (Akira et al., 2006). TLRs recognise specific
microbial patterns called PAMPs and also danger associated molecular patterns
(DAMPs). DAMPs are self molecules that have aberrant location or structure and

have arisen as a result of cellular stress or damage (Matzinger, 2002). All TLRs are
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type I transmembrane receptors and share a similar structure with a pathogen sensing
leucine rich repeat (LRR) section, a transmembrane domain and an intracellular Toll-
IL1 receptor (TIR) signalling domain (Reuven ef al., 2014). LRRs are responsible for
recognition of various PAMPs and DAMPs (Bell et al., 2003). The LRR region
contains a highly conserved segment and a variable segment which has different
repeat numbers and arrangements and confers the ability to recognise various ligands.
This variable portion is different depending on the TLR isoform and species
(Matsushima et al., 2007). Upon pathogen binding by the LRR extracellular domain,
intracellular signalling is activated via the TIR domain. The TIR domain is
responsible for binding to TIR domain containing adaptor proteins within the cell
through TIR-TIR interactions. Examples of TIR domain containing adaptor proteins
include MyD88 (myeloid differentiation protein 88) and MAL (My-D88-adaptor-
like). TLR intracellular signalling that can be described as MyD88 dependant or
independent (Akira and Takeda, 2004; O’Neill and Bowie, 2007) and culminates in

the upregulation of inflammatory genes.

1.3.2 Extracellular TLRs

TLR4 was the first identified TLR in mammals. It recognises LPS, a major
component of Gram-negative bacterial cell outer wall (Beutler, 2000). It requires 3
other extracellular proteins to recognise LPS: LPS-binding protein, CD14 (cluster of
differentiation 14) and myeloid differentiation protein 2 (MD2) (Da Silva Correia et
al., 2001; Kim et al., 2007). Studies have also shown that TLR4 can recognise viral

motifs from respiratory syncytial virus and in combination with MD-2 in mice, TLR4
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can recognise and respond to the anti-tumour agent taxol found in plants, although the

physiological relevance of this in humans is unclear (Kawasaki et al., 2000).

TLR1, TLR2, TLR6 and TLR10 share a high percentage of sequence similarity and
can recognise various ligands in combination with each other (Farhat et al., 2007). For
example, TLR2 has been shown to recognise PAMPs from Gram-negative and
positive bacteria, viruses, fungi and parasites. It does this by the formation of

heterodimers with TLR1 and TLR6 (Oliveira-Nascimento et al., 2012).

TLR10 is expressed in humans but not in mice. Until recently, its role was unclear.
Recent studies have shown it to have dampening effects on TLR2 signalling (Oosting
et al., 2014). Blocking TLRI10 with antagonistic antibodies enhances pro-
inflammatory cytokine production particularly in response to TLR2 stimulation.
TLR10 is thought to mediate this effect through production of IL-1R antagonist (IL-

1Ra) and prevent IL-1 signalling (Oosting et al., 2014).

TLRS recognises extracellular flagellin from Gram-negative and positive bacteria
(intracellular flagellin is recognised by the NLR, Ipaf) (Miao et al., 2007). Flagellin is
a protein that makes up the filament of bacterial flagella and is crucial for bacterial
movement and invasion of host tissues (Hayashi et al., 2001). The mechanisms by
which TLRS recognises flagellin are as yet not certain. TLR11 is also known to bind

to flagellin but this is pH dependent (Hatai ef al., 2016).

TLRI11 is not expressed in humans but is found in mouse bladder and kidney (Zhang

et al., 2004). It recognises PAMPs from Toxoplasma gondii (Yarovinsky et al., 2008).
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Specifically TLR11 recognises the 7.gondii protein profilin (Hatai et al., 2016).
T.gondii is protozoan parasite that can infect all mammals. In humans, TLR11 is a
non-functional pseudogene so 7.gondii is most likely recognized by TLR2, TLR7,
TLR9 and NLRP1 inflammasome (Yarovinsky, 2014). T.gondii infection is controlled
in healthy adults but can cause severe neurological damage in immunocompromised

people or when contracted in utero (McAuley, 2014; Z.-D. Wang et al., 2017).

TLR12 is also not expressed in humans and like TLR11, in mice it also recognises
profilin from 7.gondii (Koblansky et al., 2013). Research has shown that TLR12
alone is sufficient to mount an immune response to profilin in plasmacytoid dendritic
cells but TLR11 and TLR12 are required for recognition of profilin on macrophages

and conventional dendritic cells (Koblansky et al., 2013).

TLR13 is an endosomal TLR that is expressed in mice but not expressed in humans.
Although poorly characterized it has been shown to recognise unmethylated bacterial

23s ribosomal RNA (Li and Chen, 2012; Oldenburg et al., 2012).

1.3.3 Intracellular TLRs

Intracellular TLRs are located on the membrane of endosomes. This allows them to
recognise intracellular pathogen PAMPs such as viral and bacterial nucleic acids

(Akira et al., 2006).

TLR3 recognises double stranded RNA from viral sources (McCartney and Marco,
2008). Polyinosinic-polycytidylic acid (polyl:C) is a synthetic dsRNA which is
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commonly used as a ligand to activate TLR3 in an experimental setting (Bell et al.,
2006; Liu et al., 2009). TLR3 is the only TLR that does not contain a critical proline
residue that is conserved in the TIR domain of all other TLRs (Oshiumi et al., 2003).
This is why TLR3 has evolved to signal without using the adaptor protein MyD88 that

binds via TIR domain interactions.

TLR7 and TLR8 are similar in sequence and recognise single stranded RNA, typical
of a replicating virus (Heil et al., 2003; Zhang et al., 2016). TLR7 and TLR9 can also
recognise immune complexes of mammalian DNA and RNA, which are self-antigens
(Celhar et al., 2016). Recognition of these self-antigens by TLR7 and TLR9Y leads to
increased lifespan of the macrophages on which the TLRs are activated, increased
phagocytic capacity and reduced antigen presentation capabilities. This may have
evolved as a mechanism to prevent presentation of self antigens to T-cells (Celhar et
al., 2016). TLRY recognises genomic bacterial DNA (Hemmi et al., 2000). In an
experimental setting, unmethylated cytosine phosphate guanine (CpG) motifs of
single stranded DNA are often used as a ligand to activate TLR9 (Krieg, 2002) and

initiate a potent inflammatory immune response.

1.3.4 MyD88 dependant signalling

MyD88-dependant signalling is common to all TLRs except TLR3 as demonstrated in
Figure 1.1. Upon ligand recognition adaptor proteins are recruited to the TIR domain
of the TLRs. MyD88 is an adaptor protein which contains a TIR domain, an
intermediary domain (ID) and a death domain (DD) (Deguine and Barton, 2014).
TLR2 and TLR4 also recruit MyD88-adaptor-like protein (MAL), which connects

22



Chapter 1

TLR2 and TLR4 to MyD88 through binding at common TIR domains (Yamamoto et
al., 2002). MyDS88 recruitment in turn recruits IRAK (IL-1 receptor associated kinase)
proteins which were first described in T-cells as protein kinases that co-precipitated
with IL-1R1 (Martin et al., 1994). MyD88 specifically recruits IRAK1 and IRAK4.
IRAK4 binds to MyD88 via common death domains and activates IRAK1 by
phosphorylation (Dossang et al., 2016; Loiarro et al., 2009). IRAK4 then dissociates
from MyD88 in complex with IRAKI1 to transiently interact with TRAF6 (TNF
receptor associated factor 6). TRAF6 is an E3 ubiquitin ligase and the interaction with
the IRAK1/4 complex leads to ubiquitination of TRAF6. Ubiquitination of TRAF6
allows it form a complex with TAB2 (TAK1 binding protein 2)/TAB1/TAK1 (TGFp
activated kinase 1), which is already pre-formed in the cell (Kanayama et al., 2004).
This induces activation of TAK1. TAKI1 can then interact with the IKK (IxB kinase)
complex composed of IKKa, IKKf and IKKy/NEMO. (Yamamoto and Gaynor,
2004). TAKI1 phosphorylates IKKp in this complex leading to its activation. IKKf
can then directly phosphorylate IkB, which is an inhibitor of the transcription factor
NFkB, targeting it for degradation (J. Zhang et al., 2014). This allows NF«B to

translocate to the nucleus and initiate transcription of NF«B responsive genes.

MAP (mitogen associated protein) kinase signalling can also be activated through
TLR signalling. TABI1, once activated can phosphorylate MKK3/6 (mitogen activated
protein kinase kinase 3/6) and TAK1 can activate MKK?7, which result in downstream
phosphorylation and activation of p38 and JNK respectively (Ge et al., 2002; Geuking
et al., 2009; Sathyanarayana et al., 2003). These MAPK can then translocate to the

nucleus and activate transcription of target genes.

23



Chapter 1

1.3.5 MyD88 independent signalling or TRIF-dependant signalling

MyD88 independent signalling is used by TLR3 and TLR4 as demonstrated in figure
1.1. TLR4 can signal through MyD88 dependant and independent pathways (Ve et al.,
2012). Upon ligand binding the TLRs dimerise and the adaptor protein TRIF (TIR
domain containing adaptor inducing IFNf) is recruited to the TIR domain of the TLR
(Piao et al., 2013). For TLR4 to signal independently of MyD8S, it requires an
adaptor molecular TRAM (TRIF related adaptor molecule) to activate TRIF. TRIF
can then form a complex with and activate TBK1 (TANK binding kinase 1)/IKKze,
leading to the phosphorylation and activation of interferon regulatory factor 3 (IRF3)
and IRF7 (Fitzgerald et al., 2003; Sharma et al., 2003). IRF3 and IRF7 dimerise and

can then move to the nucleus and activate transcription of interferon-regulated genes.
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Figure 1.1 TLR signalling pathways
The above figure illustrates MyD88-dependant and MyD88-independent TLR signalling as

detailed in sections 1.2.4 and 1.2.5.
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1.4 Nod-like receptors

1.4.1 Background to NLRs

There are 22 members of the NLR family (Kanneganti et al., 2007; Proell et al., 2008;
Ting and Davis, 2004). Unlike TLRs, NLRs are cytoplasmic receptors. NLRs are
composed of a central nucleotide binding domain termed NOD (nuclear binding
oligomerisation domain), a C-terminal receptor domain characterised by LRRs and an
N-terminal effector domain. The C-terminal LRR is responsible for recognising and
binding PAMPs (Proell ef al., 2008). The N-terminal domain varies and defines the 4
families that NLRs are divided into: the acidic transactivation domain (NLRA),
baculoviral-inhibitory repeats like domain (NLRB), caspase activation and
recruitment domain ((CARD) NLRC) and the pyrin domain (NLRP) (Schroder and
Tschopp, 2010). The N-terminal domain binds to other proteins and is therefore

crucial for performing effector functions.

NLRs have 4 broad functions, which can be divided into autophagy, signal
transduction, transcription activation and inflammasome formation. Autophagy is the
destruction of cell components that have become damaged and was first described by
de Duve after research into lysosomes (de Duve, 2005; de Duve ef al., 1955). It can be
induced for example by NOD2. NOD2 induces autophagy by recruiting the protein
ATGI16L1 (autophagy related protein 16-1) to the site of bacterial entry and hence
removes the bacteria (Homer ef al., 2010). NOD1 and NOD2 can respond to MDP
(muramyl dipeptide) and signal through MAPK and NFxB to induce pro-

inflammatory cytokines (Girardin et al., 2003; Inohara et al., 2003, 2001). Perhaps the
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most crucial role of NLRs is in inflammasome function. The inflammasome is a
complex of proteins that can cleave inactive pro-caspase-1 into active, functioning
caspase-1. Caspase-1 is essential for the cleavage of pro-IL-1p into active IL-1p and
IL-18. Inflammasomes can be formed by NLRP1, NLRP3. NLRC4/IPAF and AIM2

(part of ALR group, not NLR) can form inflammasomes as shown in figure 1.2.

1.4.2 Inflammasomes

A broad range of pathogenic and sterile activators trigger inflammasome formation.
Some examples of pathogenic activators include various bacterial, viral, fungal and
protozoan PAMPs. Sterile activators include DAMPs such as ATP, monosodium urate
crystals, f-amyloid and environmental stimulus such as alum (Latz et al., 2013).
Upon recognition of the activators, NLRs binds to ASC (apoptosis-associated speck
like protein containing CARD) via a pyrin: pyrin interaction (Latz ef al., 2013; Oroz
et al., 2016). Pro-caspase-1 then binds to ASC via a CARD:CARD interaction to form
the inflammasome complex (Srinivasula et al., 2002). In this complex, caspase-1
initiates autocatalysis and can then cleave IL-1f and IL-18 into their active forms
(Boatright et al., 2003; Lamkanfi et al., 2007). There is debate as to how mature IL-
1B is released from the cell. There is some evidence that it may be released from the
cytosol via lysosomal or microvesicle exocytosis (Pizzirani et al., 2007) or trafficked
through exosomes (Qu et al., 2007). Another possible route of release is via terminal
secretion where pyroptosis activated by formation of the NLRP3 inflammasome leads
to caspase-1 dependant pores in the plasma membrane (Fink and Cookson, 2006).

Pyroptosis leads to rupture of the cell membrane causing release of cytoplasmic
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contents, including active IL-1f and IL-18, into the extracellular space. Recent studies
however, suggest that [L-1f can exit the cell through pores in the cell membrane that
are independent to the non-specific protein leakage that occurs during cell death
(Martin-Sanchez et al., 2016). Studies have also shown that the protein Gasdermin D
can form pores in the membrane large enough for IL-1p to exit through and can form
these pores in living macrophage (Evavold et al., 2018; Heilig et al., 2017). This

challenges the traditional view that inflammasome activation leads to cell death.

1.4.3 NLRPI1 inflammasome

NLRP1 has a slightly different structure to other NLRP family proteins. NLRP1 also
contains a ‘function to find” domain (FD) (Martinon et al., 2009). The FD domain is
thought to be involved with spontaneous self-processing which is required for NLRP1
to be able to respond to stimuli (Finger et al., 2012; Frew et al., 2012). NLRP1 was
also the first NLR shown to form an inflammasome that cleaved caspase-1 into its

active form (Martinon et al., 2002).

It has been shown that anthrax lethal toxin (LeTx), produced by Bacillus anthracis,
which leads to development of the disease anthrax, activates the NLRPI
inflammasome. LeTx is composed of a protective antigen (PA) and a lethal factor
(LF). It is unclear whether the LF can cleave NLRP1 directly or its presence in the
cytosol indirectly leads to cleavage of NLRP1 (Chavarria-Smith and Vance, 2015).
NLRP1 inflammasome can also be activated by a reduction in adenosine triphosphate
(ATP) production via chemical inhibition of glycolysis and oxidative phosphorylation

in fibroblasts (Liao and Mogridge, 2013)
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Conlflicting evidence has been shown for the role of MDP in activation of the NLRP1
inflammasome (Chavarria-Smith and Vance, 2015) and also for Toxoplasma gondii
(Ewald et al., 2014; Gorfu et al., 2014). For Toxoplasma gondii mediated activation
of the NLRPI1 inflammasome, only Gorfu et al. (2014) have shown that enough IL-1p
is present following Toxoplasma gondii infection in Nlrp3” mice to suggest a role for
the NLRP1 inflammasome in responding to Toxoplasma gondii infection. However,
human susceptibility to congenital toxoplasmosis caused by Toxoplasma gondii
infection has been linked to NLRP1 polymorphisms using knockdown studies in
human macrophage cell lines (Witola et al., 2011). Single nucleotide polymorphisms
(SNPs) in the Nirpl gene are associated with autoimmune disease, auto-inflammatory
disease, rheumatoid arthritis, systemic sclerosis, Crohns disease and melanoma
(Finger et al., 2012). The SNPs typically associated with this disease usually affect

transcription of NLRP1 (Jin et al., 2007).

1.4.4 NLRP3 inflammasome

The NLRP3 inflammasome is activated by a wide range of pathogens including
bacterial, viral and fungal pathogens, pore-forming toxins, crystals and DAMPs such
as ATP (Lamkanfi and Dixit, 2012). Given the range of activators it is generally
agreed that NLRP3 does not directly detect each pathogen and rather detects a host
factor that is changed upon detection of these pathogens. The host factor which
NLRP3 detects is hypothesised to be K’ efflux (Mufioz-Planillo et al., 2013),
mitochondrial ROS production (Zhou et al., 2011), release of cytosolic cathepsin
(Hornung et al., 2008), or mitochondrial changes such as NLRP3 translation
(Subramanian et al., 2013) or release of mitochondrial DNA (Nakahira et al., 2011).
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NLRP3 requires two signals for activation. The first signal is an NFkB activating
signal which leads to pro-IL-1f and NLRP3 upregulation (Bauernfeind et al., 2009).
The second signal typically used in an experimental setting is ATP (Lamkanfi and
Dixit, 2012). For NLRP3 inflammasome assembly, NLRP3 must first be
deubiquitinated. This has been shown extensively although it is not clear which E3
ubiquitin ligase controls basal NLRP3 ubiquitination (Juliana et al., 2012; Lopez-
Castejon et al., 2013; Py et al., 2013). An E3 ubiquitin ligase, Pellino2, has been
shown to regulate NLRP3 inflammasome mediated IL-1f3 production and will be

discussed in further detail below (Humphries et al., 2018).

1.4.5 NLRC4 inflammasome

The NLRC4 or IPAF inflammasome is activated by bacterial flagellin or Gram-
negative bacteria with a type III or IV secretion system (Franchi et al., 2006;
Lamkanfi and Dixit, 2012). Examples of bacteria that can activate the NLRC4
inflammasome include Salmonella typhimurium, Legionella pneumophilia and
Pseudomonas aeruginosa (Schroder and Tschopp, 2010). Maximal caspase-1
cleavage by the NLRC4 inflammasome requires ASC but in an unknown capacity
since NLRC4 does not have a PYD (pyrin) domain and hence cannot interact with
ASC (Suzuki et al., 2007). NLRC4 inflammasome mediated caspase-1 cleavage is

followed by rapid cell death.
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1.4.6 AIM2 inflammasome

Absent in melanoma-2 (AIM2) is part of the AIM2-like receptor (ALR) family of
proteins that can recruit ASC to cleave caspase-1 into its active form (Lugrin and
Martinon, 2017). AIM2 inflammasome assembly occurs when the DNA-binding
domain of AIM2 senses intracellular pathogens such as cytomegalovirus and Vaccinia
virus (Alnemri, 2010). AIM2 inflammasome is also of crucial importance in
responding to Fransicella tularensis infection, which 4im2” mice cannot clear. The
AIM2 inflammasome has also been implicated in the response to Listeria

moncytogenes infection (Sauer ef al., 2010).

1.4.7 RLRs

The family of RLRs consists of RIG-I (retinoic acid inducible gene-1), MDAS
(melanoma differentiation associate factor 5) and LGP2 (laboratory of genetics and
physiology 2 and a homolog of mouse D11Igp2). These receptors detect viral or self-
processed RNA in the cytosol and initiate an immune response (Loo and Gale, 2011).
The immune response initiated involves production of type I interferons (IFN) and
upregulation of other antiviral genes to control infection (Yoneyama et al., 2005).
RLRs are expressed on most cell types with increased expression after detection of
type I IFNs or viral infection (Imaizumi et al., 2005; Kang et al., 2004). This group of
receptors recognises a wide range of viruses including Sendai virus, measles,

Influenza A and B, Ebola, Vaccinia virus, dengue virus and West Nile virus
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(Fredericksen et al., 2008; Kato et al., 2006; Loo and Gale, 2011; Pichlmair et al.,

2009; Plumet et al., 2007).

1.4.8 CLRs

CLRs bind carbohydrates. CLRs are divided into 3 groups depending on their cellular
location and the number of conserved carbohydrate recognition domains (CRDs)
present. There are two membrane bound groups and a soluble group. Type I
transmembrane CLRs contain several CRDs and include DEC-205 (Shrimpton et al.,
2009) and macrophage mannose receptor (MMR) (Brown et al., 2018). Type II
transmembrane receptors contain a single CRD. Transmembrane CLRs are important
in sensing and activating an immune response to fungal pathogens. Soluble CRDs
include mannose-binding lectin (MBL). MBL is important in detecting and

responding to yeast infection (Choteau ef al., 2016).
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Figure 1.2 Mechanisms and action of inflammasomes

The above figure illustrates inflammasome activation and effects as described in section

1.4.2-1.4.6.
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1.5 Interleukin-1

1.5.1 Background to IL-1

The PRRs described above induce a broad inflammatory response following detection
of pathogens. This response includes the induction of pro-inflammatory cytokines. An
important and relevant cytokine to our studies is IL-1. IL-1 comprises a family of
cytokines, the best characterised of which is interluekin-18. IL-1f is a crucial pro-
inflammatory that can bind to cells and signal through IL-1R to induce production of
other pro-inflammatory cytokines, growth factors, tissue remodelling components,
extracellular matrix components, cytokine receptors and adhesion molecules
(Dinarello, 2009). Perhaps most importantly it can induce IL-1f3 production in a self-

positive feedback loop (Weber et al., 2010).

1.5.2 IL-1R signalling

IL-1p signals through the IL-1R. Similar to TLR signalling, IL-1R signals through a
MyD88-dependant pathway. Once the primary receptor and subunit are bound,
MyD88 and Tollip are recruited to the receptor (Acuner Ozbabacan et al., 2014).
IRAKI1 can homodimerise and bind to Tollip and the adaptors MyD88 and IRAK4 via
death domains, leading to phosphorylation of IRAKI (Neumann et al., 2007).
Following this, TRAF®6 is recruited and the signalling pathways proceeds as described
for MyD88-dependant TLR signalling (Weber et al., 2010). As mentioned in the
previous section, IL-1f signalling through IL-1R can lead to the production of more
IL-1f in a positive feedback loop. As IL-1f has potent pro-inflammatory properties,
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the need for tight control of its production is of crucial importance. For example,
where IL-1f is produced in excessive amounts it can lead to conditions such as

rheumatoid arthritis and smouldering myeloma (Dinarello, 2011).

1.6 Pellino

1.6.1 Discovery

In an effort to understand how the IL-1 pathway is regulated, our research group is
especially interested in a family of E3 ubiquitin ligases called Pellino. Pellino is a
family of proteins, which are highly conserved throughout evolution. They were
discovered in Drosophila melanogaster as an interactor of the IRAK-1 orthologue
Pelle (Grobans et al., 1999). The family consists of Pellinol, Pellino2 and Pellino3.
The family share a high percentage sequence homology yet they have been shown to
play non-redundant roles in immune regulation. Pellino proteins are E3 ubiquitin
ligases (Butler et al., 2007; Schauvliege et al., 2006). This means they catalyse the
attachment of polyubiquitin chains to proteins that alter the fate or function of the
target proteins. Pellino proteins can attach K63 linked ubiquitin chains to proteins,
which allows the target protein to become activated. The attachment of K48 linked
polyubiquitin chains targets the protein for degradation in the lysosome (Malynn and
Ma, 2010). Through protein modification, Pellino regulates the activity of innate
immune signalling molecules such as the NFkB, to either switch on or switch off the
immune response (Moynagh, 2014). To date, Pellinol and Pellino3 have been the

focus of multiple primary studies to characterise their function however, only one
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study of Pellino2 characterisation exists that demonstrates physiologically relevant

data.

1.6.2 Pellinol

Pellinol has been implicated in regulation or mediation of the inflammatory response
in a broad range of settings. For example, Pellinol has been shown to regulate IL-1R
and TLR signalling through interaction with IRAK1 (Jiang ef al., 2003). Initial studies
demonstrated the E3 ubiquitin ligase activity of Pellino proteins by showing that
bidirectional signalling occurred between IRAK and Pellinol (Butler et al., 2007).
Upon TLR signalling, IRAK1 and IRAK4 became polyubiquitinated with K63-linked
ubiquitin residues. Following ubiquitination, Pellinol becomes phosphorylated by
IRAK1 (Butler et al., 2007; Jiang et al., 2003). This targets Pellinol for
polyubiquitination and subsequent degradation. Pellinol therefore serves a crucial
function in IL-1R/TLR signalling and in self-regulation of the signal. Further to
Pellinol regulating TLR pathways, it has been shown that mice deficient in Pellinol
are resistant to septic shock induced by TLR3 or TLR4 ligands. It was demonstrated
that this occurred because Pellinol binds to and ubiquitinates RIP1 (receptor
interacting serine/threonine protein kinase 1) which is an important signalling

mediator in IKK activation during TLR3 and TLR4 signalling (Chang et al., 2009).

However, this role for Pellinol in TLR3 signalling has been challenged by studies in
knock-in mice that express a mutated form of Pellinol lacking E3 ligase activity
(Enesa et al., 2012). These Pellinol knock-in mice express lower levels of IFNf but
have no deficiency in activation of NFkB or MAPK downstream of TLR3 (Enesa et
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al., 2012). The opposing roles for Pellinol described in TLR3 signalling (Chang et
al., 2009; Enesa et al., 2012) may be a result of functional compensation in Pellino1-
deficient mice by other members of the Pellino family. It is also possible that Pellinol
regulates TLR3 mediated activation of NFxB independently of its E3 ligase activity.
These studies highlight the limitations of genetic knock-out animals and demonstrate
that observed phenotypes should be cautiously interpreted and verified by different

experimental approaches.

Pellinol has also been implicated in suppressing the activation of T-cells (Chang et
al., 2011). A genetic deficiency in Pellinol leads to hyperactivation of T-cells and
Pellinol-deficient mice develop autoimmunity. Pellinol negatively regulates the
activation of T-cells by negatively regulating c-Rel, an important transcription factor
for T-cell activation. It mediates this regulation through attachment of K48-linked

polyubiquitin chains to c-Rel (Chang et al., 2011).

Pellinol also plays a role in regulation of neuroinflammation (Xiao et al., 2013). It
has been shown that Pellinol is highly expressed in microglia and promotes
microglial activation during experimental autoimmune encephalitis (EAE) by
mediating the induction of cytokines and chemokines and hence T-cell infiltration
into the central nervous system through regulation of TLR signalling (Xiao et al.,

2013).

Pellino1 also plays a role in mediating lung tumorigenesis. It was found that Pellinol
expression is higher in human lung adenocarcinoma cell lines than in non-neoplastic

bronchial epithelial cell lines which prompted examination into lung tumorigenesis
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(Jeon et al., 2017). Studies in transgenic mice overexpressing Pellinol led to the
discovery that Pellinol induces Slug and Snail overexpression which promotes
epithelial-mesenchymal transition (EMT) thereby contributing to lung tumorigenesis

(Jeon et al., 2017; Medici et al., 2008).

Pellinol has also been implicated in the regulation of the immune response to
rhinovirus using in vitro siRNA knockdown studies (Bennett et al. 2012). When
Pellinol was knocked down, epithelial cells demonstrated impaired production of
CXCLS but no impairment of type I interferon production and therefore control of
viral replication, in response to rhinovirus infection. As CXCLS8 is an important
chemokine for neutrophil infiltration, this suggests that neutralisation of Pellinol may
inhibit potentially damaging neutrophilic inflammation without loss of control of viral

replication (Bennett et al. 2012).

1.6.3 Pellino2

Most of the studies carried out for Pellino2 have involved in vitro over expression or
knockdown approaches. These studies have implicated Pellino2 in MAP kinase
activation, particularly JNK (janus activated kinase) activation (Kim et al., 2012;
Liselotte and Whitehead, 2003). Recently our research group has demonstrated the
first physiological role for Pellino2. Using Pellino2-deficient animals, Pellino2 was
shown to mediate NLRP3 inflammasome activation (Humphries et al. (2018). Briefly,
upon stimulation with the priming signal, NLRP3 is ubiquitinated with K63-linked
polyubiquitin chains, which is promoted by Pellino2. Pellino2 mediates NLRP3
ubiquitination by interacting with IRAK1 and preventing the negative regulation of
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NLRP3 signalling by IRAK1. This work was on-going in the laboratory where this
thesis was carried out and as such, this thesis was initially developed around the
unpublished findings of Humphries ef al. (2018). This thesis aimed to build on the
work carried out by Humpbhries et al. (2018) and explore any pathophysiological roles

for Pellino2, especially in the context of acute lung injury and infection.

1.6.4 Pellino3

Our group has also shown Pellino3 to negatively regulate TLR3 signalling through
interaction with and ubiquitination of TRAF6 (Siednienko et al., 2012a). This
prevents TRAF6 binding to and activating IRF7, which results in reduced type I IFN
production. In vivo it was demonstrated that Pellino3-deficient mice were resistant to
encephalomyocarditis virus (EMCV) infection (Siednienko et al., 2012b). Pellino3
also negatively regulates tumour necrosis factor (TNF) induced cell killing by
targeting RIP1 and preventing formation of complex II formation in response to

TNFR (TNF receptor) stimulation (Yang et al. 2013).

Our group has also implicated Pellino3 in production of IL-1f in contrast to Pellino2,
the former supresses the expression of IL-1. Briefly, reduced Pellino3 expression was
observed in adipose tissue of obese humans and mice (Yang et al., 2014). Obesity
causes systemic low-level inflammation (Gregor and Hotamisligil, 2011). This
inflammation involves IL-1f production that contributes to insulin resistance and the
development of diabetes (Tack ef al., 2012). Pellino3 suppresses IL-1f production by

negatively regulating the stabilisation of hypoxia inducible factor 1 a (HIFla) which
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induces IL-1p expression. The reduced levels of Pellino3 in obesity may contribute to

increased systemic levels of IL-1p (Yang et al., 2014).

Pellino3 has been implicated in regulation of the gut epithelial immune response.
NOD?2 is an innate immune receptor that is responsible for detection of Gram-positive
bacteria in the gut through recognition of the PAMP MDP (Grimes et al., 2012). It has
been shown that Pellino3 is involved in the positive regulation of the NOD2 response
through ubiquitination of RIP2 (Yang ef al., 2013a). Impairment of NOD2 signalling
has been linked to inflammatory bowel disease and Crohns disease (Cleynen et al.,
2016). Pellino3 is expressed at a lower level in patients who suffer from both of these

diseases.

1.7 COPD

1.7.1 Pathology of COPD

Considering our group has shown important regulatory roles for Pellino proteins in
mucosal immunity in the gut (Yang ef al., 2013a), we were also keen to explore the
potential physiological and pathophysiological roles of Pellino proteins at other
mucosal sites and especially the lung. Chronic obstructive pulmonary disease (COPD)
is an umbrella term for diseases of the lung affecting airflow including chronic
bronchitis, chronic airflow limitation and emphysema (Vogelmeier et al., 2017). It is
characterised by airflow obstruction, fibrosis of the airways and destruction of the
alveoli which leads to emphysema (Chung and Adcock, 2008). COPD affects mainly

smokers and has also been linked to biomass smoke inhalation (Hurd, 2000; Ko et al.,
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2008). Regarding epidemiology, studies have shown that risk for developing COPD is
associated with poor socioeconomic status (Burney et al., 2014). In developing
countries, the risk of developing COPD in a lifetime is estimated at 25-45% in
patients who have never smoked (Salvi and Barnes, 2009). This may be a direct result
of the use of biomass stoves. Studies from rural Mexico and China have shown that
improved biomass stoves or ventilation reduces the risk of COPD significantly
(Romieu et al., 2009; Zhou et al., 2014). A study of 13 million people in Canada
suggested the risk of developing COPD in a lifetime is approximately 25% (Gershon
et al., 2011). This study also highlighted the higher risk of COPD development in

men and large studies have replicated this (Buist et al., 2007).

Tobacco smoke remains the major risk factor for development of COPD. Tobacco
smoke has been shown to activate airway neutrophils and lead to IL-8 expression,
which is a potent chemotactic factor (Lee ef al., 2016). Increased levels of IL-8 lead to
increased neutrophil infiltration (Russo et al., 2014). Neutrophils are innate immune
cells that produce proteases and in conditions showing disproportionate levels of
infiltrating neutrophils, an imbalance between protease and anti-proteases will occur
leading to the destruction of alveolar walls and development of COPD (Stockley,
2002). However, not all people exposed to smoke will develop COPD (Celli and
Macnee, 2004). This suggests there is some genetic element controlling the immune
response to smoke in the lungs. For those who do develop COPD, it is generally
agreed that it is caused by an imbalance of proteases and anti-proteases in the lung
(Sinden et al., 2014). This idea has come from observations in individuals with alpha-

1 antitrypsin (AAT) deficiency.
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AAT is a serum serine protease inhibitor that regulates the effects of neutrophil
elastase in the lungs. Primary studies identified AAT deficiency as a cause of
pulmonary function abnormalities (Rawlings et al., 1976). Studies have found high
variability in the development of pulmonary abnormalities in patients with inherited
AAT deficiency (DeMeo et al., 2007). Many patients with AAT deficiency have
normal lung function and would likely not develop lung abnormalities if they do not
smoke (Tanash et al., 2017). Patients with AAT deficiency who develop COPD will

often require lung transplantation.

There have also been other genetic mutations identified that predispose an individual
to higher risk of development of pulmonary function abnormalities. Recent genome-
wide association analysis from 6633 individuals compared SNPs from moderate and
severe COPD patients to healthy individuals (Cho et al., 2014). Genetic loci that were
significantly altered during COPD include matrix metalloproteases 12 (MMP12) and
transforming growth factor B2 (TGFB2) (Cho ef al., 2014). The extensive studies that
have been carried out on pulmonary abnormality, emphysema and COPD
development have identified the following aspects as important in predicting
probability of COPD development: smoking, asthma, history of respiratory infections

and various genetic mutations (de Marco et al., 2011).

Excessive inflammation is a key player in the development of COPD (Groenewegen
et al., 2008). Destruction of alveolar architecture is preceded by sustained
inflammation which includes immune cell infiltration, particularly neutrophils, and
pro-inflammatory cytokine production (Noguera et al., 2001; Stockley, 2002). Pro-

inflammatory cytokines such as IL-1f3, IL-6 and TNFa are significantly increased in
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patients with COPD (Bhowmik et al., 2000). Numerous early studies have shown that
stimulation of epithelial cells with cigarette smoke extract leads to the production of
neutrophil recruitment factors in vitro (Masubuchi et al., 1998; Mio et al., 1997; Shoji
et al., 1995) It has long been known that neutrophil retention in the lungs is increased
with smoking and COPD (MacNee et al., 1989; Selby et al., 1991). Once activated,
neutrophils secrete a number of proteases such as cathepsin G, elastase and
proteinase-3 that can break down collagen and may contribute to the development of
emphysema in COPD (Overbeek et al., 2013). Therefore, control of neutrophil
infiltration and the inflammatory response may represent an important mechanism in

the treatment or prevention of COPD development.

1.7.2 Treatment and outlook for COPD

The GOLD (Global initiative for Chronic Obstructive Pulmonary Disease) initiative
has stated that correct diagnosis must involve spirometry and should take symptoms,
severity of airflow limitation, history of exacerbation and comorbidities into
consideration (Vestbo et al., 2013). Once diagnosed, there are various options for
treatment of the symptoms of COPD and exacerbations. The first and most important
step taken in treatment is smoking cessation (Celli and Macnee, 2004). Nicotine
replacements, pharmacological products and smoking cessation programmes are all
used to help patients to stop smoking (Van Eerd et al., 2016). Other methods of
managing stable COPD are also required (Vogelmeier et al., 2017). Pharmacologic
interventions include bronchodilators, (2-agonists, anti-muscarinic antagonists,
methyxanthines, anti-inflammatory agents, inhaled corticosteroids (ICS), oral

glucocorticoids, phosphodiesterase-4 inhibitors and mucolytic and antioxidant agents
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(Vogelmeier et al., 2017). However, long-term treatment with some of these agents
can cause severe side effects. For example, long-term use of inhaled corticosteroids
while reducing inflammation, can increase the risk of patients developing pneumonia,
osteoporosis, diabetes and cataracts (Price et al., 2012). As such, there is much
research being carried out on COPD in an effort to increase understanding of the
disease and develop new therapies. An element of COPD, emphysema, can be easily
modelled in mice and therefore is a useful tool for examination of the molecule
mechanisms involved in inflammation and lung destruction seen in COPD.
Emphysema involves breakdown of the alveolar walls, increased airspace in the lungs

and a strong inflammatory response.

1.7.3 Elastase model of emphysema

Emphysema was first modelled in rats by administration of the protease papain into
the lungs (Gross et al., 1965). Emphysema has since been modelled extensively in
mice through the intranasal administration of elastase. This elicits an immune
response similar to that seen in emphysema in humans (Limjunyawong et al., 2017).
The response includes an inflammatory component and also destruction of alveolar
walls. This model has been used extensively to study emphysema and hence it is well
characterised. The model has some limitations. For example, mice have less
extensive airway branching than humans, with no respiratory bronchioles. This is an
issue because as humans have various membranous and respiratory bronchioles,
different areas will have different responses to lung injury which is not seen in mice

(Pinkerton et al., 2015). Therefore, any work on identification of pathways involved
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in emphysema development or progression should be translated to humans to some

degree in order to establish relevance.

There are many variations in the methods used for elastase-induced emphysema in
mice. Many studies examining the effect of inflammatory mediators often use a single
dose of elastase, with the animals being culled 14 to 21 days afterwards to examine
the disease pathology. This has been used to examine the involvement of Nrf2 (Ishii
et al., 2005), TNFa and IL-1f receptor (Lucey et al., 2002) and NLRP3
inflammasome (Couillin et al., 2015) on emphysema development. However, it has
been shown that repeated doses of elastase instillation produce a more relevant pre-
clinical model because it is more representative of smoke induced human disease
(Cruz et al., 2012; Kennelly et al., 2016). Studies using a repeated dose model have
shown not only local effects in the lungs but also systemic manifestations of the
disease in the case of reduced exercise tolerance (Liithje et al., 2009) and effects on
cardiorespiratory function (Oliveira et al., 2016). For this reason the non-invasive
method of repeated intranasal elastase instillation was used for the purposes of the
study in this thesis as previously described by Kennelly et al. (2016). This provides
potential for closer human relevance in relation to the role of Pellino2 in emphysema

and COPD.

1.7.4 LPS model of emphysema

LPS is a component of Gram-negative bacterial cell walls. It is a common air
contaminant and is found in its bioactive form in cigarette smoke (Sebastian et al.,

2006). LPS can also be used to mimic COPD exacerbations in mice with emphysema
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(Kobayashi et al., 2013). Chronic exposure to LPS in the lungs can lead to symptoms
of emphysema in rodents. These include structural changes, airway hyper-
responsiveness and inflammation (Brass et al., 2008; Toward and Broadley, 2000;
Vernooy et al., 2002). There are some variations on the protocols for this model, for
example, mice can be treated with LPS once a week for 4 weeks (Sohn et al., 2013) or
daily for 4 weeks (Brass et al., 2008) or twice a week for 12 weeks (Vernooy et al.,

2002). This creates some issues with comparison of methods and reliability of data.

1.7.5 Cigarette-smoke (CS) model of emphysema

Tobacco smoke is the main risk factor for development of COPD and hence,
emphysema (Pauwels et al. 2001) and as such it has been used to model emphysema
in mice. For best practise, standardised cigarettes from the University of Kentucky
can be used where there is a known dose of total suspended particles and total
particulate matter present however for investigations there has been no standardisation
of protocols. Different mouse strains will also have different sensitivities to the
procedure (Bartalesi et al., 2005). There is also variation in the apparatus used to
expose the mice to cigarette-smoke. Cigarette-smoke exposure in mice can be
achieved using a smoking apparatus, nose-only exposure or whole-body exposure.
This model will lead to infiltration of macrophages and neutrophils into the lungs,

fibrosis and emphysema development (Vandivier and Ghosh, 2017).
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1.8 Pseudomonas aeruginosa

1.8.1 Background to P. aeruginosa

In addition to looking at Pellino proteins in inflammation in response to lung injury,
we were also interested in their role in lung inflammation in response to respiratory
infection. An important respiratory pathogen of particular interest is Pseudomonas
aeruginosa. P. aeruginosa is a Gram-negative opportunistic bacterial pathogen that is
present in the environment and infects immunocompromised patients and has been
associated with exacerbations of COPD (Murphy et al., 2008). It is one of the most
common causes of nosocomial infection. It is commonly resistant to many classes of
antibiotic including aminoglycosides, cephalosporins, fluoroquinolones and
carbapenens (Ventola, 2015). Treatment for multi-drug resistance cannot be solely
through bacteriostatic/bactericidal compounds. Many reviews have highlighted the
need to include a hygiene regime in healthcare setting to minimise the spread of the
multi-drug resistant pathogen (Cerceo et al., 2016; Kaye and Pogue, 2015; Labarca et
al., 2016). Control of P. aeruginosa is crucial for sensitive patients such as those with
COPD or cystic fibrosis. One study estimates that 29% of infants with cystic fibrosis
will acquire P. aeruginosa infection by 6 months of age and by age 16, 92% of cystic

fibrosis patients will have P. aeruginosa infection (Li et al., 2017).

1.8.2 P. aeruginosa infection in cystic fibrosis

Cystic fibrosis is an autosomal recessive inherited, chronic and incurable disease that

starts in childhood and significantly shortens the lifespan of patients (Cutting, 2015).
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It is caused by variations in the CFTR (cystic fibrosis transmembrane conductance
regulator) gene leading to excessive mucus production in the gastrointestinal and
respiratory system (Donaldson and Boucher, 2007). Excessive mucus production
leads to respiratory obstruction and causes inflammation and tissue damage (Cutting,
2015). It was initially thought that mutation in the CFTR gene was associated with
abnormal immune function and this lead to inflammation without infection (Chmiel et
al., 2002). However, it has been shown that inflammation does not precede infection
as previously thought. Infants with cystic fibrosis without infection will have lower
neutrophil numbers, lower levels of free neutrophil elastase and lower levels of
inflammatory mediators in BAL (David et al., 2005; Douglas et al., 2009; Sly et al.,
2009).

The source of infection is most commonly P. aeruginosa. Chronic infection with P.
aeruginosa is associated with a worse prognosis for cystic fibrosis patients (Michael
et al., 2003; Nixon et al., 2001). Respiratory infection in cystic fibrosis is one of the
major contributors to morbidity and mortality in patients (Douglas et al. 2009). It is
estimated that cystic fibrosis patients with a P. aeruginosa infection have a 2.6 times
higher risk of death (Emerson et al., 2002). As such, early diagnosis and treatment is

essential.

Vaccination against P. aeruginosa infection is not considered a viable option yet as
trials have produced variable results (Johansen and Getzsche, 2015). In a review
produced by Johansen and Gotzsche in 2015, they found only 3 trials suitable for
analysis. One of the trials did not publish data but the company stated in a press
release that the trial was a failure. In the other two trials, there were adverse side

effects and the vaccine did not significantly lower the risk of infection. This highlights

48



Chapter 1

the importance of understanding the molecular mechanisms of respiratory infection
with P. aeruginosa. A better understanding of the pathology of P. aeruginosa
infection may allow for better vaccine development or treatment options for cystic

fibrosis patients with chronic infection.

1.8.3 P. aeruginosa infection in COPD

Acute P. aeruginosa infection has also been well documented in patients with chronic
respiratory diseases such as COPD (Lyczak et al., 2000). It is estimated that 15% of
patients with COPD will suffer from acute or chronic P. aeruginosa infection
(Murphy, 2009). Studies have shown that the immune response to P. aeruginosa
infection requires professional phagocytic cells such as macrophages and neutrophils
and MyD88-dependant signalling is also important (Andrews and Sullivan, 2003; Koh
et al., 2009; Mijares et al., 2011). This highlights the importance of an appropriate

innate immune response to control P. aeruginosa infection.

1.9 Project aims

Our group has recently demonstrated roles for Pellino3 in regulation of mucosal
immunology in the gut (Yang et al., 2013a). This thesis aims to build on this work by
defining a role for Pellino proteins in mucosal immunology in the lung. We are
particularly interested in investigating a role for Pellino2 in lung immunology, as until
recently there had been no physiologically relevant role assigned to Pellino2 due to
the lack of a Pellino2 knockout mouse. Recently, a Pellino2-deficient mouse was

generated and research has implicated Pellino2 in mediating activation of the NLRP3
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inflammasome and hence, IL-1f production. IL-13 has been previously implicated in
emphysema and respiratory infection with P. aeruginosa. Using mouse models, it has
been shown that IL-1f is important in the development of emphysema (Couillin ef al.,
2009) and a diminished IL-18 response following respiratory infection with P.
aeruginosa can have protective effects (lannitti et al., 2016). In light of this, we
hypothesised that Pellino2 is involved in regulation of the immune response in the
lung, specifically following acute lung injury and infection. The aims developed to
test this hypothesis were;

- To explore role of Pellino2 in elastase induced emphysema

- To explore role of Pellino2 in responding fo P. aeruginosa infection

- To examine the specificity of the role for Pellino2 in lung inflammation by
characterising the role of Pellino3 in elastase induced emphysema

- To provide insights into the molecular basis for the role of Pellino2 in lung

inflammation.
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2 Materials and methods

2.1 Materials

2.1.1 Reagents

Reagent

Supplier

10% Neutral buffered formalin
Acetic acid
Acetonitrile

Agar

Ammonium bicarbonate
Analine blue

APS

ATP

Bouins solution
Bradford reagent
Bromophenol blue
BSA

BV6

CHAPS

Chloroform
Collagenase

CXCL2

DEPC water
Dithiothreitol (DTT)
DMSO

DNAase

dNTPs

DSS

CellPath
Fisher-Scientific

Amersham Biosciences

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Bio-rad
Sigma-Aldrich
Sigma-Aldrich
Selleckchem
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Biolegend
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Roche
Promega
Sigma-Aldrich
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EDTA

Eosin Y

Ethanol

FCS

Glycerol

Hanks balanced salt solution
Harris haematoxylin
HCl

IFNy

Igepal

IL-17

Iodoacetamide
Isopropanol

LB broth

LPS

Lymphoprep

Lys-C

Mayers haematoxylin
Methanol

Milk powder

Mountant

NaCl

Nitrocellulose membrane
Paraffin wax

PBS
Penicillin/Streptomycin
Periodic acid
Phosphomolybdic acid
Phosphotungstic acid
PMSF

Porcine pancreatic elastase

Prestained molecular weight marker

Protease inhibitor cocktail
Protogel

Random primers

Red blood cell lysis buffer
RPMI

Scarlet acid fuschin
Schiff reagent

SDS

Sodium deoxycholate
Sodium orthovanidate
Sulphuric acid

TEMED

TGFp

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Peprotech
Sigma-Aldrich
R&D
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Enzo Life Science
Stem Cell Tech
Promega
Sigma-Aldrich
The British Drug Houses
(BDH)

Tesco
Fisher-Scientific
Sigma-Aldrich
Fisher-Scientific
VWR

Oxoid
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Roche Diagnostics
National Diagnostics
Invitrogen
eBiosciences
Gibco
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
eBiosciences
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Thiourea Sigma-Aldrich
TMB Sigma-Aldrich
TNFa R&D
Trifluoroacetic acid Sigma-Aldrich
Tris-base Sigma-Aldrich
Tris-Cl Sigma-Aldrich
Tris-HCl Sigma-Aldrich
Trizol Ambion
Trypan blue Thermofisher
Trypsin Promega
Tween-20 Sigma-Aldrich
Urea Sigma
Xylene Sigma-Aldrich
ZVAD Selleckchem
Zymosan Invivogen
-mercaptoethanol Gibco
2.1.2 Kits
Kit Supplier
MACS Neutrophil Isolation kit Miltneyi Biotec
In Situ Cell Death Detection kit Roche
Fox P3 staining kit ThermoFisher
Ready2Prep CleanUp kit Bio-Rad
SensiMix SYBR No-ROX kit Bioline
Murine IL-1 Duoset ELISA kit R&D
Murine IL-6 Duoset ELISA kit R&D
Murine TNFa Duoset ELISA kit R&D
Murine CXCL1/KC Duoset ELISA kit R&D
Murine CXCL2/MIP-2 Duoset ELISA kit R&D
Murine IL-4 Duoset ELISA kit R&D
Murine IL-33 Duoset ELISA kit R&D
Murine IL-13 Duoset ELISA kit R&D
Murine IL-17 Duoset ELISA kit R&D
Murine IFNy Duoset ELISA kit R&D
Murine TGFB Duoset ELISA kit R&D
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2.1.3 Antibodies

2.1.3.1 Antibodies for immunoblotting

Primary Antibody Supplier Dilution Secondary*
ASC Santa Cruz 1:200 Mouse
Caspase-1 p20 Adipogen 1:1000 Mouse
IL-1B Adipogen 1:1000 Goat
NLRP3 Adipogen 1:1000 Mouse
P-MLKL Abcam 1:1000 Rabbit

RIP3 Cell Signalling 1:1000 Rabbit
Vimentin Cell Signalling 1:1000 Rabbit
Bactin Sigma-Aldrich 1:5000 Mouse

* All secondary antibodies used at dilution of 1:5000.

2.1.3.2 Flow cytometry antibodies
All flow cytometry antibodies were purchased from eBiosciences except for FoxP3
which was part of a kit from ThermoFisher. Fc block was purchased from BD

Biosciences.
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2.1.4 Real-time PCR primer sequences

Target gene Sense primer sequence 5°-3’
Anti-sense primer sequence 5°-3’
HPRT AGGGATTTGAATCACGTTG
TTTACTGGCAACATCAACAG
IL-1B GGATGATGATGATAACCTGC
CATGGAGAATATCACTTGTTGG
TNFa TGCCTATGTCTCAGCCTCTT
GAGGCCATTTGGGAACTTCT
CXCLI/KC ATGATCCCAGCCACCCGCTC
TTACTTGGGGACACCTTTTAGC
MMP-9 GTCTTCCTGGGCAAGCAGTA
CTGGACAGAAACCCCACTTC

2.1.5 Buffers

Buffer

Composition

Blocking buffer

Laemmeli sample
buffer

Ponceau Stain

RIPA Lysis Buffer

TBS

SDS running buffer
FACS buffer
TBST

TBS, 0.1% (v/v) Tween-20, 5% (w/v) dried milk powder
62.5 mM Tris-HCI, pH 6.8, 10% (w/v) glycerol, 2% (w/v)
SDS,

0.7 M B-mercaptoethanol, 0.001% (w/v) bromophenol blue
0.1% (w/v) Ponceau S in 5% (v/v) acetic acid

50 mM Tris-HCI pH 7.4, 1% (v/v) Igepal, 150 mM NacCl,
0.5% (w/v) Sodium Deoxycholate, ] mM EDTA, 0.1% (w/v)
SDS,

1 mM Na3VO4, | mM PMSF and protease inhibitor cocktail
25mM Tris, pH 7.4, 0.14M NaCl

25mM Tris, 192mM glycine, 0.1% SDS

PBS, 2% FCS

TBS, 0.1% (v/v) Tween-20
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2.2 Methods

2.2.1 Mice
Pellino2-deficient mice and Pellino3-deficient mice were generated by Taconic
Artemis using proprietary technology as described previously by Humphries et al.,

(2018) and Siednienko ef al. (2012) respectivey.

To generate constitutive Pellino2-deficient mice, mice that were heterozygous for the
targeted allele were bred with mice containing a Flpe transgene (C57BL/6J-Tg(CAC-
Flpe)2Arte). This resulted in deletion of exon 2-6 and loss of function of the Peli2
gene. The Flpe transgene was removed by breeding the resulting heterozygous mice
with C57BL/6J mice during colony expansion. Mice were genotyped by PCR analysis
of  DNA isolated from ear punches using primers ‘a’,

GCCTCTACAGGATGCTCATTT; ‘b’, GGACAGTCATGCTAGTCTGAGG; ‘c’,

GAGACTCTGGCTACTCATCC; and ‘d’, CCTTCAGCAAGAGCTGGGGAC.

To generate constitutive Pellino3-deficient mice, mice that were heterozygous for the
targeted allele were bred with mice containing Cre recombinase regulated by the
Rosa26 locus (C57BL/6J Gt(ROSA)26Sortm16(Cre)Arte). This results in the deletion
of exon 3 and loss of function of the Peli3 gene by generating a frame shift in all
downstream exons. The Cre transgene was removed by breeding the resulting
heterozygous mice with C57BL/6 mice during colony expansion. Mice were
genotyped by PCR analysis of DNA isolated from ear punches using primers ‘a’,
CCCAACATAGGTGTTTCCTCTCC; ‘b’, GTGCATACACATTCATGCAAGC; ‘c’,

GACACGTGTGGAGATAATGAGG; and ‘d’, ACCCAGGCACAAGTCAAGC.
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2.2.2 Cell biological methods

2.2.2.1 Culture of L929 for generation of MCSF (macrophage colony stimulating

factor) conditioned medium

L1929 cells were cultured in complete RPMI (supplemented with 10% FCS, penicillin
(100 ug/ml) and streptomycin (100 pug/ml)) at 37°C and 5% CO,. When cells reached
80% confluency, cells were passaged using a cell scraper to lift adherent cells. The
cells were seeded at 5 x 10° cells/ml in 40 ml RPMI in a Corning T175 culture flask
for 7 days to generate MCSF. After 7 days, the media was collected and centrifuged
to remove debris. The supernatant was stored at -20°C for up to 6 months for use in
BMDM primary cell culture. Cells were cultured to a maximum of 25 passages to

minimise genetic drift.

2.2.2.2 Bone marrow derived macrophage (BMDM) culture

Age matched mice were culled by cervical dislocation and the hind legs were
removed. The legs were stripped of fur and muscle and the foot was removed. The
femur and tibia were separated at the joint and the fibula was discarded. The tip of the
epiphyses was cut and the bone marrow was flushed out with RPMI. Once the bones
were blanched, the cell suspension was centrifuged at 250 g for 5 min. The
supernatant was discarded and the cell pellet was resuspended in 1 ml RPMI. The
cells were then split between two T75 Corning flasks in complete RPMI

supplemented with 15% MCSF. The cells were cultured at 37°C for 5 days with the
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media being changed on day 3. For all experiments, BMDMs were seeded at 1 x 10°

cells/ml media overnight for experiments on the following day.

2.2.2.3 Neutrophil culture

Mice were culled and bone marrow from the legs was extracted as detailed in section
2.2.2.2. The cell pellet was resuspended and the cell number was determined by
staining cells with trypan blue and counting using an automated cell counter
(Countess). MACs Neutrophil Isolation Kit from Miltenyi Biotec was used to isolate
neutrophils from bone marrow as per manufacturers instructions. Purity of the isolated
neutrophil suspension was analysed by flow cytometry using Ly6G and Cdllb
antibodies. Only samples above 95% purity were used for in vitro neutrophil
experiments. Neutrophils were seeded at 1 x 10° cells/ml in complete RPMI for

migration and assay experiments.

2.2.2.4 Neutrophil migration assay

Bone marrow derived neutrophils were seeded into the upper well of a Corning 6-well
transwell plate (3 wm pores) at a concentration of 1 x 10° cells/ml. CXCL2 (50 ng/ml)
was added to the bottom well and the plate was incubated for 3 hours at 37°C 5%
CO,. Neutrophil number in the bottom chamber was quantified by staining cells with

trypan blue and counting using an automated cell counter (Countess).
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2.2.2.5 PAO-I culture

P. aeruginosa strain PAO-1 was taken from frozen glycerol stocks. A stab of frozen
stock was streaked onto an LB agar plate and cultured at 37°C for 24 hours. A single
colony was then picked from the streaked agar plate and cultured in 5 ml LB (Luria
broth) at 37°C agitating overnight. The bacteria were then diluted 1:5 in LB broth and
incubated at 37°C agitating for a further 2 hours. A sample of the culture was then

analysed by spectrometer at 600 nm using LB broth alone as a blank.

2.2.2.6 Invitro PAO-1 experiments

BMDMs were seeded overnight at 1 x 10° cells/ml. The complete RPMI was removed
and replaced with RPMI supplemented with 10% FCS only. BMDMs were treated
with 1 ml PAO-1 at OD 0.5 at 600 nm and incubated at 37°C 5% CO, for 1 hour.
After 1 hour, the supernatant was removed from the wells. The wells were washed
twice with PBS and complete RPMI was added. BMDMs were cultured for a further 3
hours. The supernatant was removed and used for ELISA analysis of cytokine

production.

2.2.3 Animal experiments

2.2.3.1 Elastase-induced emphysema

8-12 week old mice were weighed and then anesthetised using isoflurane gas. Mice

were then administered 35 ug porcine pancreatic elastase in 50 ul PBS intranasally. A
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control group was administered 50 ul PBS alone. After 24 hours mice were culled by
cervical dislocation and lungs removed for analysis. To induce a full course of
emphysema, the above treatments were carried out on day 1, day 3, day 6, day 8, day
10 and day 13. The mice were culled by cervical dislocation on day 14 and lungs were

removed for analysis.

2.2.3.2 P. aeruginosa acute respiratory infection model

12-week-old C57/B6 mice were treated with PAO-1 (absorbance of 0.05 at 600 nm)
intratracheally under anaesthetic. Mice were culled 10 hours later. The lungs were
removed and homogenised using a handheld homogeniser in 1 ml PBS. 500 ul was
taken for cytokine analysis by ELISA. The remainder of the lung homogenate was
used to determine CFU. Serial log dilutions were plated on LB agar plates, incubated

at 37°C overnight and CFU were counted manually.

2.2.3.3 P. aeruginosa respiratory infection survival model

12-week-old C57/B6 mice were treated with PAO-1 (0.5 at 600 nm) intratracheally
under anaesthetic. Mice were monitored over 48 hours and were culled upon reaching
humane endpoints. Hours post inoculation at which mice were culled was noted for

survival curve generation.
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2.2.4 Histological analysis

2.2.4.1 Sample preparation

Mice were culled by cervical dislocation and lung tissue was placed in 4%
formaldehyde for 24 hours in cassettes. The cassettes were then transferred to 70%
ethanol for 48-72 hours. Cassettes were then transferred to an automated tissue
processor and underwent sequential dehydration steps: 70% ethanol, 80% ethanol,
95% ethanol x 2, 100% ethanol x 3, 50:50 ethanol: xylene x 1, xylene x2 for 1 hour
each. Tissue was embedded in paraffin wax using Shandon Histocentre. Samples
were stored at 4°C. 4 um tissue sections were cut using a microtome and floated on
water at 50°C to flatten tissue. Tissue was applied to slides and dried overnight.
Tissue could then be stored at 4°C until placed at 55°C for 2 hours directly before

staining.

2.2.4.2 Haematoxylin and eosin staining

Slides containing fixed lung tissue sections were deparaffinised by immersion in
xylene for 10 min twice. Tissue was rehydrated by immersion in 100% ethanol for 10
min, 95% ethanol for 5 min and 80% ecthanol for 5 min. Slides were rinsed in distilled
H,O and placed in Harris haematoxylin solution for 3 min. Slides were rinsed in
running tap water for 2 min and immersed in 1% acid-alcohol for 20 sec. Slides were
rinsed in tap water and immersed in Eosin Y for 3 min. Slides were rinsed under
running tap water for 5 min to remove excess dye. Tissue was dehydrated through

immersion in 80% ethanol for 5 min, 90% ethanol for 5 min and 100% ethanol for 5
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min. Tissue was then allowed to dry and mounted using a synthetic mounting medium

before imaging.

2.2.4.3 Periodic acid Schiff (PAS) staining

Slides containing fixed lung tissue were deparaffinised by immersing in xylene twice
for 10 min each. Tissue was rehydrated by immersing slides in 100% ethanol for 10
min, 95% ethanol for 5 min, 80% ethanol for 5 min and immersing in distilled H,O.
Slides were oxidised in 0.5% (v/v) periodic acid solution for 5 min and then rinsed in
distilled H,O. Slides were immersed in Schiff reagent for 15 min and then washed in
lukewarm tap water for 5 min. Slides were counterstained in Mayer’s haematoxylin
for 1 min, washed in tap water for 5 min and then dipped in 1% acid alcohol for 10-20
sec. Slides were rinsed under running water before dehydration by immersion in
increasing ethanol gradients: 80%, 95%, and 100% for 5 min each. Once the slides

were dry they were mounted using a synthetic mounting medium before imaging.

2.2.4.4 Trichrome staining

Slides containing fixed lung tissue sections were deparaffinised by immersing in
xylene twice for 10 min each. The tissue was rehydrated by immersion in 100%
ethanol for 10 min, 95% ethanol for 5 min, and 80% ethanol for 5 min and rinsed in
distilled H>O. The slides were incubated overnight at room temperature in Bouins
solution. Slides were rinsed in running water for 5 min. Slides were then immersed in

haematoxylin solution for 5 min followed by rinsing under running water. The slides
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were then immersed in scarlet acid fuschin for 5 min and rinsed in water until excess
stain was removed. The slides were immersed in a solution of phosphotungstic (2.5%)
and phosphomolybdic (2.5%) acid for 5 min. Slides were then immersed in analine
blue solution for 5 min before being directly transferred to 1% (v/v) acetic acid for 2
min. The slides were dehydrated by immersing in 80% ethanol for 5 min, 95% ethanol
for 5 min and 100% ethanol for 10 min. The slides were mounted using a synthetic

mounting medium before imaging.

2.2.4.5 Fibrosis scoring

An entire lobe stained with trichrome was imaged at 10x magnification. The sections
were scored using the Ashcroft Scale (Hiibner et al., 2008). Briefly images taken were
compared to images by Hiibner er al. (2008) and the features identified in those
images corresponded to a score: normal=0, isolated alveolar septa with minor fibrotic
changes =1, fibrotic changes of alveolar septae with knot-like formation = 2,
contiguous fibrotic walls of alveolar septaec = 3, single fibrotic masses = 4, confluent
fibrotic masses = 5, large contiguous fibrotic masses = 6, air bubbles = 7, fibrous

obliteration = .

2.2.4.6 TUNEL staining

Slides containing fixed lung tissue sections were stained by the TUNEL method
where double stranded DNA breaks are labelled with a fluorescent dye using In Situ

Cell Death Detection kit from Roche as per manufacturers instructions.
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2.2.5 Flow cytometry

2.2.5.1 Isolation of total lung cells

Mice were culled by cervical dislocation and the lungs were homogenised in 1 ml
Hanks balanced salt solution containing 1 mg/ml collagenase and 20 units/ml
DNAase. The homogenised lung was incubated in solution for 1 hour at 37°C. The
resultant cell suspension was passed through a 70 um cell strainer using RPMI to
wash through. The cell solution was brought to a total volume of 25 ml with RPMI.
The cell solution was layered over 15 ml lymphoprep and centrifuged at 2400 rpm for
25 min with acceleration of 0 and brake of 1. The cell layer produced was removed
into a 15 ml tube. The cells were centrifuged at 300 g for 5 min and then washed
twice with PBS and centrifugation was repeated. The cell pellet was resuspended in
red blood cell lysis buffer as per manufacturers instructions. The resulting cell pellet
was resuspended in FACs buffer to generate a single cell suspension for flow

cytometric analysis.

2.2.5.2 Cell staining and analysis

For myeloid cell identification anti- CD11b, CDl11c, CD45, F4/80 and Gr-1/Ly6G
were used similar to methods detailed previously (Zaynagetdinov et al., 2013). Two
panels of antibodies were used for lymphoid cell identification, which included anti-
CD3, CD4, CDS, B220, CD25 in both panels and either anti-FoxP3 or isotype control

(Moorman et al., 2012; Spagnuolo et al., 2016).

64



Chapter 2

Cells were blocked using Fc block (anti CD16/CD32 diluted 1:50) for 10 min at room
temperature. For extracellular staining, the cell suspension was incubated with
antibodies for 30 min at room temperature. For myeloid cell staining (table 2.1), the
cells were then fixed in 2% paraformaldehyde (PFA). For lymphoid cell staining
(table 2.2), the cells were incubated with 200 ul of FoxP3 staining kit
fixation/permeabilisation buffer for 1 hour at room temperature and then stained
intracellularly for Fox P3 or with an isotype control for 1 hour at 4°C. The lymphoid
panel samples were fixed in 2% PFA. The samples were then acquired and analysed

by flow cytometry.

Table 2.1 Myeloid panel of antibodies

Antibody Fluorochrome Dilution
CDI11b APC 1:100
CDllc e450 1:100
CD45 FITC 1:100
F4/80 PECy7 1:50
Gr-1/Ly6G PE 1:100

Table 2.2 Lymphoid panel of antibodies

Antibody Fluorochrome Dilution
B220 APCe780 1:100
CD25 PECy5 1:100
CD3 e450 1:100
CD4 FITC 1:50
CD8 €660 1:100
FoxP3 or Isotype control PE 1:50
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2.2.5.3 Gating strategy

The gating strategy used was based on experiments carried out previously (Moorman
et al., 2012; Spagnuolo et al., 2016; Zaynagetdinov et al., 2013). An example of the
gating strategy for myeloid cells is shown in figure 2.1. Neutrophils were selected as
CD45+CDI11b+Ly6G+, macrophage were gated as CD45+CDI11b+F4/80+ and
myeloid dendritic cells were gated as CD45+CDl1lc+ excluding neutrophils and
macrophages. An example of gating strategy for lymphoid cells is shown in figure
2.2. T-cells were gated as CD3+, helper T-cells were CD3+CD4+, cytotoxic T-cells
were CD3+CD8+, regulatory T-cells were CD4+CD25+FoxP3+ excluding

CD4+CD25+Isotype. B-cells were CD3+B220+.
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Figure 2.1 Gating strategy used for identification of neutrophils, macrophages and
dendritic cells

(A) Total cells acquired by flow graphed by side scatter area (SSC-A) and forward scatter
area (FSC-A). (B) Total cells are gated into single cells by graphing forward scatter height
(FSC-H) against FSC-A. (C) CDA45 expressing cells within the single cell population. (D)
CD11b and Ly6G expressing cells within the CD45+ cell population to identify neutrophils.
(E) CD11b and F4/80 expressing cells within the CD45+ cell population to identify
macrophages. (F) CDllc expressing cells within the CD45+ cell population where

CD11b+Ly6G+ and CD11b+F4/80+ cells have been excluded to identify dendritic cells.
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Figure 2.2 Gating strategy used for identification of helper and cytotoxic T-cells,
regulatory T-cells and B-cells

(A) Total cells acquired by flow graphed by side scatter area (SSC-A) and forward scatter
area (FSC-A). (B) Total cells are gated into single cells by graphing forward scatter height
(FSC-H) against FSC-A. (C) CD3 expressing cells within the single cell population. (D)
B220 expressing cells within the CD3+ cell population to identify B-cells. (E) CD4 and CD8
expressing cells within the CD3+ cell population to identify helper T-cells and cytotoxic T-
cells respectively. (F) CD25 and FoxP3 expressing cells within the CD3+CD4+ cell
population overlayed on CD25 and Isotype control positive cells within the CD3+CD4+ cell

population to identify regulatory T-cells.
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2.2.6 Molecular biological methods

2.2.6.1 lIsolation of RNA

For isolation of RNA from lung tissues, mice were culled by cervical dislocation and
the left lobe was snap frozen in liquid nitrogen and stored at -80°C until processing.
The lobe was homogenised by sonication in 300 ul Trizol. After sonication, 700 ul
Trizol was added to the tissue and RNA extraction was carried out as per
manufacturer’s instructions. For isolation of RNA from in vitro BMDM cultures, cells
were seeded overnight at 1 x 10° cells/ml in a 12-well plate (1 ml complete RPMI per
well). Cell stimulations were carried out and the supernatant was removed from the
wells. RNA extraction was then carried out using Trizol as per manufacturer’s
instructions. RNA was quantified using Nanodrop spectrophotometer where an
absorbance of 1 unit at 260 nm is ~40 ug/ml of RNA. Absorbance OD 260/280 and

260/230 values greater than 1.6 were deemed acceptable for analysis.

2.2.6.2 c¢DNA synthesis from mRNA

0.5 ul of random primers (0.5 ug/ml) was added to 2 ug of RNA and made up to a
total volume of 13 ul with DEPC-treated water. This was incubated at 72°C for 5 min
to allow the primers to anneal to the RNA template. 7 ul of master mix as described in

table 2.3 was added to each sample.
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Table 2.3 cDNA synthesis master mix

Reagent Volume
BioScript Reverse Transcriptase (20u/ul) 0.5 ul
dNTPs (10mM) 1w

5x BioScript reaction buffer 4 ul
DEPC-treated water 1.5 ul

The reactions were then incubated at 42°C for 30 min followed by 5 min at 95°C to
deactivate reverse transcriptase enzyme and cooled to 4°C. cDNA was stored at -20°C

before analysis by real-time PCR.

2.2.6.3 Quantitative PCR
cDNA generated as in section 2.2.5.2 was used as the target DNA for amplification
using specific primers. Primers used for real-time PCR are detailed in section 2.1.4.

The real-time PCR reaction mix is detailed in table 2.4.

Table 2.4 Real-time PCR reaction mix

Reagent Volume
2x SensiMix™ SYBR® no-ROX 10 ul
Sense primer (4pmol/ul) 2.5 ul
Anti-sense primer (4pmol/ul) 2.5ul
DEPC-treated water 3ul
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18 ul of the above reaction mix was added to a reaction plate and 2 ul of template
cDNA was added in duplicate. The reaction was carried out in an Applied Biosystems
Step one PLUS real-time PCR instrument. Samples were heated to 95°C for 15 min
for pre-denaturation, followed by 40 cycles of 95°C for 30 sec (denaturation), 57°C
for 30 sec (annealing) and 72°C for 45 sec (extension). Amplification of the target
product was confirmed by melt curve analysis and a single melt curve peak eliminated
the possibility of primer dimer formations. For melt curve analysis the samples were
heated to 90°C after the 40 cycles. Relative quantification of target gene mRNA
expression was carried out using the crossing threshold (CT) method. The CT value is
the number of cycles it takes for a pre-programmed threshold fluorescence level to be
reached in the reaction well. The fewer cycles it takes for a threshold level of
fluorescence to be reached, the more starting template DNA was present. To calculate
delta CT, the CT value of a housekeeping gene such as HPRT was subtracted from the
target gene CT value. Fold change in relative gene expression was determined by

calculating 2727,

2.2.7 Biochemical methods
2.2.7.1 Western blot

2.2.7.1.1 Sample preparation for Western blot

For Western blot analysis of lung tissue samples, homogenised protein was mixed

with sample buffer. Samples were incubated at 100°C for 10 min before storage at -

20°C until being subjected to SDS-PAGE electrophoresis.
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For in vitro experiments, supernatants were removed from wells and cells were
washed with PBS and scraped in 1 ml PBS and transferred to 1.5 ml Eppendorf tubes.
The cells were centrifuged at 6,500 g for 10 min at 4°C. The supernatant was
discarded and the cell pellet was resuspended in 90 ul lysis buffer for 20 min at 4°C
with gentle agitation. Lysates were centrifuged at 10,000 g for 10 min at 4°C. 80 ul of
the supernatant (whole cell lysate) was transferred to a fresh 1.5 ml Eppendorf tube
and combined with sample buffer, incubated at 100°C for 10 min and stored at -20°C
until being subjected to SDS-PAGE electrophoresis. The insoluble pellet remaining
was washed with PBS and centrifuged at 10,000 g for 10 min. After removal of the

supernatant the insoluble pellet could be treated for chemical cross-linking analysis.

2.2.7.1.2 TIrreversible chemical cross-linking of insoluble protein complex

The insoluble pellets from section 2.2.6.1.1 were resuspended in 500 ul of PBS with
non-cleavable protein cross-linker disuccinimydyl suberate (DSS at 4 mM). Samples
were incubated with gentle agitation at room temperature for 30 min. Samples were
then centrifuged at 5,000 g for 10 min. The cross-linked pellets were resuspended in
sample buffer and incubated at 100°C for 10 min and could be stored at -20°C until

being subjected to SDS-PAGE electrophoresis.

2.2.7.1.3 SDS-PAGE electrophoresis

Samples and a 10-250 kDa prestained ladder were loaded into the wells. The samples

were first run through a 5% polyacrylamide stacking gel at 80 V and then at 110 V
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through a 10% polyacrylamide resolving gel for 1-1.5 hours. The percentage gel and

time run was chosen depending on the size of the protein being examined.

2.2.7.1.4 Immunoblotting

Following electrophoresis, protein was transferred to nitrocellulose membrane using a
Hoeffman TE 70 semi-dry transfer unit. Transfer was carried out at 100 mA for 110
min. Following transfer non-specific binding was blocked by incubating the
membrane with 5% milk for 30 min or 5% BSA for 30 min (when immunoblotting for
phosphorylated proteins). The membrane was then washed twice for 5 min each with
1X TBST prior to incubation overnight with primary antibody in 5% milk or 5% BSA
according to supplier’s instruction at 4°C. Optimal dilutions of primary and secondary
antibodies can be seen in section 2.1.3. Membranes were washed 3 times for 5 min
each in TBST before incubation with secondary antibody for 1 hour in the dark.
Membranes were then washed 3 times for 10 min each with TBST. The
immunoreactive bands were viewed using Odyssey infrared imaging system from

Licor biosciences according to manufacturer’s instructions.

2.2.7.2 Protein sample preparation

Lung tissue was homogenised by sonication in RIPA buffer containing protease

inhibitors, PMSF and sodium orthovanidate. The tissue was then centrifuged at

10,000 g for 10 min at 4°C. The supernatant was used for Bradford assay to determine
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protein concentration as per manufacturer’s instructions. Protein was normalised to 3

ug/ml in RIPA buffer and analysed by ELISA.

2.2.7.3 ELISA analysis

For analysis of in vitro experiments, supernatants were collected from wells and
centrifuged to remove floating cells or debris. Levels of IL-1f, IL-6, IL-10, TNFa,
CXCL1 (KC) and CXCL2 (MIP-2) were analysed using Duoset ELISA assays from

R&D as per manufacturer’s instructions.

For analysis of lung tissue homogenates, samples were prepared as in section 2.2.6.2.
Levels of IL-1p, TNFa, IL-6, IL-10, IL-33, CXCL1 (KC), CXCL2 (MIP-2),
RANTES, IL-4, and IL-13 were measured using Duoset ELISA kits from R&D as per
manufacturer’s instructions. For elastase treated tissue, samples were diluted 1 in 25

to give readings within standard range absorbance.

2.2.8 Label free LC-MS/MS analysis

2.2.8.1 Sample preparation

A portion of the lung was snap frozen in liquid nitrogen and stored at -80°C before
use. The tissue was homogenised in lysis buffer (7 M urea, 2 M thiourea, 65 mM
CHAPS, 100 mM DTT) at a ratio of a 1:10 (w/v) supplemented with protease
inhibitor cocktail and DNAase, using a hand held homogeniser. Crude extracts were

incubated for 2.5 hours at 4°C with gentle agitation in a Thermomixer. The samples
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were centrifuged at 4°C for 20 min at 14,000 g. The supernatant was removed and
used for label-free mass spectrometry. Bradford assay was used to assess protein

concentration.

2.2.8.2 Bradford assay

Protein concentration in samples was assessed by Bradford assay and was carried out

as per manufacturer’s instructions for 96-well plate format.

2.2.8.3 Label-Free LC-MS/MS preparation

Label free LC-MS/MS sample preparation was carried out as described previously
(Holland et al., 2015). The crude homogenates were pre-treated with Ready2Prep 2D
clean-up kit. The protein pellet created from the clean-up kit was re-suspended in
solubilisation buffer (6 M urea, 2 M thiourea, 10 M Tris-Cl, pH 8.0 in LC-MS grade
water). The samples were vortexed, sonicated and centrifuged to ensure the pellet was
fully resuspended. Volumes were equalised with solubilisation buffer. The samples
were reduced by incubation for 30 min with 10 mM DTT and then alkylated by
incubation for 20 min in the dark with 25 mM iodoacetamide in 50 mM ammonium
bicarbonate. Proteolytic digestion of samples was carried out using Lys-C at a ratio of
1:100) (protease: protein) for 4 hours at 37°C. The samples were diluted 1:5 with 50
mM ammonium bicarbonate. Further digestion was carried out using trypsin at a ratio
of 1:25 (protease: protein) overnight at 37°C. The samples were diluted 3:1 (v/v) with

2% TFA in 20% ACN before vortexing and sonicating for even resuspension.
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2.2.8.4 Label free LC-MS/MS procedure

Label free LC-MS/MS was carried out as described previously (Holland et al., 2015).
An Ultimate 3000 nanoLC system (Dionex) coupled to an LTQ Orbitrap XL mass
spectrometer from Thermo Fisher Scientific was used for the nano LC-MS/MS
analysis of lung proteins. Digested peptide mixtures (5 ul volume) were loaded onto a
C18 trap column (C18 PepMap, 300 um id x 5 mm, 5 um particle size, 100 A pore
size; Dionex). Desalting was carried out at a flow rate of 25 ul/min in 0.1% TFA and
2% ACN for 5 min. The trap column was switched on-line with an analytical PepMap
C18 column (75 um id x 500 mm, 3 um particle, and 100 A pore size; Dionex).
Peptides generated from lung proteins were eluted with the following binary
gradients: solvent A (2% ACN and 0.1% formic acid in LC-MS grade water) and 0%—
25% solvent B (80% ACN and 0.08% formic acid in LC-MS grade water) for 240 min
and 25%-50% solvent B for a further 60 min. The column flow rate was set to 350
nl/min. Data was acquired with Xcalibur software, version 2.0.7 (Thermo Fisher
Scientific). The MS apparatus was operated in data-dependent mode and externally
calibrated. Survey MS scans were acquired in the Orbitrap in the 400-1800 m/z range
with the resolution set to a value of 30,000 at m/z 400 and lock mass set to
445.120025 u. CID (collision-induced dissociation) fragmentation was carried out in
the linear ion trap with up to three of the most intense ions (1+, 2+ and 3+) per scan.
Within 40 sec, a dynamic exclusion window was applied. A normalised collision
energy of 35%, an isolation window of 3 m/z, and one microscan were used to collect

suitable tandem mass spectra.
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2.2.8.5 Quantitative profiling by label free LC-MS/MS analysis

Quantitative profiling by label free LC-MS/MS analysis was carried out as described
previously (Holland et al., 2015). Progenesis label-free LC-MS software version 3.1
from Non-Linear Dynamics was used to process the raw data generated from LC-
MS/MS analysis. Data alignment was based on the LC retention time of each sample,
allowing for any drift in retention time given and adjusted retention time for all runs
in the analysis. A reference run was established with the sample run that yielded most
features (i.e. peptide ions). The retention times of all of the other runs were aligned to
this reference run and peak intensities were then normalized. Prior to exporting the
MS/MS output files to MASCOT (www.matrixscience.com) for protein identification,
a number of criteria were used to filter the data. This data included (i) peptide features
with ANOVA < 0.05 between experimental groups, (i) mass peaks (features) with
charge states of +1, +2 and +3, and (iii) greater than one isotope per peptide. A
MASCOT generic file was generated from all exported MS/MS spectra from
Progenesis software. The MASCOT generic file was used for peptide identification
with MASCOT (version 2.2) and searched against the UniProtKB-SwissProt database
with 16,638 proteins (taxonomy: Mus musculus). The following search parameters
were used for protein identification: (i) MS/MS mass tolerance set at 0.5 Da; (ii)
peptide mass tolerance set to 20 ppm; (iii) carbamidomethylation set as a fixed
modification; (iv) up to two missed cleavages were allowed; and (v) methionine
oxidation set as a variable modification. On average, 3 out of 4 peptides were
identified without a missed cleavage. For further consideration and re-importation
back into Progenesis LC-MS software for further analysis, only peptides with ion
scores of 40 and above were chosen. The following criteria were applied to assign a
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protein as differentially expressed: (i) an ANOVA score between experimental groups
of < 0.05, (i1) proteins with > 2 peptides matched, and (iii)) a MASCOT score > 40.
The bioinformatics analysis of potential protein interactions was carried out with
standard software programmes and applied to catalogue the clustering of molecular
functions and to identify potential protein interactions of the MS-identified proteins
with a changed concentration in Pellino2-deficient mice. Analyses were performed
with the PANTHER (http://pantherdb.org; version 8.1) comprehensive database of

protein families for the cataloguing of molecular functions.

2.2.9 Statistical analysis

Normal distribution is a probability function that describes how the values of a
variable are distributed. A normal distribution refers to a symmetric distribution
where most of the observations cluster around the centre/mean (McDonald, 2014).
Observances near the mean are a more frequent occurrence than data far from the
mean. For normal distribution 68% of observances are +/- one standard deviation
from the mean, 95% are within +/- two standard deviations from the mean and 99.7%
are within +/- three standard deviations from the mean. Extreme values in both tails of

the distribution are similarly unlikely (McDonald, 2014).

To test if two populations of normally distributed data are significantly different, a
null hypothesis and alternative hypothesis must be defined. The null hypothesis states
there is no significant difference between specified populations and any observed
difference is due to sampling or experimental error. The alternative hypothesis states
potential or expected outcomes. In other words, the null hypothesis states that given
two populations of data, the means of those two populations are equal and the
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alternative hypothesis states that given two populations of data, the means of those
two populations are not equal, i.e. the mean of one group sites more than two standard
deviations away from the mean of the other group. Throughout the analysis in this
thesis, significance is denoted as a p value or the probability an observation occurred
by chance. Simply, where p < 0.05 there is a 95% probability that the alternative
hypothesis is true and 5% probability that the differences observed are a result of

chance.

Normally distributed data can be tested for significant differences by various
statistical tests including Student’s t-test and ANOVA (McDonald, 2014; Krzywinski
and Altman, 2013). Student’s t-test compares the mean of two populations and
determines if they are different from one another. It also states how significant the
differences are i.e. if the differences between the two populations could have occurred
by chance (Krzywinski and Altman, 2013). ANOVA (Analysis of Variance) is used to
compare three or more samples where more than repeated measurements have been
made with a single test (McDonald, 2014). ANOVA was used to analyse data in

figure 3.6.

Non-normally distributed data can also be tested for significance using Student’s t-test
or ANOVA but only in instances where there are over 20 observations/samples
(Krzywinski and Altman, 2014). Other tests to analyse non-normal data for
significance include the Mann-Whitney U test which can be used to compare two
populations. In the Mann-Whitney U test the null hypothesis states that there is a
probability of 50% that a randomly drawn member of the first population will exceed

a member of the second population (Fagerland and Sandvik, 2009). It is a good

79



Chapter 2

alterative to the t-test for non-parametric data (McDonald, 2014). Kaplan-Meier is
also useful in the analysis of non-parametric data specifically in estimation of survival
(Goel et al., 2010). The Kaplan-Meier survival curves generated in fig. 3.17 were
subjected to the log-rank test (Mantel-Cox test) to test whether the difference between

survival times between two groups is statistically different.

As well as being normally or non-normally distributed, data can also be paired or
unpaired. Paired data can also be described as dependant data, where there are pairs of
observations (Krzywinski and Altman, 2013). Unpaired data can also be described as
independent data, where the observations made are not related to each other
(Krzywinski and Altman, 2013). Throughout this thesis, much of the statistical
analysis was carried out using a paired Student’s t-test to compare the effect of
treatment in wild type animals and genetically modified animals, where the
genetically modified animals had a single gene knocked out as compared to the wild
type animals. This analysis was used as it has been used previously in testing
significance under similar experimental conditions (Humphries et al., 2018;
Siednienko et al., 2012). However, as the data is not truly paired there are some
limitations to this analysis. An unpaired or independent t-test had more degrees of
freedom and is more likely to detect differences than a paired t-test (Xu et al., 2017).
As such, statistical analysis in this thesis gives a lower bound estimate on statistical

significance. Statistical analysis was found using Graph-Pad software by Prism.
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2.2.10 Ethical approval

All procedures involving animals were performed under licenses of the Health
Products Regulatory Authority (HPRA) of Ireland and the UK Home Office with all
protocols being approved by Research Ethics committee of Maynooth University or

Queens University Belfast.
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3 Investigating the role of Pellino2 and Pellino3 in elastase-

induced emphysema

3.1 Introduction

COPD is an umbrella term used to describe a group of lung diseases consisting of
chronic bronchitis, chronic obstructive airway disease, chronic airflow limitation and
emphysema. Patients with COPD will also have systemic inflammation where
inflammation in the lungs is accompanied by inflammation of the heart, blood vessels
and skeletal muscle (Chung and Adcock, 2008). Emphysema is an important
pathology of COPD that is characterised by alveolar destruction and inflammation.
Emphysema 1is typically associated with inhalation of smoke or an inherited
deficiency in alpha-1 anti-trypsin that leads to an imbalance of proteases and anti-
proteases in the lungs (Barnes et al., 2015). Neutrophils are a key element for the
destruction of tissue in emphysema. Neutrophils are recruited and activated in
response to cigarette smoke (Hoonhorst et al., 2014; van der Vaart, 2004). Upon

activation, neutrophils release various proteases such as cathepsin G and elastase
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(Pandey et al., 2017). These proteases are thought to accelerate the breakdown of
alveolar walls and lead to the increased airspace seen in emphysema (Guyot et al.,
2014). Neutrophils also contribute to the high levels of inflammatory cytokines seen
in emphysema (Mortaz et al., 2010). To study emphysema, the disease has been

modelled in mice by administration of proteases into the lungs.

Briefly, mice are given elastase in solution either intranasally or intratracheally to
induce an inflammatory response and alveolar destruction in the lungs to mimic the
symptoms of emphysema. Pro-inflammatory cytokines such as IL-1§ TNFa and IL-6
and chemokines such as CXCL1 (KC) are produced in response to elastase
administration from an early time point (Couillin et al., 2009; Lucey et al., 2002).
Macrophages, dendritic cells and neutrophils are recruited and initiate further
inflammatory signalling which leads to further destruction of the lung tissue.
Activation of neutrophils leads to further protease production and accelerated

destruction of lung tissue (Guyot et al., 2014).

Inflammatory mediators have previously been implicated not only in the development
of inflammation but also in alveolar destruction using a single dose of elastase to
induce emphysema. The NLRP3 inflammasome is important in the inflammatory
response during elastase-induced emphysema (Couillin et al., 2009). In vivo studies
using ASC-deficient mice showed a diminished inflammatory response to intranasal
elastase, with significantly lower levels of pro-inflammatory cytokines being
produced than in wild type mice (Couillin et al., 2009). As elastase administration in
this study was associated with increased uric acid concentration in the lung, it was

suggested that IL-1p production in response to elastase is mediated by the NLRP3
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inflammasome. Couilin et al. (2009) also used IL-1R-deficient and MyD88-deficient
mice to show that IL-1R signalling and MyD88 signalling is required for
inflammation and alveoli destruction in response to intranasal elastase. Mice lacking
IL-1R or MyD88 or mice treated with an IL-1R antagonist, developed less severe
emphysema than wild type mice in response to a single dose of intranasal elastase and

had a diminished pro-inflammatory profile.

Inflammasomes are also an important part of the defence against invading pathogens.
Widespread activation of inflammasomes is seen in response to microbial infection.
Salmonella typhimirium is an intracellular bacterium that can trigger NLRC4 and
NLRP3 inflammasome activation through multiple motifs (Man et al., 2014).
Legionella pneumophila, the pathogen responsible for Legionnaire’s disease in
humans, can trigger activation of NLRC4 (Cerqueira et al., 2015). Mycobacterium
tuberculosis triggers activation of NLRP3 (Dorhoi et al., 2011). Listeria
monocytogenes and Fransicella tularensis can activate AIM2 inflammasome
(Rathinam et al., 2010). Bacillus anthracis can activate NLRP1 inflammasome
(Levinsohn et al., 2012). The inflammasome function in this context is to promote

host survival and bacterial clearance through the secretion of IL-1f3 and pyroptosis.

P. aeruginosa was used in the present study to explore the role of Pellino2 in the
immune response to respiratory infection as it is known to activate the NLRP3
inflammasome (Deng et al., 2015). P. aeruginosa is a gram negative bacterial
pathogen that can form biofilms (Wei and Ma, 2013). The innate immune response is
crucial for the defence against P. aeruginosa infection. P. aeruginosa PAMPs can

activate TLR2, TLR4 and TLRS (Skerrett et al., 2007). Studies in MyD88-deficient
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mice have shown that MyD88-dependant pathways are required to mount an
inflammatory response to P. aeruginosa infection (Mijares et al., 2011). During
respiratory infection with P. aeruginosa, the signalling pathways activated by
epithelial cells and alveolar macrophages initiate a pro-inflammatory cytokine and
chemokine cascade leading to the infiltration of phagocytes to clear the infection
(Mijares et al. 2011). The immune response must be appropriate in response to P.
aeruginosa infection. Studies have shown that a lack of phagocytic cells during P.
aeruginosa respiratory infection leads to increased mortality. For example
neutropenic mice will succumb to fatal lung infection following a low initial dose of
bacteria (Koh et al., 2009). Further to this point, the absence of CXCL1 and CXCL2
impairs the ability of murine hosts to control P. aeruginosa replication as these
chemokines are crucial for attracting immune cells to control the infection. (Bryant-
Hudson and Carr, 2012). Conversely, inflammation particularly as the result of IL-1f
production can be detrimental to the host. It has been shown that where IL-1f
production was inhibited in alveolar macrophages through inhibition of the NLRC4
inflammasome, there was improved bacterial clearance (Cohen and Prince, 2013).
This has also been demonstrated where the NLRP3 inflammasome was inhibited.
NLRP3-deficient mice challenged with respiratory P. aeruginosa infection have lower
bacterial load in the days following infection (lannitti et al., 2016). IL-1p is also
detected in the BAL of cystic fibrosis patients with P. aeruginosa infection (Bonfield
et al., 1995; Hartl et al., 2012) and clearance of P. aeruginosa following antibiotic
treatment in children is also associated with a reduction in IL-1p (Douglas et al.,

2009).
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Given the NLRP3 inflammasome is capable of responding to PAMPs and DAMPs
and producing beneficial and damaging effects, there has been much interest in
exploring the mechanistic basis to its activation. Activation of the NLRP3
inflammasome requires an initial priming signal and a second activating signal. These
can occur sequentially or concurrently (Lin ef al., 2014). The priming signal involves
activation of NFkB-dependant pathways such as TLRs, TNFR, IL-1R or NOD2 for
example by Gram negative bacteria or LPS in vitro (Bauernfeind et al., 2009).
Priming increases levels of NLRP3 and induces pro-IL-$ and pro-IL-18. The second
signal is required for inflammasome formation and cleavage of caspase-1 into its
bioactive form. The second signal can be a range of stimulus such extracellular ATP
or pore forming toxins such as nigericin (Mariathasan et al., 2006). The second signal
induces K’ influx and intracellular Ca®* signalling. (Surprenant et al. 1996;
Rassendren et al. 1996; Trueblood et al. 2011; Chu et al. 2009). Caspase-1 cleaves
IL-1p and IL-18 into their active forms and they are released from the cell. The
priming signal was initially thought to simply cause upregulation of NLRP3 and pro-
IL-1f but it has since been shown that the NLRP3 inflammasome responds quickly
and caspase-1 activation can occur without new protein translation (Juliana et al.,
2012; Schroder et al., 2012). It is now thought the main function of the priming signal
is induction of posttranslational modifications of inflammasome components (Yang et

al., 2017).

An important posttranslational modification that has been extensively studied in
relation to the NLRP3 inflammasome is ubiquitination. E3 ubiquitin ligases such as
TRIM31 (tripartite motif containing 31), FBXL2 (F-box and leucine rich repeat

protein 2), MARCH7 (membrane associated ring-CH-type finger 7) and BRCC3
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(BRCA1/BRCA2-containing complex subunit 3) regulate NLRP3 inflammasome
activity. TRIM31, FBXL2 and MARCH7 catalyse the attachment of K48 linked
polyubiquitin chains to NLRP3 and target it for degradation by the proteasome (Han
et al., 2015; Song et al., 2016; Yan et al., 2015). BRCC3 mediates NLRP3
deubiquitination which is critical for inflammasome activation (Py et al., 2013).
Recently, our group has shown that Pellino2, can also regulate NLRP3 inflammasome
activity (Humphries et al., 2018). This study used Pellino2-deficient mice to
demonstrate that Pellino2 promotes K63 linked ubiquitination of NLRP3 during
priming. This ubiquitination step is crucial for activation of the NLRP3
inflammasome and required for mature IL-1f production. A direct interaction
between Pellino2 and NLRP3 was not demonstrated, but it was shown that IRAK1
can negatively regulate ubiquitination of NLRP3 inflammasome signalling
(Fernandes-Alnemri et al., 2013; Lin et al., 2014). Pellino2 was shown to ubiquitinate

IRAK1 and prevent its interaction with NLRP3 (Humpbhries et al., 2018).

The activation of the NLRP3 inflammasome requires tight regulation since its
dysregulation has been implicated in an array of diseases. Gain of function mutations
in NLRP3 are associated with cryopyrin associated periodic syndromes (CAPS) and
includes Muckle Wells syndrome, familial cold auto inflammatory syndrome and
neonatal onset multisystem inflammatory disease (Aksentijevich et al., 2002;
Hoffman et al., 2001). NLRP3 inflammasome dysregulation has also been well
documented in other diseases including cardiovascular disease, diabetes, obesity-
induced inflammation and insulin resistance and Alzheimer’s disease (Grant and
Dixit, 2013; Heneka et al., 2013; Liu et al., 2017; Vandanmagsar et al., 2011). This

highlights the importance of tight regulation of the NLRP3 inflammasome, however
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there are other mechanisms of IL-1f production that are independent to the
inflammasomes.

Our research group has shown that Pellino3 can regulate IL-1f by regulation of HIF-
la induced expression of IL-1f (Yang et al., 2014). Obesity induces low-level
inflammation. IL-1f is a key pro-inflammatory cytokine involved in obesity driven
inflammation and promotes insulin resistance (Xu et al., 2003). Pellino3 was found to
be reduced in adipose tissue from obese subjects and mice fed a high-fat diet.
Pellino3-deficient mice also have exacerbated insulin resistance in response to a high-
fat diet. It was found that Pellino3 negatively regulates TRAF6 ubiquitination and
stabilisation of HIF-la. As HIF-1a is not stabilised, there is less HIF-1o induced
expression of IL-1f (Yang et al., 2014). Therefore, Pellino3 is a critical regulator in a

new mechanism of IL-1f3 expression.

As Pellino2 has been shown to regulate IL-1p production by the NLRP3
inflammasome (Humphries et al. 2018) and the NLRP3 inflammasome has been
implicated in a murine model of emphysema (Couillin et al., 2009) and in responding
to respiratory infection (lannitti et al., 2016), the role of Pellino2 in elastase-induced
emphysema and in the inflammatory response to P. aeruginosa infection was
examined. We were also keen to evaluate the specificity of any role for Pellino2 in
respiratory inflammation by studying the role of another Pellino family member,

Pellino3.
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3.2 Results

3.2.1 Pellino2 deficiency results in a diminished primary inflammatory

response to intranasal elastase treatment

The initial study aimed to explore the role of Pellino2 in regulating the expression of
pro-inflammatory cytokines in the lungs of mice challenged with elastase. To this end
the expression levels of pro-inflammatory cytokines IL-1f3, TNFa, IL-6, CXCL1/KC
and IL-33 were measured in lung samples from wild type and Pellino2-deficient mice
that had been challenged overnight with elastase. Elastase induced the expression of
IL-1p (fig. 3.1A), IL-6 (fig. 3.1B), TNFa (fig. 4.1C), CXCL1/KC (fig. 3.1D) and IL-
33 (fig. 3.1E) in the lungs of wild type mice. However, the expression levels of IL-1f
(fig. 3.1A), IL-6 (fig. 3.1B), TNFa (fig. 3.1C), CXCL1/KC (fig. 3.1D) and IL-33 (fig.
3.1E) were significantly reduced in the lungs of Pellino2-deficient mice following
elastase treatment when compared with wild type mice. IL-33 also appears to be
expressed at higher basal level in the lungs of wild type mice compared with Pellino2-

deficient mice (fig. 3.1E).

It has been previously demonstrated that TGFf3 can have anti-inflammatory effects on
TLR signalling through crosstalk between the two signalling pathways. This crosstalk
is mediated in part by Pellinol (Choi et al., 2006). Excessive amounts of TGFf or
over-active signalling is also associated with fibrosis in many tissues including the
lungs (Warburton, 2012). Where components of the TGF signalling pathway are
inactivated, mice are protected against bleomycin induced lung fibrosis (Zhao et al.,

2002). As such, it was next examined if Pellino2 played a role in regulation of TGFf
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expression in mice in response to elastase (fig. 3.1F). TGFf is a cytokine that is
synthesised in precursor or latent form and activated extracellularly by a variety of
proteases (Robertson et al., 2015). The lung homogenate was therefore activated by
heat to assess the expression of active TGFf. Overnight elastase treatment led to
expression of TGFp to similarly high levels in the lungs of wild type and Pellino2-

deficient mice (fig. 3.1F).

We next explored the role of Pellino2 in regulating the expression of type 2 cytokines.
Type 2 cytokines are produced during a Th2 immune response by type 2 CD4+ T
helper cells (Y. Zhang et al., 2014). This cell type typically responds to helminths and
extracellular parasites (Artis and Spits, 2015). Type 2 cytokines promote IgE and
eosinophilic responses and anti-inflammatory responses (Z. Chen et al., 2016). The
type 2 cytokines examined here are IL-4 and IL-13. IL-4 is important for the
initiation of Th2 inflammatory responses and IL-13 is a major mediator of
remodelling during Th2 diseases (Richter et al., 2001; Saito et al., 2003). Both IL-4
and IL-13 are also involved in airway remodelling (Leigh et al., 2004). To examine if
the low levels of pro-inflammatory cytokines seen in Pellino2-deficient mice in
response to elastase was the result of a strong Th2 response, the levels of IL-4 and IL-
13 were assessed at the protein level. Overnight treatment with elastase did not induce
IL-4 (fig. 3.2A) or IL-13 (fig. 3.2B) beyond basal levels in the lungs of wild type or

Pellino2-deficient mice.

We next examined the role of Pellino2 in regulating type 17 immune response. These
are responses initiated by T helper 17 cells such as the production of IL-17 and IFNy

(Guglani and Khader, 2010). The isoform of IL-17 examined here was IL-17A. IL-
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17A is important in protecting the body from extracellular bacteria and fungi
particularly on mucosal barriers (Bayes et al., 2016; K. Chen et al., 2016; Conti et al.,
2014). IL-17A regulated cytokines such as IL-22 are important in regulation of
epithelial cell repair and regeneration after inflammatory insults (Aujla et al., 2008).
However, overexpression or aberrant expression of IL-17 can also be detrimental and
can lead to pulmonary fibrosis (Chen et al., 2014; Kang et al., 2012). IFNy has been
shown to inhibit macrophage, lymphocyte and eosinophil accumulation and can
stimulate alveolar destruction in a model of emphysema in mice (Kang et al., 2012). It
has also been shown that treatment of mice intratracheally with IFNy alone will
induce emphysema (Wang et al., 2000). Given the previously reported roles for IL-
17A and IFNy in the immune response of the lung, we examined the role of Pellino2
in regulating the expression of IL-17A and IFNy in the context of elastase-induced
inflammation. IL-17A was not increased beyond basal levels in response to overnight
elastase treatment in the lungs of wild type or Pellino2-deficient mice (fig. 3.2C).
Wild type mice had a higher level of basal expression of IFNy which was reduced in
response to overnight elastase treatment (fig. 3.2D). IFNy was not induced in the

lungs of Pellino2-deficient mice in response to overnight elastase treatment (fig.

3.2D).

We next addressed if the suppressive effects on pro-inflammatory cytokine expression
was also observed at the transcriptional level. Samples were examined by quantitative
RT-PCR for expression levels of mRNA encoding IL-13, TNFa and CXCL1/KC.
Overnight elastase treatment resulted in high levels of 7//b (fig. 3.3A), Tnfa (fig.
3.3B) and Cxcl!I (fig. 3.3C) mRNA in the lungs of wild type mice. There were lower

levels of mRNA for //1b (fig. 3.3A), Tnfa (fig. 3.3B) and Cxcll (fig. 3.3C) in
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Pellino2-deficient mice treated with elastase when compared with wild type mice.
However, the difference observed was not as striking as for pro-inflammatory

cytokine expression at protein level.

We next examined if Pellino2 played a role in regulation of MMP-9 expression at
mRNA level. MMP-9 is a protease produced mainly by macrophages (Atkinson and
Senior, 2003; Mecham et al., 1997). It has long been known that MMP-9 is
upregulated in the lungs of patients with COPD and emphysema (Atkinson and
Senior, 2003; Betsuyaku et al., 1999). Other evidence also suggests MMP-9 is
directly involved in development of emphysema. Mice that do not express MMP-9 are
protected from emphysema induced by LPS or cigarette smoke (Atkinson et al., 2011;
Brass et al., 2008). Overexpression of MMP-9 in adult mice also leads to spontaneous
emphysema development (Foronjy et al., 2008). Recent evidence however suggests
that MMP-9 may not contribute to alveolar destruction by degradation of elastic fibres
(Atkinson et al., 2011), instead it is suggested that MMP-9 may be involved in the
development small airway thickening seen in COPD (McGarry Houghton, 2015).
Overnight elastase treatment led to induction of Mmp-9 mRNA in the lungs of wild

type mice but not in Pellino2-deficient mice (fig. 3.4).
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Figure 3.1 Pellino2 deficiency results in a reduced level of pro-inflammatory cytokines
but not TGFP in response to intranasal elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS or 50ul PBS alone and culled 24 hours later. The lungs were removed and the left lobe
was homogenized in RIPA buffer. Lung homogenates were analysed by ELISA for (A) IL-18,
(B) IL-6, (C) TNFa (D) CXCL1, (E) IL-33 and (F) active TGFf. *p < 0.005, **p < 0.001
(paired, two-tailed Student’s t-test). Each point represents data from a single mouse. Error

bars, s.e.m.
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Figure 3.2 Pellino2 deficiency does not alter induction of type 2 or type 17 cytokines in

response to intranasal elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul

PBS or 50ul PBS alone and culled 24 hours later. The lungs were removed and the left lobe

was homogenized in RIPA buffer. Lung homogenates were analysed by ELISA for type 2

cytokines, (A) IL-4 and (B) IL-13, and type 17 cytokines, (C) IL-17 and (D) IFNy. *p <

0.005, **p < 0.001 (paired, two-tailed Student’s t-test). Each point represents data from a

single mouse. Error bars, s.e.m.
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Figure 3.3 Pellino2 deficiency results in reduced expression of genes encoding IL-18,
TNFo and CXCL1 in response to intranasal elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS or 50ul PBS alone and culled 24 hours later. The lungs were removed and the right lobe
was homogenized in Trizol. RNA extraction and cDNA generation were carried out and
samples were analysed by quantitative RT-PCR for mRNA expression of (A) //-1b, (B) Tnfa
and (C) Cxcll relative to HPRT. Each data point represents a single mouse. Significance

tested by paired, two-tailed Student’s t test. Error bars, s.e.m.
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Figure 3.4 Pellino2 deficiency results in a diminished expression of genes encoding for
MMP-9 in response to intranasal elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS or 50ul PBS alone and culled 24 hours later. The lungs were removed and the right lobe
was homogenized in Trizol. RNA extraction and cDNA generation were carried out and
samples were analysed by real time PCR for mRNA expression of Mmp9 relative to HPRT.
**p < 0.001 (paired, two-tailed Student’s t-test). Each point represents a single mouse. Error

bars, s.e.m.
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3.2.2 Pellino2 deficiency results in altered pathology during elastase-induced

emphysema

Given that Pellino2-deficient mice showed reduced responsiveness to elastase in the
context of pro-inflammatory cytokine expression, we were keen to study the
pathophysiological relevance of these effects. To this end, we performed a more
chronic study where wild type and Pellino2-deficient mice were treated with elastase
every 2-3 days for 14 days and pathology was assessed by studying alveolar

destruction and increase in lung airspace.

The structure of the lungs of wild type and Pellino2-deficient mice was similar when
treated with intranasal PBS alone (fig. 3.5A). Alveolar destruction occurred in both
wild type and Pellino2-deficient mice when treated with intranasal elastase. However,
distinct thickened areas of tissue were apparent in Pellino2-deficient mice, which is
not typical of elastase-induced emphysema. To determine the relative quantity of
airspace the mean linear intercept of these lung sections was calculated. Mean linear
intercept is the number of times a chord drawn across a lung section intercepts with a
piece of tissue. A lower mean linear intercept tends to reflect greater alveoli
breakdown. Mean liner intercept calculations from the lung sections showed little
difference between alveoli number in wild type and Pellino2-deficient mice following
repeated elastase instillation (fig. 3.5B). This may be due to heavily thickened areas
and areas with lots of airspace being counted as a single intersection. As a result of
this, mean linear intersect may not accurately represent the difference in phenotype

observed between wild type and Pellino2-deficient mouse lungs. A suggested
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improvement on the analysis may be to carry out histological scoring as demonstrated

in Oliveira et al. (2016), although this was not carried out in this instance.

The histological results showed a consistent thickening throughout the lung in
Pellino2-deficient mice that was not seen in wild type mice and suggests a regulatory

role for Pellino2 in progression of elastase-induced emphysema.

To examine if elastase-induced emphysema had systemic effects on the mice, weight
change of wild type and Pellino2-deficient mice when treated with repeated doses of
intranasal PBS or elastase over 14 days was recorded (fig. 3.6). Wild type and
Pellino2-deficient mice treated with intranasal PBS continued to gain weight over 14
days, with an approximate increase of 2-3% on their starting weight. Both wild type
and Pellino2-deficient mice treated with intranasal elastase lost weight during the
course of the study. At day 3, wild type mice had lost approximately 5% of their
starting body weight while Pellino2-deficient mice had lost approximately 10% of
their starting body weight. For both wild type and Pellino2-deficient mice, there was
some recovery of weight lost. By day 14, wild type mice had returned to their starting
weight but had not gained weight to a normal level, as demonstrated by PBS treated
mice. Pellino2-deficient mice did not recover to their starting weight. At day 14,
Pellino2-deficient mice weighed 5% less than their starting body weight. This
suggests that Pellino2 deficiency is associated with a more severe form of elastase-

induced emphysema where the disease model has systemic manifestations.
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Figure 3.5 Pellino2 deficiency results in altered pathology of elastase-induced
emphysema

Wild type and Pellino2-deficient mice were treated intranasally with either 35ug elastase in
50 ul PBS or 50 ul PBS alone every 2-3 days over 14 days. At day 14, mice were culled and
the lungs were removed and fixed in formalin and paraffin embedded. (A) 4um sections of
the lungs were cut and stained with H&E. An entire lobe of each lung was imaged at 10x
magnification. (B) Average mean linear intercept was calculated for each mouse using

ImagelJ. Significance tested using paired, two-tailed Student’s t-test. Error bars, s.e.m.
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Figure 3.6 Pellino2 deficiency results in enhanced weight loss during elastase-induced
emphysema

Wild type and Pellino2-deficient mice were treated intranasally with either 35ug elastase in
50 ul PBS or 50 ul PBS alone every 2-3 days over 14 days. Mice were weighed everyday and
their percentage weight loss/weight gain from starting weight was calculated. Significance
tested between wild type and Pellino2-deficient mice elastase treated groups using ANOVA.

p =0.0006. Error bars, s.e.m.
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3.2.3 Pellino2 deficiency results in greater levels of fibrosis in response to

elastase-induced emphysema

We next attempted to understand the basis of the histological differences between the
lung tissue of wild type and Pellino2-deficient mice treated repeatedly with elastase.
Given the apparent tissue thickening in Pellino2-deficient mice, trichrome staining
was used to visualise areas of fibrosis in lung tissue samples and immunoblotting was
used to quantify protein levels of a marker of fibrosis. Trichrome staining allows the
observation of fibrotic regions by differentiating tissue components. Masson’s
trichrome stain was used. In this method, the three stains used are Weigert's iron
haematoxylin, scarlet acid fuschin and analine blue. Nuclei stain a dark purple colour,

cytoplasm is stained red and collagen (or areas of fibrosis) is stained blue.

Trichrome staining showed more frequent and larger areas of collagen deposition in
Pellino2-deficient mice during elastase-induced emphysema (fig. 3.7A). This staining
was typically in areas surrounding bronchioles where the tissue had become
thickened. This level of collagen deposition was not apparent in the wild type mice.
Areas that were stained positively in wild type lung samples were confined to small
rings around bronchioles. The level of fibrosis was quantified using the Ashcroft scale
as detailed previously (Ashcroft et al., 1988; Hiibner et al., 2008). Briefly, sections of
the lung were compared with a predetermined set of images of lungs in various stages
of fibrosis with a specific score. Briefly, a higher fibrosis score relates to more severe
fibrosis. For example, a score of 0 indicates a normal lung; a score of 1 indicates
isolated alveolar septae with minor fibrotic changes up to a score of § indicating
fibrotic obliteration. Pellino2-deficient mice had a higher score for fibrosis than wild
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type mice following elastase-induced emphysema (fig. 3.7B). Although statistically
significant, the difference observed in fibrosis score between wild type and Pellino2-
deficient mice is small, with an average score of 3 for wild type mice treated with
elastase and an average score of 4 for Pellino2-deficient mice. According to Hiibner et
al. (2008), a score of 3 describes fibrosis consistent with the alveolar septac whereas a
score of 4 corresponds to the presence of fibrotic masses. To definitively test if this
modest increase in fibrosis score affects lung function, it may be of benefit to carry

out some pulmonary function tests in future.

Immunoblotting was also used to quantify levels of fibrosis. Here, the right lobe of the
lung was homogenised in lysis buffer and analysed by western blotting with an anti-
vimentin antibody. Vimentin is a protein that is deposited during fibrosis, which is
associated with the repair process (Rogel et al., 2011). Expression of vimentin is
increased as epithelial cells that are damaged and undergoing epithelial-mesenchymal
transition (Kalluri and Neilson, 2003). The finding of higher levels of fibrosis in
Pellino2-deficient mice was further supported by immunoblot results showing higher
levels of vimentin in the lungs of elastase challenged Pellino2-deficient mice relative
to elastase challenged wild type mice (fig. 3.8). These various and independent
indices of fibrosis are all consistent with augmented fibrosis during elastase-induced

emphysema when Pellino 2 is absent.
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Figure 3.7 Pellino2 deficiency results in greater levels of pulmonary fibrosis in response
to elastase-induced emphysema

Wild type and Pellino2-deficient mice were treated intranasally with either 35ug elastase in
50 pl PBS or PBS alone every 2-3 days over 14 days. At day 14, mice were culled and the
lungs were removed and a lobe of the lung was fixed in formalin and paraffin embedded. (A)
4um sections of the lungs were cut and stained with Trichrome. An entire lobe of each lung
was imaged at 10x magnification. (B) Using these images, the level of fibrosis was scored
according to the Ashcroft scale. *** p<0.0001 (paired, two-tailed Student’s t-test). Each point

represents a single mouse. Error bars, s.e.m.
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Figure 3.8 Pellino2 deficiency results in greater levels of deposition of pulmonary

fibrosis marker vimentin in response to elastase-induced emphysema

Wild type and Pellino2-deficient mice were treated intranasally with either 35ug elastase in
50 pl PBS or PBS alone every 2-3 days over 14 days. At day 14, mice were culled and the
right lobe of the lungs was homogenised and analysed by immunoblotting with anti-vimentin
antibody. Anti-p actin antibody was used as a loading control. Each lane represents a single

mouse.
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3.2.4 Pellino2 deficiency affects the level of goblet cell hyperplasia in response

to elastase-induced emphysema

Goblet cells line the bronchioles and produce mucus under normal circumstances.
During emphysema in humans and also in the chronic elastase mouse model, these
cells can undergo hyperplasia and become more numerous and larger (Chung and
Adcock, 2008). Mucus hypersecretion can occur which leads to further breathing
complications in the disease. In humans with emphysema, coughing and shortness of
breath are exacerbated as a result of mucus hypersecretion (Jeffery, 2001). To
examine if Pellino2 may play a role in goblet cell hyperplasia during emphysema,
goblet cells were examined in the lungs of wild type and Pellino2-deficient mice
following repeated elastase instillation over 14 days. Goblet cells were visualised by
periodic acid Schiff (PAS) staining of histological lung samples. PAS stain works by
staining the mucins in goblet cells bright pink and the background is stained light
pink. Periodic acid oxidises the sugars in mucins, producing free aldehydes that are

stained by Schiff reagent.

Using PAS stain, goblet cell hyperplasia was visualised in the lungs of wild type and
Pellino2-deficient mice following repeated intranasal elastase instillation in mice over
14 days (fig. 3.9A). The proportion of positively stained goblet cells was estimated in
each bronchiole. A score was given to each image depending on the proportion of
positively stained cells surrounding the bronchiole: 0-10% scored 0, 10-25% scored 1,
25-50% scored 2, 50-75% scored 3 and greater than 75% scored 4. Average scores
were recorded for each mouse. Goblet cell number increased in response to elastase—
induced emphysema in the lungs of both wild type and Pellino2-deficient mice (fig.
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3.9B). Pellino2 deficiency is associated with a reduction in PAS score. Wild type

mice had an average score of 1 compared with <0.5 in Pellino2-deficient mice.
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Figure 3.9 Pellino2 deficiency results in less severe alterations of goblet cells in response
to elastase-induced emphysema

Wild type and Pellino2-deficient mice were treated intranasally with either 35ug elastase in
PBS or PBS alone every 2-3 days over 14 days. Mice were culled and the lungs were
removed, fixed in formalin and paraffin embedded. 4um sections of the lungs were stained
with PAS (A). Bronchioles throughout the lobe were imaged at 40x. Arrows denotes areas of
positive staining. (B) Each imaged bronchiole was given a score depending on the percentage
of cells staining positive for PAS where 0-10% scored 0, 10-25% scored 1, 25-50% scored 2,
50-75% scored 3 and >75% scored 4. An average score from all bronchioles in a lobe was
taken for each mouse. * p < 0.005 (paired, two-tailed Student’s t-test). Data presented as

mean of all scores. Error bars, s.e.m.
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3.2.5 Pellino3 deficiency does not alter the pathology of elastase-induced

emphysema

Given the role for Pellino2 in mediating acute lung inflammation and controlling the
progression of elastase-induced emphysema, we next examined the specificity of this
role for Pellino2 by studying another Pellino family member, Pellino3. Wild type and
Pellino3-deficient mice were treated with intranasal elastase and culled 24 hours later.
The lungs were homogenised and analysed by ELISA for expression of IL-1f (fig.
3.10A), IL-6 (fig. 3.10B), TNFa (fig. 3.10C) and CXCL1 (fig. 3.10D). As before, the
treatment of wild type mice with elastase induced high levels of pro-inflammatory
cytokines in the lungs. The absence of Pellino3 had no affect on the ability of elastase
to induce the expression of IL-1f (fig. 3.10A), IL-6 (fig. 3.10B), TNFa (fig. 3.10C)

and CXCLI1 (fig. 3.10D) suggesting a dispensable role for Pellino3 in this process.

Whilst Pellino3 appears to lack a role in the acute inflammatory effects of elastase, we
were also keen to explore its potential involvement in pathology that is mediated by
chronic administration of elastase. To examine the role of Pellino3 in induction and
progression of elastase-induced emphysema, wild type and Pellino3-deficient mice
were treated with elastase intranasally every 2-3 days for 14 days before examining
the pathology of the lungs. Lungs were examined for alveolar destruction (fig. 3.11A)

and the mean linear intercept was calculated (fig. 3.11 B)).

Alveolar wall breakdown and increased airspace was apparent in lung tissue from
wild type mice repeatedly challenged with elastase and similar levels of damage were

observed in lung tissue from Pellino3-deficient mice (fig. 3.11A and fig. 3.11B).
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Notably, the thickening seen in Pellino2-deficient mice was not observed in wild type
mice or Pellino3-deficient mice. This suggests that Pellino3 is not playing a role in the
induction or progression of elastase-induced emphysema in mice and that all family

members do not share the role of Pellino2 in lung inflammation and damage.

109



Chapter 3

A B
20001 1500~
15004 ) v
10001

10004

oo v 5004 % =

IL-1p (pg/ml)
4r.
IL-6 (pg/ml)
»

.
A apen p
C ] AJ ] G ) L) \J L)
] =] o @ = 2 o @
RS M & S
3:\" Q} y Q’b & égj @'D N
M < MR
D D 5o
40001 a v 3 . v
E 2 10001 A
S 30001 = % S == _—5@
3 * v < N
z ° ! o ’ Y
¢ =
1000 (3) .
ot L oas
C L T L) L] G T L] A L)
o ) o
,\QQ’% R & & & &
& a}é Qfo" &F & e & &
N R

Figure 3.10 Effect of Pellino3 deficiency on the inflammatory response to intranasal
elastase instillation

Wild type and Pellino3-deficient mice were given 35ug elastase in 50ul PBS or 50ul PBS
alone intranasally and culled 24 hours later. The lungs were homogenised and analysed by
ELISA for (A) IL-1pB, (B) IL-6, (C) TNFa and (D) CXCLI1. Each data point represents a

single mouse. Significance using paired, two-tailed Student’s t-test. Error bars, s.e.m.
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Figure 3.11 Pellino3 deficiency does not alter the pathology of elastase-induced
emphysema

Wild type and Pellino3-deficient mice were treated intranasally with either 35ug elastase in
50ul PBS or 50ul PBS alone every 2-3 days over 14 days. At day 14, mice were culled and
the lungs were removed and fixed in formalin and paraffin embedded. (A) 4um sections of
the lungs were generated and stained with H&E. An entire lobe of each lung was imaged at
10x magnification. (B) Average mean linear intercept was calculated for each mouse using
Imagel. Each data point represents a single mouse. Significance using paired, two-tailed

Student’s t-test. Error bars, s.e.m.
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3.2.6 Pellino3 does not mediate NLRP3 inflammasome activation or function

In an effort to understand the differential roles for Pellino2 and Pellino3 in elastase-
induced emphysema in mice, the role of Pellino3 in mediating activation of the
NLRP3 inflammasome was examined. This was of interest because NLRP3
inflammasome-mediated IL-1f production has been previously implicated in the
development of emphysema in mice (Couillin et al., 2009) and our research group has
recently shown Pellino2 to mediate activation of the NLRP3 inflammasome
(Humphries et al., 2018). The role of Pellino3 in NLRP3 inflammasome activation
was assessed by employing a two-signal model of NLRP3 inflammasome activation
that used LPS as a priming signal followed by ATP as a second signal. This model
was used previously by our research group to study the effects of Pellino2 deficiency

on NLRP3 inflammasome activation (Humphries et al., 2018).

Priming with LPS followed by stimulation with ATP resulted in high levels of mature
IL-1p being released from wild type BMDMs as measured by ELISA (fig. 3.12). This
response was reduced by approximately 50% in Pellino2-deficient BMDMs which is
consistent with previous data by Humphries et al. (2018). The reduction, although
statistically significant, was not complete which may be explained by compensation
of other proteins in the absence of Pellino2 or IL-1p production via possible NLRP3-
independent mechanisms as described by Netea et al. (2015) although these
mechanisms were not examined in this thesis. The same conditions were applied to
Pellino3-deficient BMDMs. Again, priming with LPS followed by treatment with

ATP resulted in high levels of mature IL-1p being released from wild type BMDMs
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as measured by ELISA, with a similarly strong response seen in Pellino3-deficient
BMDMs (fig. 3.13). This suggests that Pellino3 does not play a role in NLRP3

inflammasome activation.

The absence of a role for Pellino3 in NLRP3 inflammasome activation is further
supported by immunoblotting. LPS and ATP-induced processing of IL-1f and
caspase-1 occurred to a similarly strong level in both wild type and Pellino3-deficient
BMDMs (fig. 3.14). There may be slightly more pro-IL-1f induction in Pellino3-
deficient BMDMs as compared to wild type BMDMs in response to both signals but
levels of active IL-1p and caspase-1 p20 in the supernatant were similar. Signal 1
upregulates and stabilises NLRP3 with signal 2 likely causing NLRP3 oligomerisation
and NLRP3 translocation into the insoluble complex. NLRP3 was upregulated to
similar levels in wild type and Pellino3-deficient cells in response to the first signal
and then reduced to similar levels in wild type and Pellino3-deficient BMDMs upon
stimulation with the second signal as NLRP3 moved into the insoluble complex (fig.
3.14). These results illustrate that although Pellino2 is involved in mediating NLRP3

inflammasome activation, Pellino3 does not play a role in this pathway.
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Figure 3.12 Pellino2 mediates activation of the NLRP3 inflammasome
BMDMs generated from wild type and Pellino2-deficient mice were treated with LPS (100
ng/ml) for 3 hours followed by ATP (5 mM) for 45 min. Supernatants were collected and

analysed by ELISA for IL-1f. p < 0.05 (paired, two-tailed Student’s t-test). Data are

presented as the mean of three independent experiments. Error bars, s.e.m.
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Figure 3.13 Pellino3 deficiency does not affect the secretion of IL-1f in response to
NLRP3 inflammasome activation

BMDMs were generated from wild type and Pellino3-deficient mice and treated with LPS
(100 ng/ml) for 3 hours followed by ATP (5 mM) for 45 minutes. Supernatants were collected
and analysed for the presence of IL-1p by ELISA. Significance tested by paired, two-tailed

Student’s t-test. Data are presented as the mean of three independent experiments. Error bars,

S.c.m.
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Figure 3.14 Pellino3 deficiency does not affect processing of pro caspase-1 or pro-IL-1p
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in response to NLRP3 activation

BMDMs generated from wild type and Pellino2-deficient mice were treated with LPS (100
ng/ml) for 3 hours followed by ATP (5 mM) for 45 min. Supernatants were collected and
cells were lysed in RIPA buffer. Supernatants (Sup) and cell lysates were analysed by
immunoblot using anti caspase-1 p20, anti IL-1 and anti-NLRP3 antibodies. Anti $-actin

antibody was used as a loading control. Results representative of three independent

experiments.
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3.2.7 Pellino3 deficiency does not affect ASC oligomerisation in response to

NLRP3 inflammasome activation

To confirm that Pellino3 does not play a role in NLRP3 inflammasome activation, the
effect of Pellino3 deficiency on NLRP3 inflammasome assembly was next examined.
NLRP3 inflammasome assembly requires the formation of ASC oligomers which
group into a single ASC speck within the cell (Fernandes-Alnemri ef al., 2007). ASC
oligomers allow for binding and processing of caspase-1 into its active form (Dick et
al., 2016). The effect of Pellino3 deficiency on ASC aggregation under conditions of
NLRP3 inflammasome activation was examined. Wild type and Pellino3-deficient
BMDMs were primed with LPS followed by treatment with ATP. Cell lysates were
treated with the chemically cross-linking agent, disuccinimydyl suberate (DSS) and
samples were analysed by immunoblotting for ASC (fig. 3.15). Similar levels of ASC
oligomers, dimers and monomers were detected in cell lysates of both wild type and
Pellino3-deficient BMDMs in response to LPS and ATP treatment. This correlates
with the previous data, which strongly suggests that Pellino3 is not involved in

mediating NLRP3 inflammasome activation.
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Figure 3.15 Pellino3 deficiency does not affect ASC oligomerisation in response to

NLRP3 inflammasome activation

BMDMs generated from wild type and Pellino3-deficient mice were treated with LPS (100
ng/ml) for 3 hours followed by ATP (5 mM) for 45 minutes. Cells were washed with PBS and
lysed. Whole cell lysate (WCL) and the insoluble pellet were separated by centrifugation.
Whole cell lysates (WCL) were analysed by immunoblot using anti ASC and anti (3-actin
antibodies. The insoluble pellet was resuspended in PBS and proteins were cross-linked with

2mM DSS for 1 hour at room temperature. The resulting pellet was analysed by immunoblot

e Oligomers

e dimers

emmm MONOMeErs

WCL

using anti ASC antibodies. Results are representative of 2 independent experiments.
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3.2.8 Pellino2 deficiency alters the proinflammatory response of macrophages

to P. aeruginosa

As Pellino2 plays a mediatory role in NLRP3 inflammasome activation and Pellino2
deficiency suppresses early lung inflammation in response to physical insults like
elastase, it was next assessed if Pellino2 also modulates the inflammatory response to

respiratory infection with P. aeruginosa.

Initial studies focused on in vitro infection of BMDMs from wild type and Pellino2-
deficient mice with P. aeruginosa (PAO-1 strain) to assess if Pellino2 deficiency
affected the cellular inflammatory response to this bacterium. CXCL1 (fig. 3.16A),
TNFa (fig. 3.16B), IL-6 (fig 3.16C) and IL-1f (fig. 3.16D) production in response to
infection with P. aeruginosa were measured by ELISA. IL-6, TNFa and CXCLI1
were measured to assess the specificity of the effect of Pellino2 in only regulating
NLRP3 inflammasome-mediated production of IL-13 and not a broader dampening of
inflammatory cytokine expression. In response to in vitro infection with P.
aeruginosa, wild type BMDMs showed a strong inflammatory response and produced
high levels of CXCLI (fig. 3.16A), TNFa (fig. 3.16B), IL-6 (fig 3.16C) and IL-1p
(fig. 3.16D) in response to P. aeruginosa infection. P. aeruginosa infection induced
high levels of CXCL1 (fig. 3.16A), TNFa (fig. 3.16B) and IL-6 (fig 3.16C) in
Pellino2-deficient BMDMs which were comparable to the response in wild type
BMDMs. However, Pellino2-deficient BMDMs produced less IL-18 (fig. 3.16D)
when compared with wild type BMDMSs upon P. aeruginosa infection, with a 50%

reduction in expression being apparent. This is consistent with recently published
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findings from our research group of Humphries et al. (2018) and is consistent with
Pelllino2 mediating a positive role in the priming phase of NLRP3 inflammasome

activation.
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Figure 3.16 Effect of Pellino2 deficiency on pro-inflammatory cytokine induction in

macrophages in response to PAO-1 infection in vitro

Wild type and Pellino2-deficient BMDMs were treated with 1 ml PAO-1 at OD 0.5 at 600 nm

for 1 hour before application of antibiotics and cultured for a further 3 hours. Supernatants

were collected and clarified and ELISA analysis was carried out for (A) CXCL1, (B) TNFa,

(C) IL-6 and (D) IL-1. *p < 0.05 (paired, two-tailed Student’s t-test). Data are presented as

the mean of three independent experiments. Error bars, s.e.m.
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3.2.9 Pellino2 deficiency protects mice in murine model of respiratory P.

aeruginosa infection

P. aeruginosa is an opportunistic pathogen that frequently causes both acute and
chronic respiratory infections in patients suffering from COPD and cystic fibrosis
(Murphy et al., 2008). The innate immune response is crucial for clearance of the
pathogen however it has been demonstrated that inhibition of NLRP3 inflammasome
and IL-1p production improves bacterial clearance (lannitti et al., 2016). Given the
role for Pellino2 in positive regulation of the NLRP3 inflammasome and in vitro
experiments showing a reduction in IL-1f production in the absence of Pellino2 in
response to PAO-1 infection, it was examined if Pellino2 may play a role in
regulation of the immune response to P. aeruginosa in a murine model of respiratory

infection.

To examine the survival response, wild type and Pellino2-deficient mice were
challenged with intratracheal administration of a high dose of P. aeruginosa
(absorbance 0.5 at 600 nm). Survival was analysed based on compliance with humane
end points. Survival improved significantly in the absence of Pellino2 (fig. 3.17A).
All wild type mice reached a humane endpoint between 12 and 24 hours after

infection but 50% of Pellino2 deficient mice survived to 48 hours post infection.

To examine bacterial load and production of inflammatory mediators, wild type and
Pellino2-deficient mice were challenged with intratracheal administration of a low
dose of P. aeruginosa (absorbance 0.05 at 600 nm). The improved survival of Pellino

2-deficient mice in response to a high dose of P. aeruginosa correlated with reduced
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bacterial load in the lungs of Pellino2 deficient mice following a low dose infection
after 24 hours (fig. 3.17B). Lung homogenates streaked on LB agar plates showed that
wild type mice had log 6 CFU/ml lung homogenate whereas Pellino2-deficient mice
had a 50% lower bacterial load in the lungs with log 5.5 CFU/ml lung homogenate.
Samples of the same lung homogenate were then analysed by ELISA for levels of
pro-inflammatory cytokines: IL-1f (fig. 3.18A), CXCLI1 (fig. 3.18B), IL-6 (fig.
3.18C), CXCL2 (fig. 3.18D) and TNFa (fig. 3.18E) and type II cytokines: IL-4 (fig.
3.19A) and IL-13 (fig. 3.19B). All cytokines tested were induced to similarly high
levels in both wild type and Pellino2-deficient mice in response to low dose
respiratory infection with P. aeruginosa. These data suggest that whilst Pellino 2
deficiency protects mice and enhances survival in response to P. aeruginosa infection,

these effects may be independent of any regulation of IL-1.
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Figure 3.17 Effect of Pellino2 deficiency on survival and bacterial clearance in a murine
model of P. aeruginosa infection

(A)Wild type (WT) and Pellino2-deficient (KO) mice were challenged with PAO-1 (OD 0.5
at 600 nm) intratracheally. Survival was assessed over a 48-hour period with humane
endpoints indicating time of death at which mice were culled. A Kaplan-Meier plot was
produced and significance tested using the log-rank (Mantel-Cox) test. p = 0.08. 5 mice were
included per treatment group (B) Wild type (WT) and Pellino2-deficient (KO) mice were
challenged with PAO-1 (OD 0.05 at 600 nm) intratracheally. After culling, lungs were
homogenised in PBS. Lung homogenates were plated on LB agar plates and CFUs were
calculated per ml of lung homogenate, graphed as Log CFU/ml. ~p < 0.0001 (paired, two-
tailed Student’s t-test). Data presented as the mean of 4 mice per PBS control group and 5-6
mice per PAO-1 experimental group. Error bars, s.e.m. (Data provided by Dr. Alice Dubois

and Dr. Rebecca Ingram)
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Figure 3.18 Effect of Pellino2 deficiency on proinflammatory cytokine and chemokine
induction in a murine model of P. aeruginosa respiratory infection

Wild type and Pellino2-deficient mice were challenged with PAO-1 (OD 0.05 at 600 nm)
intratracheally. After 24 hours the mice were culled and the lungs were removed and
homogenised in PBS. Homogenates were analysed by ELISA for the presence of (A) IL-18,

(B) CXCLI1/KC, (C) IL-6, (D) CXCL2 and (E) TNFa. Significance tested by paired, two-
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tailed Student’s t-test. Each data point represents one mouse. Error bars, s.e.m.
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Figure 3.19 Effect of Pellino2 deficiency on induction of type 2 cytokines in a murine

model of P. aeruginosa respiratory infection

Wild type and Pellino2-deficient mice were challenged with PAO-1 (OD 0.05 at 600 nm)
intratracheally. After 24 hours the mice were culled and the lungs were removed and
homogenised in PBS. Homogenates were analysed by ELISA for the presence of IL-4 and IL-

13. Significance tested by paired, two-tailed Student’s t-test. Each data point represents one

mouse. Error bars, s.e.m.
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3.3 Discussion

Emphysema is associated with an underlying chronic inflammation in the lungs and
loss of airspace (Goldklang and Stockley, 2016). IL-1R signalling and the NLRP3
inflammasome have previously been implicated in the development of emphysema in
mouse models of the disease (Couillin ef al., 2009; Lucey et al., 2002). We wanted to
examine if Pellino2, which is a mediator of NLRP3 inflammasome activation, could
also be involved in mediating the immune response involved in elastase-induced
emphysema. We found that Pellino2 plays a role in mediating the immune response to
intranasal elastase in mice. The impairment of elastase induced expression of IL-1f3,
IL-6, TNFo. and CXCLI1 in the absence of Pellino2 manifests at the mRNA and
protein levels of these cytokines and chemokines (fig. 3.1 and fig. 3.2). However the
suppressive effects of Pellino2 deficiency are more pronounced when the cytokines
are measured at the protein levels. This suggests that Pellino2 may regulate the
expression of the genes encoding these cytokines at the transcriptional and post-
transcriptional levels. Ubiquitination has been shown to be involved in regulation of
mRNA decay. Specifically, TRAF6 mediates K63-ubiquitination of P-body
components, a body that regulates mRNA decay (Tenekeci ef al., 2016). It could be
possible that Pellino2 serves a similar function, however this has not been tested. It
should be noted that although there are published studies where levels of specific
proteins and mRNA in the lungs are examined 24 hours after initial elastase
instillation (Kennelly et al., 2016), the levels may not directly correlate with each
other as mRNA for pro-inflammatory products will be present in the cell much sooner

than protein.
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It has been previously shown that where early markers of inflammation are reduced in
elastase-induced emphysema, the final pathology of the disease is much less severe
(Ishii et al. 2005; Lucey et al. 2002). This has been shown in IL-1R-deficient mice
and ASC-deficient mice for example (Couillin et al., 2009). However, Pellino2-
deficient mice have low levels of inflammation following an overnight treatment with
elastase but develop worsened emphysema as measured by increased weight loss (fig.
3.6) and markers of fibrosis (fig. 3.8) after repeated doses of elastase. A higher level
of collagen deposition was seen using trichrome staining (fig. 3.7A) and this was
associated with a higher fibrosis/Ashcroft score (fig. 3.7B). Higher levels of fibrosis
may correlate with a worsened overall pathology as seen in the form of significantly
higher weight loss in Pellino2-deficient mice as compared with wild type mice (fig.
3.6). This is similar to systemic manifestation of severe COPD in humans (Liithje et
al., 2009). Whereas the wild type mice treated with elastase recover initial weight
lost, Pellino2 deficiency results in greater weight loss that does not recover to the
same level over the course of the experiment. Increased levels of fibrosis and
thickening of the airway walls in Pellino2-deficient mice suggest more extensive
airway remodelling is occurring and as such markers of epithelial-mesenchymal

transition (EMT) and goblet cell hyperplasia was examined.

EMT is a process involved in repairing damaged tissue but has also been associated
with fibrosis (Stone et al., 2016). To repair wounds, epithelial cells reduce expression
of E-cadherin and increase expression of vimentin to become mesenchymal cells and
undergo re-epithelialisation after repair has occurred (Barriere ef al., 2015). Where
mesenchymal cells do not undergo re-epithelialisation, fibrosis occurs. Vimentin is

associated with fibrosis as it stabilises type I collagen (Challa and Stefanovic, 2011).
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Higher levels of vimentin are estimated in lung homogenate from Pellino2-deficient
mice after repeated elastase treatment (fig. 3.8). There is no previously documented
role for Pellino family proteins in regulation of structural proteins such as vimentin,
which suggests that investigation of Pellino2 deficiency on lung remodelling may be
of interest. It should be acknowledged that the higher levels of vimentin are only
estimated, as ideally densitometry should be used to confirm these higher levels from

western blotting.

As well as EMT, airway remodelling during emphysema and COPD can involve
goblet cell hyperplasia (Kim et al., 2015a). Goblet cells produce mucus. Persistent
airway inflammation is associated with excessive mucus production (Kim et al.,
2008). During increased inflammation, the epithelium can undergo remodelling
leading to goblet cell metaplasia, meaning phenotypic change of the cell, or goblet
cell hyperplasia, meaning an increase in goblet cell number (Williams ef al., 2006).
Goblet cell metaplasia or hyperplasia results in mucus accumulation and has long
been associated with increased mortality due to COPD in humans (Prescott et al.,
1995; Ramos et al., 2014). Chronic mucus production is also associated with severe
exacerbations of COPD (Burgel ef al., 2009). Looking specifically at emphysema,
chronic mucus production in patients with ol-anti-trypsin-deficiency is associated
with more extensive emphysema (Dowson ef al., 2002). Our studies showed that wild
type mice undergo goblet cell hyperplasia during elastase-induced emphysema,
however, the level of goblet cell hyperplasia in Pellino2-deficient mice is
approximately 50% less (fig. 3.9). As goblet cell hyperplasia is a hallmark of
increased severity of emphysema, and also COPD in humans (Kim ef al., 2015b), it is

surprising that Pellino2-deficient mice have less severe goblet cell hyperplasia yet
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worsened fibrosis and weight loss during elastase-induced emphysema. It does
however correlate with other studies which show reduced pro-inflammatory cytokines
at an early timepoint are associated with lower levels of goblet cell hyperplasia at a
later stage of acute lung injury (Sohn et al., 2013). These data suggest complex and
possibly multi-factorial mechanisms underlying the regulatory effects of Pellino2 in
lung inflammation and fibrosis and this prompted the use of more global molecular-
based approaches such as proteomics to delineate the molecular basis of the role of

Pellino2 in acute lung injury. This is described in the following chapter.

Drawing on the above results, it could be hypothesised that despite the diminished
inflammatory response to intranasal elastase in Pellino2-deficient mice, when the
injurious insult is chronically present, diminished inflammation does not protect from
alveoli destruction. This agrees with data from clinical trials where anti-inflammatory
agents may not help and can be detrimental in the treatment of emphysema and
COPD. For example, an anti-inflammatory agent called Regadenoson which can
suppress NFkB activation and neutrophil migration, while well tolerated by COPD
patients, does not improve lung function (Cazzola et al., 2012). The lack of effective
anti-inflammatory treatments that stop the progression of emphysema and COPD

correlates with the data presented here.

The specificity of the role for Pellino2 in elastase-induced emphysema was confirmed
by also examining the role of Pellino3 in elastase-induced emphysema. Pellino3-
deficient mice express pro-inflammatory cytokines to a similar level as wild type mice
following overnight treatment with elastase and show comparable pathology to wild

type mice when treated with repeated doses of elastase over 14 days (fig. 3.10 and fig.
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3.11). In an effort to explain the apparent lack of a role for Pellino3 in elastase-
induced emphysema, its role in mediating NLRP3 inflammasome activation was
examined. This was examined as the NLRP3 inflammasome has been shown
previously to be important for the development of elastase-induced emphysema in
mice (Couillin et al., 2009) and Pellino2 has been previously shown to mediate
activation of the NLRP3 inflammasome (Humphries et al., 2018). Studies here
showed that Pellino3 does not appear to be involved in mediating activation of the
NLRP3 inflammasome. Western blotting was used to assess the involvement of
Pellino3 in NLRP3 inflammasome activation. It should be acknowledged that ideally
data generated should have been validated by densitometry analysis to confirm
protein levels. Estimation of protein levels from western blotting demonstrated
similarly high levels of IL-1f secretion in Pellino3-deficient cells and wild type cells
in response to NLRP3 inflammasome activation (fig. 3.13). This was further
confirmed by demonstration of normal ASC oligomerisation (fig. 3.15) and caspase-1
processing (fig. 3.14) in response to NLRP3 inflammasome activation in Pellino3-
deficient cells. Interestingly our research has previously shown that Pellino3 can
negatively regulate the transcription of the ///b gene under conditions that pertain to
obesity. Pellino3 negatively regulates transcription factor HIF-la which prevents
HIF-la from inducing expression of /I-1b gene and tempers obesity-induced
inflammation (Yang et al., 2014). The role of Pellino3 in regulation of IL-1f

expression may therefore be specific to hypoxia-induced IL-1f production only.

In summary, under varying circumstances Pellino2 and Pellino3 may have opposing
roles in the production of IL-1f. This highlights the diversity of function of Pellino

family proteins in varying physiological circumstances and may differentially regulate
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the same pathway as is the case where Pellino3 negatively regulates transcription of
the 7/1b gene whereas Pellino2 mediates the processing of pro-IL-1f into the mature
bioactive form of IL-18. However, the possibility of redundancy among E3 ubiquitin
ligases cannot be ignored. In order to understand how such apparently opposing roles
of different members of the same family integrate at the physiological levels, it would
be intriguing to perform similar studies as described in this thesis to mice that are

deficient in both Pellino2 and Pellino3.

Studies were also performed to ascertain whether the role of Pellino2 in mediating the
inflammatory response during acute lung injury in elastase-induced emphysema could
be extended to mediation of the inflammatory response to respiratory infection. To
test this, respiratory infection with P. aeruginosa was carried out in wild type and
Pellino2-deficient mice. Pellino2 has been previously shown to alter the level of IL-
1B induction in vitro and in a model of peritoneal injection with P. aeruginosa in mice
(Humphries et al., 2018). Our studies showed that Pellino2-deficient mice had
significantly improved survival and lower bacterial load than wild type mice (fig.
3.17) despite similarly high level of IL-1p induction in the lungs of wild type and
Pellino2-deficient mice in response to infection (fig. 3.18). We hypothesise that
although NLRP3 inflammasome activation is impaired in the absence of Pellino2,
there may be other sources of IL-1f present in response to infection which
compensate for the reduction NLRP3 inflammasome mediated IL-1f3 production.
There has been suggestion by various research groups that cleavage of pro-IL-1f into
its active form is caspase-1 independent in response to certain pathogens. For
example, during mammary gland infection it has been shown that non-classical IL-1f

activation is pathogen dependant and caspase-1 independent (Breyne et al., 2014).
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Investigations have also shown directly that IL-18 processing during P. aeruginosa
infection is mediated by neutrophil serine proteases and is independent of caspase-1
and NLRC4 (Karmakar et al., 2012). This would suggest that the improved survival
and lower bacterial load seen in Pellino2-deficient mouse lungs is an effect

independent of IL-1.

Similar effects of improved survival and reduced bacterial load have been observed in
NLRP3-deficient mice in response to P. aeruginosa infection which also express
similar levels of IL-1p in BAL as their wild type counterparts (lannitti ef al., 2016). It
has also been demonstrated that silencing of NLRP3 or ASC or caspase-1 improves P.
aeruginosa clearance in macrophages without significantly diminished IL-1f
production (Deng et al., 2015). Deng et al. (2015) suggest that the diminished
pathology seen where the NLRP3-inflammasome is silenced during infection with P.
aeruginosa is not mediated by diminished expression of IL-1f but instead by reduced
levels of autophagy. They found that overexpression of NLRP3 or P. aeruginosa
infection induce autophagy in macrophages. Induction of autophagy in macrophages
results in diminished bactericidal capacity of these cells (Deng et al., 2015). They
suggested that the ability of P. aeruginosa to activate the inflammasome leads to
autophagy and therefore reduced bacterial killing by macrophages. An examination of
the role of Pellino2 in inflammasome mediated autophagy may therefore be of interest
and could help to shed light on the improved survival seen in Pellino2-deficient mice
in response to respiratory infection. This is further motivated by the fact that a
previous report has described Pellino3 to be degraded during autophagy (Giegerich et

al., 2014).
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In summary the studies described in this chapter indicate that Pellino2 mediates the
early inflammatory response to intranasal elastase. This role is not shared with
Pellino3 and this may relate to the differential roles of Pellino2 and Pellino3 in
activation of the NLRP3 inflammasome. Pellino2 deficiency also results in
exacerbation of elastase-induced fibrosis and improves survival in response to P.
aeruginosa infection. This suggests important physiological and pathophysiological

roles for Pellino2 in lung immunity.

134



Chapter 4

4 Exploring the molecular basis to the role of Pellino2 in

the pathology of elastase-induced emphysema

4.1 Introduction

The suppression of the early inflammatory response to elastase-induced emphysema
in Pellino2-deficient mice coupled to the exacerbation of later fibrosis, suggests that
Pellino2 may play a protective role in acute lung injury and may contribute to
enhanced repair as part of the recovery process. This prompts further molecular and
cellular-based characterisation of the effects of Pellino2 in acute lung injury and

forms the basis of the studies in the present chapter.

Cellular infiltration of neutrophils and macrophages into the lungs is a hallmark of
emphysema and COPD (Suzuki et al., 2017). Activation of neutrophils leads to
secretion of proteases and contributes to a protease: anti-protease imbalance that leads
to emphysema, chronic bronchitis and COPD. The role of neutrophils in emphysema
and COPD has been well documented. Historically, many studies have shown

neutrophils to be involved in development of COPD by initiating tissue destruction in
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emphysema (Nadel, 1991). Neutrophil elastase levels are increased in lung tissue
from emphysema patients (Damiano et al., 1986) and products of elastase activity
being detected in the urine and blood of COPD patients (Gottlieb et al., 1996). Early
studies on neutrophil infiltration into the lungs of COPD patients generated data on
increased neutrophil number in sputum (Peleman et al., 1999) and airway lavage fluid
(Lacoste et al., 1993; Thompson et al., 1989). Neutrophil accumulation is a feature of
emphysema and COPD specifically and not simply a response to smoke inhalation

(Grabcanovic-Musija et al., 2015; Pilette et al., 2007).

Macrophages are another innate immune cell that are important in the development of
emphysema and produce an array of chemokines, cytokines and matrix
metalloproteases (MMPs) that in combination, can degrade tissue in a similar manner
to neutrophil elastase (Gharib et al., 2018). MMPs are important in leukocyte
migration (Song ef al., 2015). MMP12 (also known as macrophage elastase) is of
particular importance in emphysema development. Mice can develop MMPI12-
dependant emphysema through excessive activation of alveolar macrophages in a
dehydrated lung environment (Trojanek et al., 2014). MMP-9 is another important
metalloprotease in emphysema and was discussed in the previous chapter. Alveolar
macrophages have been extensively studied and implicated in the development of
emphysema and COPD (Vlahos and Bozinovski, 2014). As such, it is of particular
interest given the diminished inflammation seen in Pellino2-deficient mice in
response to elastase to examine the levels of cellular infiltration of neutrophils and
macrophages. Other immune cells that are involved in emphysema development were

also examined including dendritic cells, B-cells and T-cell subsets.
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As Pellino2-deficient mice show worsened pathology of elastase-induced emphysema
including increased fibrosis as compared to wild type mice, the role of Pellino2 in cell
death was also examined in these studies. Two forms of cell death were examined
here: apoptosis and necroptosis. Both of these forms of cell death have been
implicated in emphysema and COPD. Studies mainly using lung tissue sections from
COPD patients have shown apoptosis in endothelial cells (Segura-Valdez et al.,
2000), alveolar epithelial cells and mesenchymal cells (Imai et al., 2005). There are
also high levels of pro-apoptotic active caspase-3 subunits present in emphysematous
lungs (Imai et al., 2005). Apoptosis continues to occur in the lungs even after
smoking cessation (Hodge et al., 2005). It is suggested that this may be a result of the
rate of apoptosis outweighing the phagocytic capacity of alveolar macrophages,
leading to accumulation of apoptotic cells and debris. This may cause secondary
necrosis and lead to further tissue damage. It has been shown that induction of
apoptosis alone is sufficient to cause emphysematous changes to the lungs of mice
without cellular infiltration or inflammation (Kasahara et al., 2000; Tang et al., 2004).
Induction of emphysema by induction of apoptosis alone has been achieved
experimentally in mice by targeting VEGF, an important survival factor, (Tang et al.,

2004) or inactivating the VEGF receptor (Kasahara et al., 2000).

Necroptosis was also examined in our studies. Necroptosis is a regulated form of
necrosis that is dependant on the proteins RIP1, RIP3 and MLKL (mixed lineage
kinase domain like pseudokinase) (Weinlich et al., 2016). This form of cell death has
been linked to COPD and emphysema as it may be regulated by mitophagy.
Mitophagy has been shown to regulate necroptosis and contributes to COPD

(Mizumura et al., 2014). Mice deficient in PINKI, a protein involved in mediating
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mitophagy, were protected from alveolar enlargement in cigarette smoke induced
emphysema. It has been suggested that mitophagy may also control whether a cell

enters senescence or necroptosis in response to injurious insults (Ito et al., 2015).

In an effort to define further the role of Pellino2 in emphysema, label-free mass
spectrometry was also used to assess changes in protein abundance in the presence
and absence of Pellino2 in normal and elastase-induced emphysematous lung tissue.
Label-free mass spectrometry allows analysis of the entire proteome (Patel et al.,
2009). Through mass spectrometry, we can gain insight into proteome alterations
during disease. To illustrate the power of mass spectrometry, it has proven an
invaluable tool in biomarker discovery for example in inflammatory bowel disease
and Duchene muscular dystrophy (Chan et al., 2016; Coenen-Stass et al., 2015). In
the present study we aimed to use label-free mass spectrometry to delineate the effects
of Pellino2 deficiency on the proteome landscape in emphysema, with a view to

further understanding its role in lung health and disease.
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4.2 Results

4.2.1 Pellino2 deficiency results in reduced myeloid cell and B cell infiltration

into the lungs in response to intranasal elastase

Tissue infiltration of neutrophils, macrophages, dendritic cells, B-cells, CD4+ T-cells,
CD8+ T-cells and regulatory T-cells has been observed previously in experimental
mouse models of emphysema or in emphysema development in humans (Harada et
al., 2009; Nurwidya et al., 2016; Oliveira et al., 2016). Due to the diminished pro-
inflammatory profile seen in Pellino2-deficient mice in response to elastase treatment
(fig. 3.1), the level of myeloid cell infiltration (fig. 4.1) and lymphocyte infiltration
(fig. 4.2) into the lungs was examined in wild type and Pellino2-deficient mice
following overnight treatment with elastase. Cell populations were quantified as
described in section 2.2.5.3. Studies initially focused on myeloid cells. Overnight
treatment with elastase resulted in increased infiltration of neutrophils (fig. 4.1A),
macrophages (fig. 4.1B) and dendritic cells (fig. 4.1C) in wild type mice. In Pellino2-

deficient mice there were significantly lower levels of each myeloid population.

Lymphocyte populations were then examined. Treatment with elastase overnight
resulted in high levels of lymphocyte infiltration into the lungs of wild type mice (fig
4.2A). In Pellino2-deficient mice lymphocyte infiltration occurred at much lower
levels in response to overnight elastase treatment. Diminished lymphocyte recruitment
in Pellino2-deficient mice in response to elastase treatment was reflected in lower
levels of B-cell infiltration in Pellino2-deficient mice when compared to wild type

mice in response to elastase (fig. 4.2B). Levels of CD8+ T cells (fig. 4.2D) and CD4+
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T cells (fig. 4.2E) in the lungs remained relatively unchanged in wild type and
Pellino2-deficient mice in response to elastase treatment. Regulatory T cell infiltration
was seen in wild type mice in response to elastase but not in Pellino2-deficient mice
(fig. 4.2E). However, regulatory T cell numbers were too low and may not provide

meaningful analysis.
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Figure 4.1 Pellino2 deficiency results in reduced myeloid cell infiltration into the lungs
in response to intranasal elastase

Wild type and Pellino2-deficient mice were treated intranasally with 35 pg elastase in 50 ul
PBS or 50 ul PBS alone and culled 24 hours later. Lungs were collected in PBS and
homogenized. Lung homogenate was filtered through a 70 um cell strainer and centrifuged.
The pellet was treated for red blood cell lysis and resuspended in PBS. Total cells were
counted using an automated cell counter. For flow cytometry Fc block was used at room
temperature for 10 min. Extracellular staining was carried out for the myeloid panel with
CD11b-APC and GR1/Ly6G-PE (neutrophils), F480-PECy7 (macrophage), CD45-FITC and
CD11c-e450 (dendritic cells) with a gating strategy as detailed in section 2.2.5.3. (A)
Neutrophil, (B) macrophage and (C) dendritic cell infiltration was quantified. * p < 0.005 and
**% p<0.001 (paired, two-tailed Student’s t-test). Each point represents a single mouse. Error

bars, s.e.m. (Data provided by Dr. Alice Dubois and Dr. Rebecca Ingram).
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Figure 4.2 Pellino2 deficiency results in reduced B-cell infiltration into the lungs in

response to intranasal elastase but does not affect T-cell infiltration

Wild type and Pellino2-deficient mice were treated intranasally with 35 ug elastase in 50 ul

PBS or 50 ul PBS alone and culled 24 hours later. Lungs were collected in PBS and

homogenized. Lung homogenate was filtered through a 70 um cell strainer and centrifuged.

The pellet was treated for red blood cell lysis and resuspended in PBS. Total cells were

counted using an automated cell counter. For flow cytometry Fc block was used at room

temperature for 10 min. Extracellular staining was carried out for the lymphoid panel with

142



Chapter 4

CD3-e450 (T-cells), CD4-FITC (CD4+ T-cells), CD25-PECy5 (regulatory T-cells), B220-
APCe780 (B-cells) and CD8-e660 (CD8+ T-cells) with a gating strategy as detailed in section
2.2.5.3. (A) Total lymphocytes, (B) B-cell, (C) T-cell, (D) CD8+ T-cell, (E) CD4+ T-cell and
(F) regulatory T-cell infiltration was quantified. * p < 0.005 (paired, two-tailed Student’s t-
test). Each point represents a single mouse. Error bars, s.e.m. (Data provided by Dr. Alice

Dubois and Dr. Rebecca Ingram).

143



Chapter 4

4.2.2 Pellino2 does not mediate chemokine production by macrophages

Given that lungs from elastase-challenged Pellino2-deficient mice showed impaired
recruitment of lymphocytes and lower levels of pro-inflammatory cytokines and
chemokines relative to wild type mice, studies next explored the role for Pellino2 in
regulating the direct production of chemokines. BMDMs were generated from wild
type and Pellino2-deficient mice and treated with TNFa and IL-17. This combination
of ligands drives chemokine production. Treatment with both ligands led to high
levels of CXCL1 and CXCL2 production as measured by ELISA and both wild type
and Pellino2-deficient BMDMs were equally responsive in terms of the production of
these chemokines (fig. 4.3). These data suggest that Pellino2 does not directly

regulate chemokine expression.
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Figure 4.3 Pellino2 deficiency does not affect chemokine production by macrophages

BMDMs were generated from wild type and Pellino2-deficient mice. Cells were treated with
TNFa (50 ng/ml) and IL-17 (100 ng/ml) for 2 hours. The level of CXCL1 and CXCL2 in the
supernatants was measured by ELISA. Significance tested using paired, two-tailed Student’s

t-test. Data presented as the mean of 3 independent experiments. Error bars, s.e.m.
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4.2.3 Pellino2 deficiency does not affect neutrophil migration ability in

response to CXCL2 in vitro

Given the important role of neutrophils in the development of emphysema and their
reduced recruitment in Pellino2-deficient mice, we examined if Pellino2 played a
direct role in the migratory capacity of neutrophils. Neutrophils derived from the bone
marrow of wild type and Pellino2-deficient mice were subjected to a transwell
migration assay to study their migration along a CXCL2 chemokine gradient (fig.
4.4). In the absence of a chemokine gradient, neither wild type nor Pellino2-deficient
neutrophils migrated into the lower well of the transwell. Wild type neutrophils
migrated strongly along the CXCL2 chemokine gradient with approximately 2 x10°
cells migrating into the lower chamber in 3 hours. A similarly high level of neutrophil
migration through the transwell was observed for Pellino2-deficient mice suggesting
that Pellino2 does not play a cell intrinsic role in the neutrophil migratory response to

the chemoactivity of chemokines like CXCL2.
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Figure 4.4 Pellino2 deficiency does not affect neutrophil migration in response to
CXCL2

Neutrophils were isolated by magnetic activated cell sorting from bone marrow of wild type
and Pellino2-deficient mice. Cells were plated in the upper well of a transwell plate. Cells
were either non-treated (NT) or 50 ng/ml of CXCL2 was added to the lower well and after 3
hours the number of cells that had migrated from the upper well to the lower well were
counted using an automated cell counter. Significance tested using paired, two-tailed

Student’s t-test. Data presented as the mean of 3 independent experiments. Error bars, s.e.m.
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4.2.4 Pellino2 deficiency does not affect the ability of neutrophils to produce

pro-inflammatory cytokines in response to classical neutrophil activators

Given that Pellino2 does not affect the migratory capacity of neutrophils the

functionality of Pellino2-deficient neutrophils was next examined. Bone marrow
derived neutrophils were stimulated with activating ligands namely IFNy and
zymosan, and neutrophil activation was monitored by measuring IL-6 (fig. 4.5A) and
TNFa (fig. 4.5B) production by ELISA. Stimulation of wild type neutrophils with
these ligands led to strong induction of IL-6 and TNFa but this response was fully

intact in Pellino2-deficient neutrophils.

148



Chapter 4

A B
10009 Cwr 30009 I wr
soo4{ HM Peliz” W Peiiz”
E oo E 2000+
E - )
a =
@ 4004 @
h/ i Z 10004 |"'| I
2004 |‘|
0 T Y T T O T T T T
& &
S o‘f & {(\x\ & oe»"’<\ & \Q‘\i
& x & *
AN 2 AN ‘:;b“
o o
A 5

Figure 4.5 Pellino2 deficiency does not affect the ability of neutrophils to produce pro-

inflammatory cytokines in response to classical activation

Neutrophils were isolated from bone marrow of wild type and Pellino2-deficient mice. Cells
were primed with IFNy (150 Ug/ml) for 2 hours followed by zymosan (200 ug/ml) for 24
hours. Supernatants were collected and analysed for the presence of pro-inflammatory
cytokines (A) IL-6 and (B) TNFa and by ELISA. Significance tested by paired, two-tailed

Student’s t-test. Data presented as the mean of 3 independent experiments. Error bars, s.e.m.
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4.2.5 Pellino2 mediates IL-1p production in response to NLRP3 inflammasome

activation

Given the diminished inflammatory response of Pellino2-deficient mice to intranasal
elastase, we next examined if Pellino2 deficiency affects NLRP3 inflammasome
mediated IL-1f production in neutrophils. Wild type and Pellino2-deficient
neutrophils stimulated with LPS and ATP lead to NLRP3 inflammasome activation
and production and release of IL-18 as measured by ELISA (fig. 4.6A). The absence
of Pellino2 caused a ~50% reduction in IL-1f induction compared with wild type
neutrophils when the NLRP3 inflammasome was activated. This is similar to results
seen for Pellino2-deficient macrophages (fig. 3.12). Importantly, following
stimulation with LPS alone or LPS and ATP, wild type and Pellino2-deficient
neutrophils produce similarly high levels of IL-6 and TNFa as measured by ELISA
(fig. 4.6B and fig. 4.6C). This demonstrates that as seen previously, Pellino2 is

mediating IL-1f production via the NLRP3 inflammasome.
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Figure 4.6 Pellino2 deficiency affects the ability of neutrophils to produce IL-1B in
response to NLRP3 inflammasome activation

Neutrophils were isolated from the bone marrow of wild type and Pellino2-deficient mice.
Cells were then treated with LPS (100 ng/ml) for 3 hours before treatment with ATP (5 mM)
for 45 minutes to activate the NLRP3 inflammasome. Supernatants were collected and
analysed for the presence of (A) IL-1f, (B) IL-6 and (C) TNFa by ELISA. ** p < 0.001

(paired Student’s t-test). Data presented as the mean of 3 independent experiments. Error

bars, s.e.m.
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4.2.6 Pellino2 deficiency does not affect elastase-induced apoptosis in the lungs

Whilst the impairment of secretion of IL-1f in Pellino2-deficient mice is likely a key
contributing factor to the reduced inflammation in elastase-challenged mice, we were
also keen to explore other pathways that may contribute to elastase-induced pathology
Apoptosis is thought to be the main cause of alveolar destruction in elastase-induced
emphysema and induction of apoptosis alone can lead to emphysema in mice
(Matsuyama et al., 2016). A member of the Pellino family, Pellino3 has been
previously shown to interact with RIP1 and mediate apoptosis (Yang et al. 2013). It
was therefore examined if Pellino2 may mediate apoptosis in response to intranasal
elastase. Wild type and Pellino2-deficient mice were treated with intranasal elastase
and culled after 24 hours. The lungs were fixed in formalin and terminal
deoxynucleotide transferase (TdT) dUTP nick-end labelling (TUNEL) assay was
carried out (fig. 4.7A). TUNEL assay identifies apoptotic cells by labelling blunt ends
of double-stranded DNA breaks, which occur during apoptosis. In the assay carried
out here, labelled double-stranded DNA breaks are marked by green fluorescence. A
small number of apoptotic cells were present in the lungs of wild type and Pellino2-
deficient mice treated with PBS. 24 hours after elastase instillation into the lungs there
was a 3-4 fold increase in the number of apoptotic cells in wild type and Pellino2-
deficient mice (fig. 4.7B). The level was similar in both wild type and Pellino2-
deficient mice suggesting Pellino2 does not play a role in apoptosis, at least in the

context of elastase instillation in the lung.
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Figure 4.7 Effect of Pellino2 deficiency on apoptosis in response to intranasal elastase
instillation

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS or 50ul PBS alone and culled 24 hours later. (A) The lungs were removed and fixed in
formalin before embedding in paraffin wax. 4um sections were cut and stained using TUNEL
for double stranded DNA nicks that indicate apoptotic cells. Apoptotic cells fluoresce green

in and were viewed at 10x magnification by microscopy. (B) Number of positive/fluorescing
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cells per 10x view was quantified. Significance tested using paired, two-tailed Student’s t-test.
Data representative of 4 mice per control group and 5 mice per elastase group. Error bars,

S.c.m.

154



Chapter 4

4.2.7 Pellino2 deficiency does not directly affect necroptosis in response to

intranasal elastase

Necroptosis is another form of cell death which has been previously implicated in the
development of emphysema (Mizumura et al., 2014). It involves the kinases RIPI,
RIP3 and MLKL forming a complex called the necrosome. Since RIP1 is
ubiquitinated by Pellinol (Chang et al., 2009) with the latter also being recently
implicated in regulating necroptosis (Choi et al., 2018; H. Wang et al., 2017) coupled
with our group showing Pellino3 to ubiquitinate RIP2, another member of the RIP
family of proteins (Yang et al. 2013) the next study investigated if Pellino2 could be
involved in mediating necroptosis in the lungs in response to elastase. Wild type and
Pellino2-deficient mice were treated intranasally with elastase and culled 24 hours
later. Lung homogenates were analysed by immunoblotting for markers of
necroptosis, phospho-MLKL and RIP3 (fig. 4.8A). Phospho-MLKL or RIP3 were not
detected in wild type mice treated with PBS but were basally upregulated in Pellino2-
deficient mice. Upon treatment with elastase, wild type mice showed increased levels
of phospho-MLKL and RIP3 in the lungs indicative of higher levels of necroptosis. In
Pellino2-deficient mice treated with elastase, both phospho-MLKL and RIP3 could be
detected in the lungs but not at the same high levels as wild type mice suggesting that
Pellino2 may impair the pro-necroptotic effects of elastase. This was examined in
more detail since necrotic forms of cell death can promote strong inflammatory
responses and so any reduced necroptosis in Pellino2-deficient mice may contribute to

impaired inflammation.
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In order to assess if Pellino2 has a cell intrinsic role in regulating necroptosis, studies
were performed to compare the effects of necroptotic stimuli on BMDMs derived
from wild type and Pellino2-deficient mice. Necroptosis is induced by combined
treatment of cells with LPS, the IAP (inhibitor of apoptosis) inhibitor BV6 and the
pan caspase inhibitor ZVAD. BMDMs were thus treated with ZVAD (1uM), LPS
(100 ng/ml) and BV6 (1uM) for 24 hours. Cell lysates were analysed by
immunoblotting for phospho-MLKL and RIP3 expression (fig. 4.8B). No basal
expression of either phospho-MLKL or RIP3 was detected in wild type or Pellino2-
deficient BMDMs. Upon stimulation of BMDMs with BV6, ZVAD+LPS, BV6+LPS
or BV6+LPS+ZVAD, increased levels of phospho-MLKL and RIP3 were detected
with their magnitude of activation being comparable in wild type and Pellino2-
deficient BMDMSs. This suggests that Pellino2 does not directly regulate necroptosis
and that any differences in levels of necroptosis in the lungs of elastase-treated wild
type and Pelllino2-deficient mice are due to indirect and secondary effects. To verify
that Pellino2 does not play a role in necroptosis in the lungs however, it may be of
interest to examine necroptosis in isolated epithelial or lung cells from Pellino2-

deficient mice.
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Figure 4.8 Effect of Pellino2 deficiency on induction of necroptosis

(A) Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in
50ul PBS or 50ul PBS alone and culled 24 hours later. Lung homogenates from wild type
and Pellino2-deficient mice treated with intranasal elastase for 24 hours were analysed by
immunoblot using anti-phospho MLKL and anti-RIP3 antibodies. (B) BMDMs generated
from wild type and Pellino2-deficient mice were pre-treated with ZVAD (1uM) for 1 hour,
then LPS (100 ng/ml) for 2 hours and BV6 (1uM) for 24 hours, either alone or in
combination. Cell lysates were analysed by immunoblot with anti-phospho MLKL and anti-
RIP3 antibodies. For (A) and (B), anti-Pactin antibody was used as a loading control. Results

representative of 2 independent experiments.
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4.2.8 Label-free LC-MS/MS analysis of normal wild type versus Pellino2-

deficient mice lungs

In an effort to add further molecular insight into the role of Pellino2 in lung
inflammation and injury, comparative proteomic profiling of the lungs of wild type
and Pellino2-deficient mice was carried out using label-free mass spectrometry. Mass
spectrometry analysis in the following sections was provided by Dr. Ashling Holland.
Protein identification and analysis was performed using MaxQuant and Perseus.
Relative protein levels in the lungs were compared between the control group (PBS
treated) wild type mice and Pellino2-deficient mice. In the lungs of Pellino2-deficient
mice, there was a change in abundance of 15 proteins with a fold change > 42 as
compared with wild type mouse lungs. Of the 15 proteins, 7 proteins were decreased
in abundance and 8 were increased in abundance in Pellino2-deficient mouse lungs

when compared to wild type mouse lungs (fig 4.9).

The proteins identified as having changed abundance when comparing Pellino2-
deficient mouse lungs to wild type mouse lungs were next analysed using the
bioinformatics database PANTHER to give a list of molecular functions (fig 4.10A).
For wild type versus Pellino2-deficient mice, the functions of proteins with changed
abundance in the lungs are mostly involved binding activity. These proteins included
skeletal muscle isoform of myosin regulatory light chain 2, mitochondrial glutaryl-
CoA dehydrogenase, reticulocalbin-3, and Ig kappa chain C region and fibrinogen
beta chain. A large number of proteins of changed abundance were also involved in
catalytic activity. Proteins with this function included enolase-phosphatase El,
glycylpeptide N-tetradecanoyltransferase 1 and protein AMBP. A smaller proportion
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of the proteins with changed abundance had structural molecule activity, such as
fibulin-1 or transporter activity, such as signal transducing adaptor molecule 1. The
proteins of particular interest here that were decreased in abundance in Pellino2-
deficient mouse lungs are serine protease inhibitorA3K, alpha-1-antitrypsin 1-4 and
protein AMBP. These proteins have protease inhibitor functions. Since these anti-
proteases were downregulated basally in Pellino2-deficient mouse lungs as compared
to wild type mouse lungs, it may make Pellino2-deficient mice more susceptible to

elastase-induced emphysema.

Using the PANTHER database again, we next classified the proteins of changed
abundance in Pellino2-deficient mouse lungs into different protein classes (fig 4.10B).
There were a broad array of protein classes represented in the proteins of changed
abundance and they did not appear to cluster to any one class in particular. From the
most abundant protein class to the least abundant protein class, these included:
calcium-binding proteins, cytoskeletal proteins, enzyme modulators, hydrolases,
membrane trafficking proteins, oxidoreductases, signalling molecules, transferases
and transporters. The most abundant protein class was calcium-binding proteins
which included skeletal muscle isoform of myosin regulatory light chain 2 and
reticulocalbin-3. The second most abundant protein class was cytoskeletal proteins
which included mitochondrial glutaryl-CoA dehydrogenase and glycylpeptide N-
tetradecanoyltransferase 1. This was surprising since Pellino proteins have not
previously been known to regulate the expression of any calcium-binding or
cytoskeletal proteins but such changes may reflect secondary effects of Pellino2

deficiency.
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Gene Fold
Protein name name change
Myosin regulatory light chain 2, skeletal muscle
isoform Mylpf +3.7
Enolase-phosphatase E1 Enophl +2.9
Protein mago nashi homolog Magoh +2.9
Glutaryl-CoA dehydrogenase, mitochondrial Gcdh +2.7
Receptor-type tyrosine-protein phosphatase C Ptprc +2.7
Reticulocalbin-3 Rcn3 +2.7
Signal transducing adapter molecule 1 Stam +2.2
Glycylpeptide N-tetradecanoyltransferase 1 Nmtl +2.2
Alanine aminotransferase 1 Gpt -1.8
Ig mu chain C region Ighm -2.0
Fibrinogen beta chain Fgb -2.0
Ig gamma-1 chain C region secreted form Ighgl -2.1
Ilg gamma-2A chain C region secreted form N/A -2.1
Ig kappa chain C region N/A 2.1
Ig kappa chain V-IIl region PC 3741/TEPC 111 N/A -3.0
Protein AMBP Ambp -4.7

Figure 4.9 Differentially expressed proteins in lungs from wild type and Pellino2 —

deficient mice.

Wild type and Pellino2-deficient mice were treated intranasally with PBS. After 24 hours the
mice were culled and the lungs were removed. The lungs were homogenised and prepared for
analysis by label-free mass spectrometry. Proteins with a greater than 2 fold change in
expression when comparing Pellino2-deficient mouse lungs to wild type mouse lungs were
searched and analysed with MaxQuant and Perseus. + denotes a protein with increased
abundance in Pellino2-deficient mouse lungs as compared to wild type mouse lungs. —

denotes a protein with decreased abundance in Pellino2-deficient mouse lungs as compared to

wild type mouse lungs.
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Figure 4.10 Molecular function and protein class of proteins with altered abundance in
Pellino2-deficient mouse lungs as compared to wild type mouse lungs

The publicly available PANTHER database was used to cluster (A) molecular functions and
(B) protein classes of MS-identified proteins with altered abundance (fig. 4.9) in the absence

of Pellino2 when comparing wild type and Pellino2-deficient mouse lungs.
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4.2.9 Label-free LC-MS/MS analysis of wild type versus Pellino2-deficient

mouse lungs 24 hours after intranasal elastase administration

We next examined the relative proteomic profiles of the lungs of wild type and
Pellino2-deficient mice 24 hours after intranasal elastase instillation. 24 hours after
elastase instillation, Pellino2-deficient mouse lungs differentially expressed 60
proteins with a fold change > +2 when compared to wild type mouse lungs 24 hours
after elastase instillation. Of the 60 proteins, 19 were increased in abundance (fig.
4.11) and 41 were decreased in abundance (fig. 4.12) in Pellino2-deficient mouse
lungs as compared with wild type mouse lungs. The proteins of changed abundance
were next analysed using the bioinformatics database PANTHER to give a list of
molecular functions (fig. 4.13A). The proteins changed in abundance in Pellino2-
deficient mouse lungs compared to wild type mouse lungs cover a range of molecular
functions. Most of the proteins with changed abundance were involved in catalytic
activity, such as cathepsin G, inter-alpha-trypsin inhibitor heavy chain 4, neutrophil
elastase and myeloperoxidase. Many proteins of changed abundance were also
involved in binding activity, such as neutrophil gelatinase-associated lipocalin,
S100A8, SI100A9 and inter-alpha-trypsin inhibitor heavy chain 3. A smaller
proportion of proteins of changed abundance were involved in antioxidant activity,
such as glutaredoxin-1, receptor activity, such as receptor expression enhancing

protein-5 and transporter activity, such as transportin-1.

Using the PANTHER database again, we next examined proteins of changed
abundance for their categorisation in protein classes (fig. 4.13B). The classes of
proteins represented by the proteins of changed abundance included enzyme
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modulators, hydrolases, calcium binding proteins, cell adhesion molecules,
defence/immunity proteins, extracellular matrix proteins, isomerases, membrane
traffic proteins, nucleic acid binding proteins, oxidoreductases, receptors, signalling
molecules, storage proteins, carrier proteins transferases and transporters. The most
highly represented protein classes were enzyme modulators and hydrolases. Enzyme
modulators included proteins such as inter-alpha-trypsin inhibitor heavy chain 3,
inter-alpha-trypsin inhibitor heavy chain 4 and serine protease inhibitor A3.
Hydrolases include proteins such as cathepsin G, neutrophil elastase, myeloblastin
and lactotransferrin. These results suggest that Pellino2 mediates expression the above

enzymes either directly or indirectly.
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Gene Fold
Protein name name change
Zinc finger protein 638 Znf638 +9.9
GTP-binding protein SAR1a Sarla +4.3
Sortilin Sortl +3.9
Fibulin-1 Fbin1 +3.8
ADP-ribosylation factor-like protein 1 Arll +3.5
60S ribosomal protein L32 Rpl32 +3.1
Carnitine O-acetyltransferase Crat +3.1
Histone H3.1 Hist1lh3a +2.8
Scaffold attachment factor B1 Safb +2.8
CAAX prenyl protease 1 homolog Zmpste24 +2.8
3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase Ebp +2.5
Lethal(2) giant larvae protein homolog 2 Ligl2 +2.3
Pulmonary surfactant-associated protein C Sftpc +2.3
Vacuolar protein sorting-associated protein 26A Vps26a +2.2
ATP-binding cassette sub-family A member 3 Abca3 +2.1
Prostaglandin F2 receptor negative regulator Ptgfrn +2.1
ADP-ribosylation factor 6 Arfé +2.0
Regulator of microtubule dynamics protein 3 Rmdn3 +2.0
UDP-glucuronosyltransferase 1-6 Ugtlab +2.0

Figure 4.11 List of proteins increased in abundance in Pellino2-deficient mouse lungs
after 24-hour elastase treatment as compared to wild type mouse lungs after 24-hour
elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS. After 24 hours the mice were culled and the lungs were removed. The lungs were
homogenised and prepared for analysis by label-free mass spectrometry. Proteins with a
greater than 2 fold change in expression when comparing Pellino2-deficient mouse lungs to
wild type mouse lungs were searched and analysed with MaxQuant and Perseus. + denotes a
protein with increased abundance in Pellino2-deficient mouse lungs as compared to wild type

mouse lungs.
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Gene Fold
Protein name name change
Angiotensinogen Agt -2.0
Pulmonary surfactant-associated protein D Sftpd -2.0
Ferritin heavy chain Fth1 -2.0
Integrin beta-2 Itgbh2 -2.1
Inter alpha-trypsin inhibitor, heavy chain 4 Itih4 -2.1
Chitinase-3-like protein 1 Chi3ll -2.1
Ras-related C3 botulinum toxin substrate 2 Rac2 -2.1
Retinol-binding protein 4 Rbp4 -2.1
Inter-alpha-trypsin inhibitor heavy chain H3 Itih3 -2.3
Rho GDP-dissociation inhibitor 2 Arhgdib -2.3
L-amino-acid oxidase l14i1 -2.4
Ig gamma-1 chain C region secreted form Ighgl -2.5
Alpha-1-acid glycoprotein 1 Orm1l -2.6
Cathepsin G Ctsg -2.6
Haptoglobin Hp -2.7
Interferon-induced protein with tetratricopeptide repeats
3 Ifit3 -2.7
Protein phosphatase inhibitor 2 Ppplr2 -2.8
Ig kappa chain V-IIl region PC 7210 N/A -2.9
Serine protease inhibitor A3M Serpina3m -2.9
Serum amyloid A-1 protein Saal -2.9
Mitochondrial peptide methionine sulfoxide reductase Msra -3.0
Serine protease inhibitor A3K Serpina3k -3.0
Inosine-5'-monophosphate dehydrogenase 2 Impdh2 -3.2
Chitinase-like protein 3 Chil3 -3.4
Matrix metalloproteinase-9 Mmp9 -3.4
Neutrophil cytosol factor 2 Ncf2 -3.5
Peptidoglycan recognition protein 1 Pglyrpl -4.0
Lactotransferrin Ltf -4.0
Myeloperoxidase Mpo -4.4
Serum amyloid A-2 protein Saa2 -4.7
Serine protease inhibitor A3N Serpina3n -4.8
Cathelicidin antimicrobial peptide Camp -4.9
CD177 antigen Cd177 -5.0
Serum amyloid P-component Apcs -55
Integrin alpha-M ltgam -5.7
Neutrophil elastase Elane -6.0
Neutrophilic granule protein Ngp -6.0
Myeloblastin Prtn3 -6.1
Neutrophil gelatinase-associated lipocalin Lcn2 -6.1
Protein S100-A9 $100a9 -7.8
Protein S100-A8 $100a8 -8.8
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Figure 4.12 List of proteins decreased in abundance in Pellino2-deficient mouse lungs
after 24-hour elastase treatment as compared to wild type mouse lungs after 24-hour
elastase treatment

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS. After 24 hours the mice were culled and the lungs were removed. The lungs were
homogenised and prepared for analysis by label-free mass spectrometry. Proteins with a
greater than 2 fold change in expression when comparing Pellino2-deficient mouse to wild
type mouse lungs were searched and analysed with MaxQuant and Perseus. — denotes a
protein with decreased abundance in Pellino2-deficient mouse lungs as compared to wild type

mouse lungs.

166



Chapter 4

I Antioxidant activity

M Binding

I Catalytic activity

M Receptor activity
Transporter activity

Calcium binding protein M Nucleic acid binding
Cell adhesion molecule Oxidoreductase
Defense/immunity protein I Receptor

Enzyme modulator M Signaling molecule
Extracellular matrix protein Storage protein
Hydrolase W Transfer/carrier protein
Isomerase Transferase

Membrane traffic protein W Transporter

Figure 4.13 Molecular function and protein class of proteins with altered abundance in
Pellino2-deficient mouse lungs as compared to wild type mouse lungs following 24-hour
elastase treatment

The publicly available PANTHER database was used to cluster (A) molecular functions and
(B) protein classes of MS-identified proteins with altered abundance (fig. 4.11 and fig. 4.12)
in the absence of Pellino2 when comparing wild type mouse lungs after 24 hour elastase

treatment and Pellino2-deficient mouse lungs after 24 hour elastase treatment.
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4.2.10 Label-free LC-MS/MS analysis of wild type versus Pellino2-deficient mice

lungs after 14 days of repeated intranasal PBS or elastase administration

Given our previous findings that Pellino2-deficient mice develop more fibrosis and
experience greater weight loss in response to elastase-induced emphysema than wild
type mice, we next compared the proteomic profile of wild type mouse lungs and
Pellino2-deficient mouse lungs after 14 days of repeated intranasal elastase
administration. After induction of elastase-induced emphysema, Pellino2-deficient
mouse lungs differentially expressed 48 proteins with a fold change of > £1.5 as
compared with wild type mouse lungs after elastase-induced emphysema. Of the 48
proteins, 16 were increased (fig. 4.14) in abundance and 32 were decreased in
abundance (fig. 4.15) in Pellino2-deficient mouse lungs compared with wild type

mouse lungs after elastase-induced emphysema.

The proteins identified as having changed abundance when comparing Pellino2-
deficient mouse lungs to wild type mouse lungs following elastase-induced
emphysema were next analysed using the bioinformatics database PANTHER to give
a list of molecular functions (fig 4.16). The proteins changed in abundance in
Pellino2-deficient mouse lungs compared to wild type mouse lungs cover a range of
molecular functions, including catalytic activity, binding activity, structural molecules
activity, transporter activity, receptor activity, translation regulator activity,
antioxidant activity and signal transducer activity. Most of the proteins of changed
abundance were found to have catalytic activity and include MMP-9, neutrophil
elastase and myeloperoxidase. There were also a high number of proteins found to
have binding activity, such as neutrophil gelatinase associated lipocalin, SIO0A9 and
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complement component 1Q subcomponent-binding protein. Many of the proteins of
changed abundance are associated with neutrophils. This is consistent with our earlier
studies showing diminished neutrophil infiltration in Pellino2-deficient mice in

response to elastase challenge.
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Gene

Protein name name Fold change
Parvalbumin alpha Pvalb +8.8
Complement component 1 Q subcomponent-

binding protein, mitochondrial Clqgbp +4.1
SUMO-conjugating enzyme UBC9 Ube2i +3.9
Receptor expression-enhancing protein 5 Reep5 +2.5
RNA-binding protein FUS Fus +2.3
Myc box-dependent-interacting protein 1 Binl +2.2
Glycogen phosphorylase, muscle form Pygm +2.0
Claudin-18 Cldn18 +1.7
Paralemmin-1 Palm +1.7
Carbonic anhydrase 1 Cal +1.7
Adenylate kinase isoenzyme 1 Akl +1.6
Ganglioside GM2 activator Gm?2a +1.6
Calmodulin Calm1 +1.5
Eukaryotic translation initiation factor 4E Eifde +1.5
Lymphocyte-specific protein 1 Lspl +1.5
60S ribosomal protein L38 Rpl38 +1.5

Figure 4.14 List of proteins decreased in abundance in Pellino2-deficient mouse lungs
after repeated elastase instillations over 14 days as compared to wild type mouse lungs
after repeated elastase instillations over 14 days.

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS 6 times over 14 days. After 14 hours the mice were culled and the lungs were removed.
The lungs were homogenised and prepared for analysis by label-free mass spectrometry.
Proteins with a greater than 2 fold change in expression when comparing Pellino2-deficient
mice to wild type mice were searched and analysed with MaxQuant and Perseus. + denotes a
protein with increased abundance in Pellino2-deficient mouse lungs as compared to wild type

mouse lungs.
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Gene

Protein name name Fold change
Complement factor B Cfb -1.5
Complement C4-B Cab -1.5
40S ribosomal protein S5 Rps5 -1.5
Glutamate--cysteine ligase regulatory subunit Gclm -1.5
MICOS complex subunit Mic19 Chchd3 -1.5
Fibrinogen alpha chain Fga -1.5
Fibrinogen gamma chain Fgg -1.6
NADH dehydrogenase [ubiquinone] 1 alpha

subcomplex subunit 2 Ndufa2 -1.6
Inter-alpha-trypsin inhibitor heavy chain H3 Itih3 -1.7
Integrin alpha-M ltgam -1.7
Glia maturation factor gamma Gmfg -1.8
Coagulation factor XIII A chain F13al -1.9
Myeloblastin Prtn3 -1.9
Secretory carrier-associated membrane protein 3  Scamp3 -2.0
NAD-dependent malic enzyme, mitochondrial Me2 -2.0
Protein S100-A8 S100a8 -2.5
Alpha-1-acid glycoprotein 1 Orm1 -2.5
Hexokinase-3 Hk3 -2.5
Haptoglobin Hp -2.7
Glycerol-3-phosphate phosphatase Pgp -2.8
Lactotransferrin Ltf -2.8
Arachidonate 12-lipoxygenase, 125-type Alox12 -2.8
Tax1-binding protein 3 Tax1lbp3 -2.8
Matrix Gla protein Mgp -2.9
Neutrophilic granule protein Ngp -3.0
Cathelicidin antimicrobial peptide Camp -3.3
Neutrophil gelatinase-associated lipocalin Lcn2 -3.5
Myeloperoxidase Mpo -3.8
Protein S100-A9 $100a9 -4.7
Fatty acid-binding protein, adipocyte Fabp4 -4.9
Neutrophil elastase Elane -5.3
Matrix metalloproteinase-9 Mmp9 -7.7

Figure 4.15 List of proteins decreased in abundance in Pellino2-deficient mouse lungs
after repeated elastase instillations over 14 days as compared to wild type mouse lungs
after repeated elastase instillations over 14 days.

Wild type and Pellino2-deficient mice were treated intranasally with 35ug elastase in 50ul
PBS 6 times over 14 days. After 14 hours the mice were culled and the lungs were removed.
The lungs were homogenised and prepared for analysis by label-free mass spectrometry.

Proteins with a greater than 2 fold change in expression when comparing Pellino2-deficient
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mice to wild type mice were searched and analysed with MaxQuant and Perseus. — denotes a
protein with decreased abundance in Pellino2-deficient mouse lungs as compared to wild type

mouse lungs.
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Figure 4.16 Molecular function of proteins with altered abundance in Pellino2-deficient
mouse lungs as compared to wild type mouse lungs following repeated elastase
instillations over 14 days

The publicly available PANTHER database was used to cluster molecular functions of MS-
identified proteins with altered abundance (fig. 4.14 and fig. 4.15) in the absence of Pellino2
when comparing wild type mouse lungs after 6 elastase instillations over 14 days and

Pellino2-deficient mouse lungs after 6 elastase instillations over 14 days.
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4.2.11 Proteins with altered abundance in Pellino2-deficient mouse lungs at 24
hours and 14 days post initial elastase instillation compared to wild type

mouse lungs at 24 hours and 14 days post initial elastase instillation

Given there were many common proteins of changed abundance when comparing
Pellino2-deficient mouse lungs to wild type mouse lungs after both 24 hours elastase
treatment and induction of elastase-induced emphysema at 14 days, a comparison of
the proteins changed in abundance at both 24 hours and 14 days post initial elastase
instillation was carried out (fig. 4.17). 27 proteins were changed in abundance in
Pellino2-deficient mouse lungs compared to wild type mouse lungs after both 24
hours and 14 days post instillation elastase instillation. These proteins included acute
phase proteins: SI00A8, S1I00A9, alpha-1-acid glycoprotein and haptoglobin. These
proteins are associated with inflammation and may indicate that Pellino2-deficient
mouse lungs are a less inflammatory environment than wild type mouse lungs in
response to single or repeated doses of elastase. Further to this end, components of the
complement system such as complement factor and integrin alpha M were also
decreased in abundance in Pellino2-deficient mouse lungs compared to wild type
mouse lungs. The complement system is part of the immune system which is involved
in orchestrating the immune response and sensing ‘danger’ signals (Ricklin et al.,
2010). This further demonstrates the diminished immune response in the lungs of

Pellino2-deficient mice in response to elastase.

Neutrophil associated proteins were also decreased in abundance at both 24 hours and
14 days post initial elastase instillation. These proteins included neutrophilic granule

protein, neutrophil gelatinase associated lipocalin, myeloblastin- proteinase-3,
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neutrophil elastase, MMP-9 and cathelicidin antimicrobial peptide. Given the flow
cytometry data (fig. 4.1) that indicates there were lower levels of neutrophil
infiltration into the lungs of Pellino2-deficient mice compared to wild type mice in
response to elastase treatment, this would suggest that lower levels of neutrophil
infiltration are sustained in Pellino2-deficient mice in response to repeated doses of
elastase. Again, this favours a less inflammatory response to elastase in Pellino2-

deficent mice than in wild type mice.

Interestingly, proteins involved in would repair such as fibrinogen alpha chain and
fibrinogen gamma chain were decreased in abundance in Pellino2-deficient mice and
this may underlie the increased fibrosis apparent in these mice 14 days after elastase
challenge. The anti-inflammatory protein Annexin-1 was also decreased in abundance
in Pellino2-deficient mice. Importantly, a number of anti-protease proteins were
decreased in abundance in Pellino2-deficient mice. These include inter-alpha-trypsin
inhibitor heavy chain H3, leukocyte elastase inhibitor A and alpha-1- antitrypsin 1-4.
Given that in humans, deficiency in anti-proteases alone can lead to emphysema and a
new focus for treating emphysema is on administration of anti-proteases (McElvaney
et al.,2017), it is possible that in Pellino2-deficient mice, a combination of exogenous
protease administration and a deficiency in anti-proteases and wound repair proteins
could lead to the worsened emphysema phenotype seen in our studies despite a lack of

inflammation.

The only proteins that were increased in abundance in Pellino2-deficient mice
compared with wild type mice after both 24 hours and 14 days post initial elastase

instillation are Claudin-18 and receptor expression enhancing protein-5. Claudin-18 is
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a tight junction protein that is important in the maintenance of alveolar epithelial
barriers (Li et al., 2014). Increased expression of Claudin-18 in Pellino2-deficient
mouse lungs may be as a result of the increased damage seen in the lungs during
elastase-induced emphysema as compared to wild type mice (fig. 3.5 and fig. 3.7).
This suggests a possible role for Pellino2 in regulation of tight junctions that may
warrant further investigation. The role of receptor expression enhancing protein-5 is

not clear.

Alpha-1 antitrypsin 1-4 and lymphocyte specific protein-1 are two proteins of interest
because they were decreased in abundance in Pellino2-deficient mouse lungs
compared with wild type mouse lungs 24 hours after elastase treatment but increased
in abundance after 14 days elastase treatments. Alpha-1 antitrypsin 1-4 is a protease
inhibitor and lymphocyte specific protein-1 is thought to play a role in neutrophil
migration (Le et al., 2015). Again, it is not clear whether this indicates a change
towards neutrophil recruitment in Pellino2-deficient mice after 14 days of elastase
treatment and may suggest Pellino2-deficient mice have a delayed inflammatory
response. Given the range of inflammation-associated proteins that are consistently
decreased in abundance in Pellino2-deficient mice after both 24 hours and 14 days

post initial elastase instillation, it is unlikely to be the case.
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Fold change

Protein name 24 hours 14 days
Protein S100-A9 -7.8 -4.7
Lactotransferrin -4 -2.8
Fibrinogen gamma chain -1.8 -1.6
Guanine deaminase -1.7 -1.4
Neutrophil gelatinase-associated lipocalin -6.1 -3.5
Haptoglobin -2.7 -2.7
Myeloperoxidase -4.4 -3.8
Protein S100-A8 -8.8 -2.5
Myeloblastin -6.1 -1.9
Neutrophil elastase -6 -5.3
Alpha-1-acid glycoprotein 1 -2.6 -2.5
Inter-alpha-trypsin inhibitor heavy chain H3 -2.3 -1.7
Cathelicidin antimicrobial peptide -4.9 -3.3
Complement factor B -1.6 -1.5
Neutrophilic granule protein -6 -3
Fibrinogen alpha chain -1.9 -1.5
Ribose-5-phosphate isomerase -1.6 -1.3
Integrin alpha-M -5.7 -1.7
Leukocyte elastase inhibitor A -1.8 -1.4
Inosine-5'-monophosphate dehydrogenase 2 -3.2 -1.4
Matrix metalloproteinase-9 -3.4 -7.7
Alpha-1-antitrypsin 1-4 -1.8 +1.3
Annexin Al -1.7 -1.3
Carbonic anhydrase 1 -1.7 +1.7
Lymphocyte-specific protein 1 -1.5 +1.5
Claudin-18 +1.5 +1.7
Receptor expression-enhancing protein 5 +1.7 +2.5

Figure 4.17 Proteins with altered abundance at both 24 hours and 14 days after initial

elastase instillation in the absence of Pellino2

List of proteins with altered abundance at 24 hours and 14 days post initial elastase instillation
in the absence of Pellino2 identified in fig. 4.11, fig. 4.12, fig. 4.14 and fig. 4.15. + denotes a
protein with increased abundance in Pellino2-deficient mouse lungs as compared to wild type

mouse lungs. — denotes a protein with decreased abundance in Pellino2-deficient mouse lungs

as compared to wild type mouse lungs.
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4.3 Discussion

The results in chapter 3 from in vivo experiments using the elastase induced-
emphysema model in Pellino2-deficient mice suggested an important role for Pellino2
in the regulation of inflammatory processes in the lung. The molecular and cellular
basis to the effects of Pellino2 was probed in this part of the study by analysis of the
initial inflammatory response to in vivo elastase administration, in vitro methods and
identification of proteins with changed abundance in Pellino2-deficient mouse lungs
compared with wild type mouse lungs after treatment with elastase for 24 hours and

14 days.

Cellular infiltration into the lungs is a common feature of the elastase-induced
emphysema model (Barnes, 2004). Given the reduction in inflammation in Pellino2-
deficient mice 24 hours after intranasal elastase instillation, it was hypothesised that
Pellino2-deficient mice may experience lower levels of cellular infiltration into the
lungs following intranasal elastase treatment as compared to wild type mice. Cellular
infiltration was examined by flow cytometry. Myeloid cell migration and B-cell
migration into the lungs was significantly reduced in Pellino2-deficient mice
compared to wild type mice 24 hours after elastase instillation (fig. 4.1 and fig. 4.2
(B)). This correlates with data showing that in the absence of Pellino2, mice have a
diminished inflammatory response to overnight elastase treatment with a significant
reduction in pro-inflammatory cytokine production (fig. 3.1). Given that the levels of
the chemokine CXCL1/KC were diminished in Pellino2-deficient mice in response to

elastase treatment as compared with wild type mice, studies were performed to assess
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if Pellino2 is involved in mediating cellular migration directly or whether it has a cell-

intrinsic role in regulating the expression of chemokines.

Neutrophil migration ability was examined using a transwell plate, where neutrophils
migrate towards a chemokine source. This protocol has been previously demonstrated
as an effective way of assessing neutrophil migration (Kanayama et al., 2015).
Neutrophils from Pellino2-deficient mice showed the same migratory capacity as
neutrophils from wild type mice (fig. 4.4) in response to the chemokine CXCL2.
Therefore it was next examined if the reduced cellular infiltration seen in elastase-
induced emphysema was due to reduced chemokine production in Pellino2-deficient
cells. To examine chemokine production, CXCL1 production was driven by treatment
of macrophages with TNFa and IL-17 production. The synergistic effects of IL-17
and TNFa have been shown previously to drive CXCLI production albeit in
endothelial cells (Griffin et al., 2012). For the purposes of this investigation both
CXCL1 and CXCL2 production was assessed using this treatment. The expression
levels of CXCL1 and CXCL2 (fig. 4.3) were not affected in Pellino2-deficient
macrophages examined in vitro. Macrophages were used for chemokine investigations
because although T-cells, neutrophils and airway epithelial cells are involved in
production of pro-inflammatory cytokines in emphysema, macrophages are a source

major source of these inflammatory mediators (Wynn and Vannella, 2016).

As Pellino2 did not appear to be involved in mediating neutrophil migration directly
or regulating chemokine production, the role of Pellino2 in mediating pro-
inflammatory responses in neutrophils was next examined. Stimulation of neutrophils

with classically activating factors caused induction of IL-6 and TNFa to similarly
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high levels in wild type and Pellino2-deficient neutrophils (fig. 4.5). However,
stimulation with NLRP3 inflammasome activating factors resulted in strong
expression of IL-1f in wild type neutrophils but expression was significantly reduced
in Pellino2-deficient neutrophils (fig. 4.6A). Expression of IL-6 and TNFo was
similar in wild type and Pellino2-deficient neutrophils (fig. 4.6B and fig. 4.6C). This
led to the conclusion that similar to macrophages, Pellino2 mediates NLRP3
inflammasome induced IL-1f expression in neutrophils. We hypothesise that reduced
NLRP3 inflammasome mediated IL-1f production in the absence of Pellino2 may
lead to reduced pro-inflammatory cytokine expression and cellular infiltration in

Pellino2-deficient mice following intranasal elastase treatment.

This is supported by studies carried out in IL-1R-deficient mice. IL-1R-deficient mice
have a diminished inflammatory response to overnight elastase treatment, with low
expression levels of IL-18, TNFa, CXCL1/KC and IL-6 and reduced neutrophil
infiltration as compared to wild type mice (Couillin et al., 2009). This study also
demonstrated that the NLRP3 inflammasome is important for the production of IL-1f
in response to elastase treatment in mice. This demonstrates that lower levels of IL-1
signalling can lead to reduced pro-inflammatory cytokine expression and cellular
infiltration in response to elastase which may explain the diminished inflammatory
response seen in Pellino2-deficient mice. To further test the role of NLRP3-mediated
IL-1f in elastase-induced emphysema, experiments could be carried out where mice
are treated with an IL-1R antagonist such as Anakinra or drugs which specifically
block the NLRP3 inflammasome such as MCC950 following elastase instillation

(Chen et al., 2018). Comparison of the phenotypes observed in these treatment
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groups to that of Pellino2-deficient mice would further verify a role for Pellino2 in

elastase-induced emphysema as a mediator of IL-13 production.

The effect of Pellino2 deficiency on other processes involved in the development of
emphysema such as cell death was also examined. Apoptosis is a programmed form
of cell death that is important in the development of elastase-induced emphysema
(Hou et al., 2013). As such, it was hypothesised that Pellino2 may be playing a role in
regulation of cell death which may lead to the altered phenotype of elastase-induced
emphysema seen in Pellino2-deficient mice. Examination of levels of apoptosis using
TUNEL assay, however, showed no difference between wild type and Pellino2-
deficient mice in response to elastase (fig. 4.7). These studies gave insight into the
unique functionality of the Pellino family of proteins as it appears Pellino2 does not
regulate apoptosis at least in response to elastase in the lungs whilst previous studies
from our research group have detailed an important regulatory role for Pellino3 in

controlling TNFa-mediated apoptosis (Yang et al., 2013D).

Necroptosis is an inflammatory form of cell death that has also been implicated in
emphysema development (Weinlich et al., 2016). Recent reports have described
contrasting roles for Pellinol in necroptosis (Choi et al., 2018; H. Wang et al., 2017)
and Pellino3 has also been shown to interact with RIP1 and RIP2 (Yang et al., 2013b,
2013a). Necroptosis employs another RIP protein, RIP3. Given the similarity in
structure of Pellino proteins it was examined if Pellino2 could be involved in
regulation of RIP protein activation in the context of necroptosis. Lung homogenates
from wild type and Pellino2-deficient mouse lungs were examined for expression of

markers of necroptosis after overnight elastase treatment. Lung homogenates showed
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that basally, markers of necroptosis were higher in Pellino2-deficient mice than in
wild type mice. Following overnight elastase treatment, this was reversed and wild
type mice expressed higher levels of necroptosis markers than Pellino2-deficient mice
(fig. 4.8A). This suggested that Pellino2 may be regulating necroptosis. However, in
vitro studies showed that Pellino2 did not have a cell intrinsic role in mediating
necroptosis in macrophages (fig. 4.8B) suggesting that any differences in necroptotic
markers may arise as secondary effects of Pellino2 deficiency. To further confirm that
Pellino2 does not play a role in regulating necroptosis in the lungs, it would be
important to carried out necroptotic studies on alveolar macrophages and epithelial

cells of the lungs.

Given our studies showed that neutrophil migration, chemokine production and cell
death were not affected by the absence of Pellino2, a more global approach was taken
to explore the molecular basis of the reduction in inflammation and exacerbation of
pathology of elastase induced emphysema in Pellino2-deficient mice. It was
hypothesised that a change in protein profiles would be observed in Pellino2-deficient
mice as compared to wild type mice basally and also following elastase treatment.
Label free mass spectrometry was used to compare the proteomic profiles of wild type
and Pellino2-deficient mouse lungs after control treatment (PBS), 24 hour elastase
treatment and after induction of elastase-induced emphysema. Mass spectrometry
analysis of control lungs identified a number of proteins that are changed in
abundance in Pellino2-deficient mouse lungs as compared to wild type mouse lungs.
Of note, fibrinogen B chain is decreased in abundance. Fibrinogen f chain is a
primary component of blood clots. It is involved in wound repair as it guides cell

migration during re-epithelialisation (Zuliani-Alvarez and Midwood, 2015). It may
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also facilitate the immune response of innate and T-cells (Luo et al., 2013). As
fibrinogen f is involved in both wound repair and facilitation of immune response, it
is not surprising that in Pellino2-deficient mice where fibrinogen p chain is expressed
at a lower basal level compared to wild type mice, that Pellino2-deficient mice appear
to be more susceptible to injury and produce a reduced inflammatory response to

elastase.

There are also an array of anti-proteases decreased in abundance in Pellino2-deficient
mice as compared to wild type mice. The anti-proteases that are basally decreased in
abundance in Pellino2-deficient mouse lungs are serine protease inhibitor A3K,
alphal anti-trypsin 1-4 and protein AMBP, also known as inter-a-trypsin inhibitor.
We hypothesise that lower expression levels of anti-proteases and protease inhibitors
in Pellino2-deficient mice may leave these mice more susceptible to lung injury by
proteases. Evidence to support this hypothesis is demonstrated by a genetic mutation
in alphal anti-trypsin 1-4 being associated associated with spontaneous development
of emphysema in humans and in mice (Borel et al., 2018; Greene et al., 2016). Protein
AMBP has the greatest decrease in abundance in Pellino2-deficient mouse lungs
compared to wild type mouse lungs. It is involved in inhibiting the action of trypsin as
well as plasmin and lysosomal granulytic elastase (Atmani and Khan, 1995;
Pastushkova et al., 2013). The comparatively lower levels of anti-protease expression
seen basally in Pellino2-deficient mouse lungs are maintained following elastase-
treatment. The anti-proteases with lower expression in Pellino2-deficient mice as
compared to wild type mice following elastase treatment include inter-alpha-trypsin
inhibitor heavy chain 3, inter-alpha trypsin inhibitor heavy chain 4 and serine protease

inhibitor A3N. This further suggests that decreased expression of anti-proteases or
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protease inhibitors in Pellino2-deficient mice both basally and after elastase treatment
may leave Pellino2-deficient mice susceptible to more severe elastase-induced

emphysema as there are less inhibitors to counteract the effects of exogenous elastase.

An analysis of proteins found to be decreased in abundance in Pellino2-deficient
mouse lungs compared to wild type mouse lungs at 24 hours and 14 days post initial
elastase instillation also provides some explanation as to the higher level of fibrosis
associated with elastase-induced emphysema in Pellino2-deficient mice (fig. 3.7).
Inter-alpha trypsin inhibitor and leukocyte elastase inhibitor A are both decreased in
abundance in Pellino2-deficient mouse lungs at both timepoints. Reduced levels of
these protease inhibitors, along with basally reduced levels of anti-proteases and
protease inhibitors in Pellino2-deficient mouse lungs may allow for elastase to cause
more damage than in wild type mouse lungs as seen in mice with a mutated alpha-1-
antitrypsin gene (Borel ef al., 2018). As the decrease in abundance of some protease
inhibitors is sustained from 24 hours to 14 days after initial elastase instillation, the
effects of their absence may be more pronounced despite the modest reduction in their

expression in Pellino2-deficient mice.

Along with this hypothesised increased susceptibility to elastase induced damage in
Pellino2-deficient mouse lungs due to lower levels of anti-protease expression, o, 3
and vy chains of fibrinogen are decreased in abundance in Pellino2-deficient mouse
lungs at both timepoints also. As fibrinogen is involved in wound closure, repair and
re-epithelialisation, lower expression levels may result in the higher levels of fibrosis
(fig. 3.7) seen in Pellino2-deficient mice following elastase-induced emphysema.

These data suggests that Pellino2 may directly or indirectly mediate expression
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fibrinogen which has been associated with lung fibrosis using experimental animals
models (Hattori ef al., 2000). It could be hypothesised that Pellino2 may play a role in
regulation of the fibrosis in the lungs. This could be tested using a well-characterised
model of lung fibrosis such as the bleomycin model (Carrington et al., 2018) in

Pellino2-deficient mice.

24 hours after elastase treatment Pellino2-deficient mice show a number of neutrophil
associated proteins also decreased in abundance as compared to wild type mice. These
include MMP-9, neutrophil elastase, myeloperoxidase and neutrophil gelatinase
associated lipocalin. This is most likely a direct result of lower levels of neutrophil
infiltration into the lungs of Pellino2-deficient mice compared with wild type
following elastase treatment (fig. 4.1 and fig. 4.2). The decreased abundance of
neutrophil associated proteins seen 24 hours after elastase treatment in Pellino2-
deficient mouse lungs as compared to wild type mouse lungs is sustained for up to 14
days after induction of elastase-induced emphysema. Proteins such as MMP-9,
neutrophil elastase and myeloperoxidase are still decreased in abundance in Pellino2-
deficient mice. Given that at 24 hours after eclastase treatment, a decrease in
abundance of neutrophil associated proteins in Pellino2-deficient mice correlates with
decreased neutrophil infiltration as compared to wild type mice, it suggests that a
reduced level of neutrophil infiltration is sustained after elastase-induced emphysema

in Pellino2-deficient mice.

Some acute phase inflammatory proteins are decreased in abundance at 24 hours and
14 days post initial elastase instillation in Pellino2-deficient mouse lungs compared to

wild type mouse lungs. These include SI00A8 and S100A9. SI00A8 and S100A9 are
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constitutively expressed in the cytosol of neutrophils and expressed by macrophages
in inflamed tissue (Foell et al., 2006). There is abundant evidence that SI00A8 and
S100A9 are involved in neutrophil migration. SI00AS8 is a chemotactic factor for
neutrophils (Yano et al., 2010) and S100A9 promotes neutrophil adhesion (Anceriz
et al., 2007). This has been demonstrated by injection of purified human S1I00A8 and
S100A9 into the air pouch of mice leading to increased neutrophil recruitment to the
site of injection (Ryckman et al., 2003). The lower levels of SIO0A8 and S100A9
therefore correlates with the lower levels of neutrophils seen in Pellino2-deficient
mouse lungs following elastase treatment as compared to wild type mice. Pellino2
may be regulating the expression of SI00A8 and S100A9 in response to elastase

either directly or indirectly through reduced immune cell migration.

These data suggests a new role for Pellino proteins in regulation of anti-protease
expression even at a basal level. It also suggests a role for Pellino proteins in
regulation of tissue repair associated proteins such as fibrinogen. These are new
regulatory roles for Pellino2 that have not been previously documented and suggest
that Pellino proteins may be involved in regulating expression of proteins other than
inflammatory signalling molecules. This presents important new insights into Pellino2
biology. It would be necessary to validate these mass spectrometry results by western
blot to confirm fold changes in Pellino2-deficient mouse lungs however, this was not

carried out due to time constraints of the study.
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5 Discussion

5.1 General discussion

Pellino proteins are a family of E3 ubiquitin ligases consisting of Pellinol, Pellino2
and Pellino3. The research question posed in this thesis aimed to examine the role of
Pellino2 in the innate immune response with a specific focus on lung immunology.
Pellinol has been implicated in the immune response to rhinovirus (Bennett ef al.,
2012), Pellino2 has been previously implicated in NLRP3 inflammasome function
(Humphries et al., 2018) and Pellino3 has also been implicated in gut immunology
(Yang et al. 2013). This thesis built upon the previous roles for Pellino proteins in
giving the first physiological role for Pellino2 in lung immunology and demonstrating

the non-redundant nature of Pellino2 and Pellino3 proteins.

The role of Pellino2 in regulation of lung immunology was examined using a severe
damage model of elastase-induced emphysema, an important component of COPD.
Pellino2-deficient mice treated with elastase have a diminished inflammatory
response including lower levels of inflammatory cytokines and cell infiltration as

compared to wild type mice. We hypothesise that this may be a result of reduced
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NLRP3 inflammasome activation in Pellino2-deficient mice as the response seen is
similar to the response seen in IL-1R-deficient or ASC-deficient mice (Couillin et al.,
2009) and Pellino2 has been implicated in positive regulation of NLRP3
inflammasome mediated IL-1f production (Humphries et al., 2018). The
inflammatory response to intranasal elastase is mediated primarily by macrophages
and epithelial cells (Mizgerd, 2008) which in turn leads to recruitment of neutrophils.
As Pellino3 has been previously implicated in the immune response of epithelial cells
(Yang et al. 2013), it may be of relevance to examine the role of Pellino2 in

regulating the immune response of epithelial cells specifically.

The data generated here may also suggest that diseases with an exaggerated
inflammatory response could benefit by blocking the action of Pellino2, which may
prevent excessive cellular infiltration and sterile inflammation. For example,
collagen-induced rheumatoid arthritis or antibody-induced rheumatoid arthritis has
been extensively modelled in mice (Caplazi et al., 2015). Given that Pellino2-
deficient mice have normal development, rheumatoid arthritis could be easily
modelled in these mice and would allow for the determination of the role for Pellino2

in cellular migration.

Pellino2 deficiency also resulted in exacerbation of pathology associated with
elastase-induced emphysema. This was associated with increased weight loss and a
higher fibrosis score in Pellino2-deficient mice than wild type mice, despite low
levels of inflammation at early timepoints. Typically, where there is reduced
inflammation at an early timepoint in response to elastase, emphysema does not

develop as severely at a later timepoint. This has been shown in relation to IL-1R-
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deficient, MyD88-deficient and ASC-deficient mice (Couillin et al., 2009; Lucey et
al., 2002). These studies used a single dose of elastase whereas the model used here
involved administration of several doses of elastase resulting in a more severe
phenotype that is thought to resemble the human phenotype of emphysema more
closely (Kennelly et al., 2016; Liithje et al., 2009). Our results suggest that lack of
inflammation at an early timepoint in Pellino2-deficient mice may not be sufficient to
prevent development of emphysema where the injurious insult is continually present.
One possible explanation for the worsened phenotype seen in the lungs of Pellino2-
deficient mice may be that these mice express lower levels of anti-proteases than wild
type mice. It has been well established that a protease/anti-protease imbalance leads to
degradation of lung tissue (Lomas, 2016). The role of Pellino2 would need to be
examined further to identify whether reduced levels of anti-proteases in Pellino2-
deficient mice is the result of reduced anti-protease production or if the anti-proteases
are misfolded and remain in the liver. It may therefore be of interest to examine the
liver for damage in Pellino2-deficient mice before and after elastase administration as
reduced alphal anti-trypsin in humans is typically the result of misfolded alphal anti-
trypsin accumulating in the liver leading to autophagy and weight loss (Teckman,

2013).

The lack of inflammation followed by higher levels of fibrosis in Pellino2-deficient
mice in response to repeated intranasal elastase administration could also be a result
of poor repair responses. The data presented here demonstrated that Pellino2-deficient
mice have diminished cellular infiltration in response to elastase at early timepoints as
compared to wild type mice and there are lower levels of expression of neutrophil

associated proteins in Pellino2-deficient mice after repeated elastase exposure. This
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would suggest that cellular infiltration and inflammation are at lower levels in
Pellino2-deficient mice in response to elastase as compared to wild type mice, which
may prevent repair occurring in the lungs. Landmark studies have demonstrated that
macrophage infiltration is crucial for activation of the repair process (Leibovich and
Ross, 1975; Polverini et al., 1977; Lucas et al., 2013). Macrophage derived factors
have been shown to promote fibroblast differentiation, regulate ECM remodelling and
produce wound-associated VEGF which promotes angiogenesis at wounded sites
(Lucas et al., 2013). Without inflammation and infiltration in Pellino2-deficient mice
in response to elastase, there is also reduced expression of Annexin Al which has
been previously demonstrated to play a positive role in promoting tissue repair
(Perretti and D’Acquisto, 2009). Conditional macrophage depletion has been
previously carried out (Lee et al., 2014) to study energy homeostasis and may provide
a novel mechanism of examining elastase-induced emphysema in wild type mice
where macrophage infiltration would not occur. This could provide useful insights
into the role of macrophages in wound repair in the lungs and a comparison for the

pathology seen in Pellino2-deficient mice following elastase-induced emphysema.

Another possible explanation for the worsened phenotype seen in Pellino2-deficient
mice is alluded to by the emerging role for E3 ubiquitin ligases in fibrosis. For
example, the E3 ubiquitin ligase fibrosis inducing ligase 1 (FIEL1) stimulates TGFf
signalling and is highly expressed in the lungs of patients with idiopathic pulmonary
fibrosis (IPF), a fibrotic lung disease (Lear et al., 2016). It was found that a small
molecule inhibitor of FIEL1 attenuated fibrosis in mice (Lear et al., 2016). This
suggests that E3 ubiquitin ligases may be important in development of fibrosis in the

lungs. This is further illustrated by the involvement of another E3 ubiquitin ligase
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mouse double minute 2 (MDM2) in IPF. MDM2 regulates p53, a protein associated
with DNA damage and apoptosis (Kuwano et al., 1996). Epithelial cells from IPF
patients have significantly higher levels of active pS3 and MDM2 expression is also
significantly increased in patients with IPF (Nakashima et al., 2005). BRCA-1
associated RING domain 1 (BARDI1) is an E3 ubiquitin ligase that has been
associated with fibrosis development in mice. It was found to be upregulated in
bleomycin challenged mouse lungs, a model of fibrosis in the lungs (Baer and
Ludwig, 2002). BARDI1 is thought to mediate pro-fibrotic functions through
regulation of fibroblast proliferation and extracellular matrix deposition (André et al.,
2015). These studies suggest a role for E3 ubiquitin ligases in regulating fibrosis,
which offers a new avenue for investigation into the physiological roles of Pellino
proteins. In light of data presented in this thesis, it may be of interest to examine
fibrosis in bleomycin challenged Pellino2-deficient mice and ascertain definitively

whether Pellino2 plays a role in regulation lung fibrosis.

To further understand the role of Pellino2 in lung immunology, respiratory infection
was also examined in our studies. Chronic P. aeruginosa respiratory infection
commonly occurs in patients with cystic fibrosis and COPD (Emerson et al., 2002;
Murphy et al., 2008). P. aeruginosa is antibiotic resistant in nature (Zavascki et al.,
2010). Therefore, it was examined if Pellino2 is involved in defence against
respiratory infection with P. aeruginosa as it could act as a novel therapeutic target
for treatment of infection. The research carried out here shows that Pellino2
deficiency improves survival in response to acute P. aeruginosa respiratory infection
in mice. This correlates with reduced bacterial load in the lungs of Pellino2-deficient

mice. It is possible that Pellino2 deficiency leads to impaired NLRP3 inflammasome
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activation. Interestingly downregulation of NLRP3 leads to improved survival and
reduced bacterial load following P. aeruginosa respiratory infection in mice (Deng et
al., 2015; Tannitti et al., 2016). The improved survival of Pellino2-deficient mice in
response to respiratory infection with P. aeruginosa implies that blocking or
inhibiting the action of Pellino2 may be useful in the treatment of P. aeruginosa
infection. Given the antibiotic resistant nature of P. aeruginosa, inhibition of Pellino2
offers a novel opportunity for controlling infection. However, the studies carried out
here only offer a brief insight into the role of Pellino2 in lung defence against
bacterial pathogens. Further work is needed to assess the exact mechanisms by which

Pellino2 influences survival in response to respiratory infection.

The work in this thesis has also highlighted that Pellino proteins, although structurally
similar carry out significantly different functions. Building on the work of Humphries
et al. (2018), which showed Pellino2 to regulate the NLRP3 inflammasome, the work
here showed that Pellino3 does not share this role. This is important as it demonstrates
that Pellino proteins may not carry out redundant functions. This was further
illustrated where Pellino3 does not regulate the immune response during elastase-
induced emphysema in mice. The results here also further our understanding of the
Pellino family of proteins in proposing roles beyond regulation of inflammation. To
date, these proteins have been studied mainly in relation to regulation of the immune
response. The results here suggest that Pellino2 may be regulating not only
inflammation but also anti-protease production and possibly fibrosis, which are
distinct cellular processes. Further analysis is needed to conclude and build upon this
work regarding the role of Pellino2 in lung immunity however, this thesis has defined

a new area of interest for research regarding the Pellino family of proteins.
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5.2 Concluding remarks

Research regarding Pellino proteins has focused on their role in regulating the
immune response. The work carried out in this thesis, demonstrates a new role for
Pellino2 in regulation of the immune response in the lungs in varying capacities.
Pellino2 may be important in regulating emphysema induction and progression which
has suggested a role beyond inflammation in fibrotic processes, mucin and anti-
protease production. These effects may be mediated by regulation of the immune
response of epithelial cells but further work is needed to confirm this. Pellino2 may
also be an important regulator of colonisation of P. aeruginosa in the lungs. As there
are limited effective treatments for emphysema and P. aeruginosa are antibiotic
resistant in nature, this highlights the importance of identifying Pellino2 as a potential
novel therapeutic target. Of biochemical interest, this work has shown that Pellino2
and Pellino3 are non-redundant and may serve unique functions regarding

inflammasome function and hence emphysema development.
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