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Abstract

Toll-like receptors (TLRs) play an important role in mediating the host’s response to
invading pathogens. In humans, they comprise of a family of ten pattern recognition
receptors (PRRs) located on innate immune cells. They mediate pro-inflammatory
signals through their Toll/Interleukin-1/Receptor (TIR) domains by recruiting adaptor
molecules through TIR/TIR interactions. Down-stream signals are mediated through a
combination of phosphorylation, ubiquitination and degradation events; finally
culminating in the transcription of pro-inflammatory genes which initiate the anti-

microbial response.

Work presented in this thesis demonstrates that non-synonymous polymorphisms
(SNPs) present in TLR6 and the TLR adaptor MyD88 adaptor like (Mal) play a role in
the pathogenesis of infectious disease. A serine to leucine SNP at position 180 of Mal
provides protection from infectious diseases, malaria, tuberculosis (TB), invasive
pneumococcal disease (IPD) and bacteraemia. Individuals who are heterozygous for
Mal (S180/1.180) have half the risk of suffering from malaria, TB, bacteraemia and
[PD with a fourfold decreased risk of severe malaria. A non-synonymous SNP found
in TLR6 at position 30 changes aspartic acid to an asparagine, and causes a seven fold
increase in susceptibility to IPD and septicaemia. The microbes which mediate these
diseases are known to be recognised by extracellular TLRs such as TLR4, TLR2 and
TLR6, providing a link between the presence of the invading pathogen and the TLR

signalling system.

Utilising this information two questions arose, firstly, “could this genetic information

be used to understand more about the biochemistry of Mal and TLR6?” and secondly,

Xix



“could a mechanistic explanation be provided for the genetic association of Mal and

TLR6 with disease?”

Investigative studies into the functional relevance of these polymorphisms revealed
that the Mal L180 displayed decreased signalling when challenged with the TLR2
ligand MALP-2 and showed decreased binding capacity to TLR2 compared to the Mal
S180. Peptides based on the S180 region of Mal were used to test the binding
capacity of Mal to bind TLR2. The peptides containing S180 disrupted the interaction
whereas a scrambled version of the peptide had no effect. Each peptide was tethered
to an internalisation sequence and was subsequently tested on its ability to influence
TLR-2 induced cytokine production in PBMCs. Inconclusive results were obtained
however, due to non-specific effects. Confocal microscopy analysis revealed
translocation of both S180 and L.180 Mal into the cytosol, possibly due to the ability
of both forms to bind MyD88. Defective trafficking does not therefore explain the
impairment in function of Mal L.180. Investigative studies involving the TLR6 N30
variant found that secondary structure modelling studies revealed a difference in the
signal peptide region of the variant compared to TLR6 D30. It was also revealed that
a dramatic increase in signalling and cytokine production occurred when the TLR6
N30 variant was stimulated with TLR2/6 ligand compared to TLR6 D30 form in
stably transfected cells. This exciting finding suggests that increased signalling by the

TLR6 variant may cause increased susceptibility to IPD and septicaemia.

This novel study reveals an important link between variants of TLR6 and Mal with
infectious diseases. Utilising information obtained from genetic association studies
and linking it with biologically significant inflammatory signalling effects, has

provided a possible mechanistic explanation for the development of common

XX



infectious diseases. This thesis contributes to the validation that that TLR signalling

pathways are important in the pathogenesis of disease.
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Chapter 1 Introduction

Chapter I Introduction

Human evolution has been greatly impacted upon by infectious diseases, environment,
changes in human lifestyles and population densities. Mortality caused by infectious
diseases affects reproductive success and so has influenced the human genotype over
millions of years. The human genome has been affected by both pre-historic and
modern diseases that are now influencing the human population such as malaria, HIV
and tuberculosis (Cox, 2002). Consequently variants of genes that are beneficial to the

host have been sustained and variants influencing susceptibility deleted out.

The identification of polymorphisms within the innate immune system links our health

and our innate immune system with our evolutionary heritage.

Much work has been carried out by immunogenetecists to investigate the role that
genetic variants have played in mediating infectious diseases. Assessing the incidence
of genetic variants within disease populations only goes so far to address all the
questions that remain unanswered in this area. This project utilises a different path to
further elucidate the role of genetic variants in infectious disesase; by investigating the

biochemistry associated with protein variants in the innate immune system.

At the outset of this project, Professor Adrian Hill and colleagues from the Centre for
Human Genetics Oxford described two non-synonymous polymorphisms (SNPs) found
in genes of the human innate immune system. Both have been found to impact the
disease outcome of patients who contract infectious diseases. The first is a

polymorphism in the Toll-like receptor (TLR) adaptor MyD88 adaptor like (Mal) and



Chapter 1 Introduction

the second is described in TLR6. The Mal SNP has been found to provide protection
from infectious diseases such as malaria, tuberculosis (TB) and invasive pneumococcal
disease (IPD). The TLR6 SNP has been found to have the opposite effect in that it
causes susceptibility to IPD. This project concerns an effort to identify a functional
mechanism within the innate immune system for the protection afforded by the Mal

variant and the susceptibility caused by the TLR6 variant to infectious disease.

1.1 The immune system

The mammalian body is susceptible to infection by many forms of pathogens such as,
bacteria, viruses and parasites. Throughout evolution the mammalian immune system
has developed two arms of defence; the innate and the adaptive immune system. The
innate system represents the early host response system which recognises and responds
to the presence of invading pathogens. The adaptive immune response involves the
response of antigen specific lymphocytes which have been generated by clonal selection
to specific antigen. The adaptive immune response also involves the generation of
immunological memory allowing enhanced immune response to a previously

encountered antigen.

1.2 The innate immune system

The epithelial surface of the vertebrate system keeps pathogens out. It acts as a barrier,
providing protection from the colonization of bacteria and viruses by secreting
antimicrobial enzymes and peptides. Pathogens that overcome the epithelial surface are
faced with the innate immune system (Gibbons, 1992, Krisanaprakornkit et al., 2000).

The innate immune system consists of immune effector cells such as macrophages,
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neutrophils, dendritic cells (DCs), natural killer (NK) cells and much more. The innate
immune cells first detect the presence of microorganisms in the tissue and secondly the
pathogen is ingested and destroyed (Aderem and Underhill, 1999). The immune cells
detect pathogen-associated molecular patterns (PAMPs), these patterns are
evolutionarily conserved molecular patterns present on the surface of the invading
microbes which are essential for their survival, and so have not been changed over
millions of years (Aderem and Underhill, 1999). The macrophage recognises the
pathogen by specific germline-encoded receptors, known as pattern recognition
receptors (PRRs). These receptors can discriminate between pathogen and host
molecules, enabling the macrophage to engulf the pathogen and destroy it by means of
the phagolysosome. The activation of the macrophage leads to the up-regulation of the
inflammatory response and the production of pro-inflammatory molecules such as
interleukin-1 (IL-1), IL-6 and TNF-a (Svanborg et al., 1999). These molecules cause
what is known as the ‘acute phase response’, increasing body temperature through
activation of the hypothalmus, causing mobilization of neutrophils to the area of
infection and causing increased phagocytosis. TNF-a stimulates the migration of DCs
to lymph nodes to allow maturation to occur and to activate the adaptive immune
system. The ‘acute phase response’ also activates the ‘complement system’ which
activates plasma cells and antibody production (Lowenstein and Matsushita, 2004,

Frank and Fries, 1991).

The release of cytokines by activated macrophages also recruits DCs and NK cells to
the area of infection. Invasion by intracellular bacteria such as Listeria monocytogenes
and viruses activates the DCs and NK cells to produce IL-12 and IFN-y (IFN-y)
respectively. A combination of these cytokines and presentation of bacterial antigens

by major histocompatibility class (MHC) II activate naive CD4 T cells which become
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committed to becoming activated THI1 cells. Activated TH1 cells mount a T cell
mediated immune response. By producing IL-12 they activate cytotoxic CD 8 T cells
which block viral replication within cells and target infected cells for destruction. By
producing IFN-y they positively feed back to up-regulate macrophages to produce
reactive oxygen species and reactive nitrogen species thus destroying intracellular
pathogens. THI cells also produce tumor necrosis factor-p (TNF-B) which activates

macrophages, inhibits B cells and is cytotoxic to certain cells.

Extracellular antigens such as those from Staphylococcus aureus or Streptococcus
pneumonia tend to stimulate a TH2 response. In the presence of these extracellular
pathogens DCs and NK cells produce 1L.-4 and endothelial cells produce IL.-6. These
cytokines activate naive CD4 T cells which are then committed to becoming TH2 cells.
TH2 cells produce cytokines such as IL-1, IL-5, IL-13 and IL-10. IL-4 and IL-5
activate B cells to produce antibodies which can opsonise and neutralize invading

pathogens.

The generation of the innate immune response initiated by PRRs on the surface of
immune effector cells is the focus of this project. This project endeavours to generate a
greater understanding of how evolution has permitted variations to occur in components
of the immune system and to further understand the biochemical implications that these

variations have on signalling pathways within the mammalian body.
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1.3 Combating infectious diseases — signalling through TLRs

Innate immune effector cells possess PRRs to recognise the present of invading
microorganisms. An important class of PRRs are the Toll-like receptors (TLRs) (Rock
et al., 1998). TLRs are class 1 transmembrane receptors which contain an N-terminal
leucine-rich repeat (LRR) domain, a transmembrane domain and a C-terminal
cytoplasmic domain (West et al., 2006). The cytoplasmic domain shares a high degree
of homology with the type-1 IL-1 receptor and hence is termed the Toll/IL-1 receptor
(TIR) signalling domain (O'Neill, 2000). At present 10 members of the TLR family
have been found in humans. Genetic studies have been employed to reveal the various
ligands that the TLRs recognise. Figure 1.1 displays the different ligands that are
recognised by the TLRs. Lipopolysaccharide (LPS) from gram negative bacteria is
recognised by TLR4 (Poltorak et al., 1998, Hoshino et al., 1999). TLR2 recognises the
presence of lipopeptides and lipoprotein from gram positive bacteria and lipopeptide
from mycoplasma. When operating in combination with TLR1 or TLR6, TLR2 can
expand its repertoire of antigens that it recognises. A heterodimer of TLR1 and TLR2
recognises triacylated lipopeptides and a heterodimer of TLR6 and TLR2 recognises
diacylated lipopeptides (Ozinsky et al., 2000). Ligands for other TLRs include; double
stranded RNA (dsRNA) which is produced by replicating viruses and is recognised by
TLR3 (Alexopoulou et al., 2001); flagellin is a component of flagella from flagellated
bacteria and is recognised by extracellular TLRS (Hayashi et al., 2001). TLR7
recognises single stranded RNA (ssRNA) from viruses and also recognises the synthetic
compound imiquimod, TLR8 recognises ssRNA and the agonist 3M002 (Hemmi et al.,
2000, Heil et al., 2004, Hemmi et al., 2002, Larange et al., 2009). TLR9 recognises
unmethylated CpG DNA motifs and malaria associated haemozoin (Hemmi et al., 2000,

Lund et al., 2003, Coban et al., 2005). The ligand for TLR10 is currently unknown.
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1.4 Extracellular TLR signalling by TLR 1,2,4,5 and 6

Ligand induced heterodimerization of TLR2 with TLR1 or TLR6 up-regulates
downstream signalling, likewise LPS homodimerization of TLR4 up-regulates
downstream signalling (Nunez Miguel et al., 2007). The signalling cascades created by
TLR2 and TLR4 are shown in figure 1.2. The gram negative cell wall component LPS
binds to plasma protein LPS-binding protein (LBP). Subsequently the receptor protein
CD14 binds to the LPS bound LBP complex. Both CD14 and LBP have leucine rich
repeat domains which form a complex with TLR4 and MD2. Park and colleagues
showed that in the absence of LPS, TLR4 and MD2 can associate. However,
dimerization of the TLR2/MD2 complex with a second TLR4/MD2 complex only
occurs following LPS binding (Park et al.. 2009). MD?2 binds to the concave surface of
the leucine rich repeats of TLR4. LPS consists of six lipid chains, five of the lipid
chains become buried within a hydrophobic pocket of MD2 while the remaining lipid
chain forms a hydrophobic chain with phenylalanine residues of TLR4. Upon binding
of LPS the MD2/TLR4 interaction becomes even more stabilized allowing subsequent
dimerization of TLR4/MD2 complexes and downstream signalling (Carpenter and
O'Neill, 2009). Dimerization of TLR4 causes a concerted conformational change
providing a scaffold that is able to bind downstream signalling adaptor proteins such as
myeloid differentiating factor 88 (MyD88), MyD88 adaptor like (Mal) (also known as
TIRAP) (Fitzgerald et al., 2001), TIR-related adaptor protein inducing interferon (TRIF)
and Trif-related adaptor molecule (TRAM) a fifth adaptor known as sterile a- and
armadillo-motif containing protein (SARM) has been found to be a negative regulator of
TLR signalling by associating with TRIF and blocking downstream NF-xB signalling
(Carty et al., 2006). Downstream signalling from TLR4 is mediated thorough the

MyD88 dependant and independent pathways. The adaptor protein Mal interacts with
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Figure 1.1 Toll like receptors and their ligands

TLRs 1, 2, 4, 5, 6 and 10 are extracellularly located. TLRs 3, 7, 8 and 9 are located on
intracellular endosomal membranes. TLR2 recognises lipoproteins and lipopeptides and
in conjunction with TLR1 recognises triacyl-lipopeptides and in conjunction with TLR6
recognises diacyl-lipopeptides. TLR4 recognsises LPS from gram negative bacteria.
TLRS recognises flagellin from flagellated bacteria. The ligand for TLR10 is as yet
unknown. The intracellular TLRs recognise viral and bacterial nucleic acids, TLR3 is
required for the recognition of double stranded RNA, TLR7 and 8 respond to single

stranded RNA while TLR9 is essential for the recognition of unmethylated CpG DNA.



Figure 1.2 Downstream signalling of human TLLR2 and TI.LR4

Extracellular TLRs interact with adaptor molecules MyD88, Mal, TRIF and TRAM via
TIR/TIR interactions to initiate downstream signalling cascades which culminate in the
up-regulation of pro-inflammatory transcription factors and anti-viral type I interferon.
TLR2 in combination with either TLR1 or TLR6 recognises peptidoglycan, lipopeptide
and lipoprotein from gram positive bacteria, lipoarabinomannan from mycobacteria,
haemaglutinin protein from measles virus and tGPI-mucin from 7yrpanasoma. TLR4
recognises LPS from gram negative bacteria. TLR4 and TLR2 signal downstream via the
MyD88 dependent pathway which results in early NF-kB expression. TLR4 and TLR2
recruit the bridging adaptor Mal which recruits MyD88 via interaction of their TIR
domains. MyD88 in turn interacts with IRAKs via their common death domains and up-
regulates a series of protein kinases, culminating in the release of NF-kB into the nucleus
up-regulating the transcription of pro-inflammatory cytokines TNFq, 1L-6 and IL-12.
Following stimulation, TLR2 and TLR4 also signal to the MAPK pathway resulting in the
phosphorylation and activation of transcription factor AP-1 which like NF-kB results in

the production of inflammatory cytokines.

TLR4 also signals through the MyD88 independent pathway resulting in late NF-kB
expression. TLR4 sequesters the bridging adaptor TRAM to recruit TRIF via their TIR
domains. The TLR4/TRAM/TRIF complex internalises after stimulation with LPS where
it recruits TRAF3 which interacts with TBK1 and IKKe mediating phosphorylation of

IRF3 and IRF7 leading to the induction of type I IFN (IFNS and IFNc).
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TLR4 and recruits MyD88 through its TIR domain while TRAM binds TLR4 recruiting
TRIF, forming a TLR4/TRAM/TRIF complex which is then recruited into early

endosomes (Kagan et al., 2008).

Signalling through TLR2 occurs in a MyD88 dependent fashion while TLR4 signals in
both a MyD88 dependent and independent fashion. Docking studies carried out by
Dunne and colleagues suggest that Mal and MyD88 bind to different regions of TLR2
and TLR4 (Dunne et al., 2003). After TLR/adaptor interactions occur, a signal
transduction pathway is activated (figure 1.2). Mal is recruited to the TIR domain of
TLR2 and TLR4, Mal then recruits MyD88 where they too interact via their TIR
domains. MyD88 subsequently mediates signalling to members of the interleukin-1
receptor associated kinase (IRAK) family (Akira et al., 2003). IRAK family members
are composed of an N-terminal death domain (DD) and a serine-threonine kinase
domain. Currently four IRAKs have been identified IRAK1, IRAK2, IRAK4 and
IRAK-M. IRAK 4 interacts with MyD88 via its DD. IRAK4 interacts with IRAK1 and
IRAK1 becomes auto-phosphorylated after 30 minutes MALP-2 stimulation (TLR2/6
ligand) (Kawagoe et al., 2008). IRAK4 associates with IRAK?2 at a later time point (4-8
hours) (Kawagoe et al., 2008). The newly established members of the TLR signalling
pathway known as Pellinos possess E3 ligase activity and have been implicated in K63
linked polyubiquitination of IRAK1. Ubiquitination involves the covalent linkage of
ubiquitin molecules to a target protein as monomers (monoubiquitination) or polymers
(polyubiquitination). Ubiquitination is carried out by the ubiquitin complex which is
composed of three enzymes which operate sequentially: the ubiquitin-activating enzyme
(E1), the ubiquitin-conjugating enzyme (E2) and the ubiquitin ligase (E3).
Polyubiquitination occurs when ubiquitin chains are linked by the carboxy-terminal

glycine of one ubiquitin to an internal lysine of another ubiquitin. Polyubiquitin chains
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can be linked through lysine 48 (K48) or lysine 63 (K63). Polyubiquitination through
K48 targets a protein to proteasomal degradation by the 26S proteasome.
Polyubiquitination through K63 facilitates various biological processes such as kinase
activity, protein trafficking involving endocytosis and lysosomal targeting (Sun and
Chen, 2004). It has also been shown that the Pellinos are phosphorylated by IRAKI
and IRAK4 which then undergo K48 linked polyubiquitination targeting them for
degradation (Butler et al., 2005, Butler et al., 2007, Moynagh, 2009). The activated
IRAKSs subsequently dissociate from MyD88 and interact with tumor necrosis factor
(TNF) receptor associated factor 6 (TRAF6). TRAF6 contains an N-terminal RING
domain that possesses E3 ubiquitin ligase activity. TRAF6 forms a complex with E2,
Ubc13 and Uevl A promoting lysine (K) 63-linked polyubiquitination of target proteins
(including itself) (Chen, 2005). TRAF6 activates transforming growth factor f-
activated protein kinase 1 (TAK1). TAKI binding protein 2 (TAB2) and TAB3 are
capable of recognising K63 linked ubiquitin chains on TRAF6, and they recruit TAK1
to TRAF6. This interaction induces the activation of TAK1 (Chen, 2005). The Pellino
proteins have also been found to bind TAK1 and TRAF6, suggesting that Pellinos may
play a role in activation of the TAK1/TRAF6/TAB1/TAB2 complex (Jiang et al., 2003).
Following phosphorylation by TAK the inhibitor of NF-kB kinase (IKK) is activated.
The IKK complex consists of IKKa, IKK[ protein kinases and the regulatory molecule
IKKy/NEMO. In un-stimulated cells the transcription factor nuclear factor-kB is
sequestered to the cytoplasm in an inactive form by members of the inhibitor of NF-xB
(IkB) family. Upon ligand stimulation IkBa is phosphorylated on serine 32 and serine
36 it then undergoes K48 linked polyubiquitination on K21 and K22 by the IKK
complex (Scherer et al., 1995, Chen, 2005). IxBa is then targeted for proteasomal

degradation. The NF-kB family of proteins can form up to 15 combinations of homo-
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or hetero-dimers and regulate expression of genes involved in innate and adaptive
immunity, inflammation, anti-apoptosis, proliferation, stress responses and cancer
progression (Gilmore, 2006, Karin and Greten, 2005). The prototypical NF-«kB is
thought to consist of subunits p65 and p50 (Ghosh and Hayden, 2008). Following IxB
degradation the NF-kB dimer translocates to the nucleus where it binds to kB sites in
promoters or enhancers of target genes, up-regulating the production of pro-

inflammatory mediators such as TNF-a, IL-6, I[L-1p and IL-12.

The activation of TAKI also mediates the activation of mitogen-activated protein
(MAP) kinases such as c-Jun N-terminal kinase (JNK) and p38. The transcription factor
activating protein-1 (AP-1) is activated by these MAP kinases (figure 1.2) (Shaulian and

Karin, 2002). These MAP kinases are also involved in mRNA stability.

TLR4 also mediates a MyD88 independent pathway (figure 1.2). Database searches
have led to the identification of TRAM also known as TICAM2 (Fitzgerald et al.,
2003). The TLR adaptor TRAM is essential for the generation of the TL.R4 mediated
MyD88-independent signalling pathway. TRAM interacts with TLR4 to recruit TRIF.
The up-regulation of the MyD88 independent pathway causes the TLR4/TRAM/TRIF
complex to form an early endosome from where it signals in a similar manner as an
intracellular TLR (Kagan et al., 2008). The sequestering of TRAM and TRIF by TLR4
leads to the induction of type I IFN. Upon stimulation these proteins are
phosphorylated by IKKs, Tank-binding kinase 1 (TBKI) and IKKe.  This
phosphorylation allows interferon response factor 3 (IRF3) and IRF7 to translocate to
the nucleus to regulate gene expression of type 1 IFN; [FNa and IFNP both of which are
essential for the initiation of an antiviral state in cells, and for the detection of malignant
cells (figurel.2) (Garcia-Sastre, 2002, Fitzgerald et al., 2003). Recently a splice variant

of TRAM known as TAG (TRAM adaptor with gold domain) has been shown to

9
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negatively regulate the MyD88 independent pathway (Palsson-McDermott et al., 2009).
TAG is a splice variant which is composed of the TIR domain of TRAM, and a Golgi
dynamics domain. Upon LPS stimulation TAG displaces TRAM from the TRIF/TRAM
complex. TRAM and TAG localise to the late endosome limiting LPS signalling.
Experiments have shown that cells deficient in TAG have enhanced signalling through
IRF3 and have increased expression of RANTES but not IL.-8, indicating that TAG is a

specific inhibitor of the MyD88 independent pathway.

1.5 Intracellular signailing by TLR 3,7, 8, and ¢

Unlike TLR 1, 2, 4, 5 and 6 which are cell surface located: TLR3, 7. 8, and 9 are located
in endosomal compartments of immune effector cells such as dendritic cells (DCs)

(figure 1.3).

TLR3 responds to dsSRNA a molecular signature of RNA viruses. TLR3 is the only
TLR that does not signal through the adaptor MyD88. Instead TLR3 utilizes the
adaptor TRIF and receptor interacting protein-1 (RIP-1) to up-regulate IFN (figure 1.3)
(Bell et al., 2005). TLR7 and TLRS are similar in sequence and form a subgroup with
TLRY which are evolutionarily related. TLR7 and TLR8 are highly expressed in DCs.
They recognise ssRNA from viruses and play a major role in the immune response
during viral infection. TLR7 also responds to the synthetic compound imiquimod,
while TLR8 responds to the synthetic resiquimod compound. DCs treated with these
synthetic compounds have been shown to induce cancer cell death (Stary et al., 2007).
TLR7 and 8 activate the adaptor MyD88 through interaction via their TIR domains.
MyD88 then signals to the IRAKs which activate both the NF-«kB pathway up-

regulating pro-inflammatory mediators, and the IRF pathway which up-regulates type-I

10



Figure 1.3 Downstream signalling of intracellular TLRs

Endocytosed viruses are detected by endosomally located TLRs 3, 7, 8 and 9. TLR3
signals downstream to activate IRF3. TLR 7 and 8 function to up-regulate IRAK 4 and 2
and signal downstream to degrade IkB releasing the NF-kB dimer p50/p65 into the
nucleus. NF-kB up-regulates transcription of pro-inflammatory cytokines. TLR7 and 9
activate the IRAK4/IRAK1 pathway leading to IRF7 activation and [FN-« transcription.
Released type I IFN activates interferon receptor (IFNAR1/2). Activated IFNAR recruits
the JAKs and STATS which form the ISGF3 complex upon IRF9 recruitment. ISGF3
signals to ISRE9 which transcribes type [ IFN. Invading viruses are endocytosed into the
cell at the plasma membrane or they inject their nucleic acids into the cytosol. Cytosolic
receptors Mda-5 and RIG-I recognise the presence of viral nucleic acids where they signal
downstream via their CARD domains to adaptor IPS-1/MAVS. IPS-1 found on the
mitochondrial membrane signals to TRAF6 and TRAF3. TRAF6 signals to MEKKI,
cfos/Jun and activates transcription factor AP1. TRAF3 signals downstream to up-

regulate IRF3 phosphorylation which activates ISRE3, whereby type I IFN is transcribed.



Type 1 IFN

Invading
Virus

[A/\ds RNA

ISGF3

(IFN-g)

L Pro-inflammatory
miR-146 cytokines

Figure 1.3 Downstream signalling of intracellular TLRs



Chapter 1 Introduction

IFN generating an anti-viral response (figure 1.3). TLRO9 recognises the presence of un-
methylated CpG DNA motifs. Un-methylated CpG DNA motifs are common in
microbial DNA but not in mammalian DNA. TLR9 is also highly expressed in DCs and
similarly to TLR7 it utilizes MyD88 to signal down the IRF pathway to up-regulate the
production of IFN-a. As it has been shown that TLR9 up-regulates the antiviral IFN-a
it is thought that TLR9 may also play a role in viral clearance. It has been recently
shown that TLR9 becomes proteolytically cleaved by cysteine proteases in
endolysosomal compartments (Park et al., 2008). The cleaved product binds to CpG
DNA motifs more tightly than the full length TLR9 and it was found that cleavage of
TLRY was required for complete activation of downstream signalling cascades. It is
believed that cleavage is carried out by more than one cysteine protease. Cathepsin-L
and cathepsin-S are thought to mediate its cleavage as it has been shown that TNF
production in response to CpG DNA is abrogated in response to cathepsin-S and
cathepsin-L deficient bone marrow derived macrophages (BMDMs). The delivery of
TLRO to lysosomal compartments requires interaction with UNC93B1. This protein
mediates TLRO localisation through the transmembrane domain of TLRO. Interfering
with the transmembrane domain of TLR9 or deleting UNC93B1 was shown to mis-

localise TLR9 to the plasma membrane instead of endosomal compartments.

1.6 Nod-like receptors (NLRs)

The NLR (nucleotide-binding domain leucine rich repeat containing) family of proteins
are a second arm of pattern recognition receptors (PRRs). They are intracellular
receptors which recognise the presence of PAMPs. The NLRs are structurally

composed of an N-terminal effector domain which can comprise of caspase recruitment
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domains as in the case of the nucleotide oligomerization domain (NODs) proteins, a
pryin domain as in the case of nacht domain leucine rich repeat and pyrin domain
containing protein (NALP) or baculovirus-inhibitor-of-apoptosis repeats (BIR) domain
for neuronal apoptosis inhibitor protein (NAIP). NLRs are comprised of a central
oligomerization domain and a C-terminal leucine rich repeat (LRR) domain (Tschopp et
al., 2003, Inohara et al., 2005). They mediate signalling cascades through homophilic

and heterophilic protein-protein interactions.

1.6.1 NOD 1 and NOD 2

Nucleotide-binding oligomerization domain 1 (NODI1) and NOD2 also known as
caspase recruitment domain 15 (CARDIS) belong to the NLR family. NODI and
NOD?2 are intracellular sensors of bacterial fragments derived from peptidoglycan.
NOD?2 recognises the presence of muramyl dipeptide (MDP) while NOD1 senses y-D-
meso-DAP (1IE-DAP) (Chamaillard et al., 20034, Girardin et al., 2003¢, Girardin et al.,
2003b, Girardin et al., 2003a). It has been recently demonstrated that NOD1 and NOD2
activating ligands most likely enter by endocytosis through a clathrin-coated pit
pathway (Lee et al., 2009). The internalization of the peptides is pH dependant and
when formed, the endosomes process the peptides by introducing endosomal enzymes
prior to transport out into the cytosol. NODI is ubiquitously expressed in adult human
tissues while NOD?2 is expressed in leukocytes, DCs and epithelial cells (Inohara et al.,
1999, Gutierrez et al., 2002). NODI and NOD2 interact with inhibitor of apoptosis
proteins (cIAP1 and cIAP2) which have been found to possess C-terminal RING-finger
domains with E3 ligase activity (figure 1.4) (Reardon and Mak, 2009). Although cIAP
proteins have CARD domains the NOD1 and NOD?2 interactions occur independently of
these; as it was found that when the CARD domains of NODI1, NOD2 and RIP2 were

mutated interaction was not abrogated. Indicating that interaction between the NODs,
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Figure 1.4 NLR mediated signalling cascades

Bacterial components of cytosolic Listeria monocytogenes are recognised by intracellular
NODI1 and NOD?2, Helicobacter pylori is identified by NOD1, Salmonella typhimurium is
recognised by NOD2. NODI and NOD2 interact with inhibitor of apoptosis proteins
(cIAP1 and cIAP2) which have been found to possess C-terminal RING-finger domains
with E3 ligase activity. cIAP1 or cIAP2 bind and ubiquitinate RIP2 adding K63 linked
ubiquitin units to the kinase protein. Ubiquitinated RIP2 binds and activates TAK1. The
kinase activity of TAKI1 activates both IKKy and MKK which culminates in the
translocation of NF-kB and MAPK into the nucleus to up-regulate the transcription of pro-
inflammatory genes and mediate antibacterial effects by the up-regulation of defensins.
The bacterial translocation complex SipB mediates the translocation of flagellin across the
plasma membrane, which is recognised by NLRP4 (IPAF), and in turn recruits ASC via
its N-terminal CARD domain. ASC then recruits and activates caspase-1, forming the

NLRP4 inflammasome.
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clAPs and RIP2 is independent of their CARD domains. Following recruitment to
NODI1 and NOD2, the cIAP proteins function as E3 ligases and mediate lysine (K) 63
linked ubiquitination of RIP2. Ubiquitination of RIP2 accounts for its activation and
subsequent binding and activation of TAK1. The kinase activity of TAK1 activates
both IKKy and MAPK kinase (MKK) which culminates in the translocation of NF-kB
to the nucleus and the activation of transcription factors cFos and Jun by MAPK to up-
regulate the transcription of pro-inflammatory genes and mediate antibacterial effects by

up-regulation of defensins.

1.7 RIG-I like receptors (RLRs)

The detection of viruses can be largely attributed to the presence of intracellular TLRs
and retinoic acid inducible gene-I (RIG-I) like receptors (RLRs) (Kawai and Akira,
2008). RLRs such as RIG-I and melanoma differentiation-associated gene-5 (Mda-5)
are cytoplasmic helicases and are localised to the cytoplasm (figure 1.3). RIG-I and
Mda-5 contain a DExD/H box RNA helicase domain and two CARD-like domains
(Kawai and Akira, 2008). They recognise viral RNA and upon recognition of their
ligands they signal downstream to NF-kB, MAP kinases and IRFs which transcribe
genes encoding type I IFN and pro-inflammatory cytokines.  RIG-I specifically
recognises S’triphosphate containing viral RNA and up-regulates a downstream

signalling cascade.

Downstream of RIG-I and Mda5 is an adaptor molecule known as mitochondiral
antiviral signalling adapter (MAVS) also known as IPS-1. MAVS has an amino-

terminal CARD domain and a carboxy-terminal transmembrane domain that localizes it
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to the mitochondrial membrane. MAVS functions to activate [FN-a, IFN-f and NF-xB
promoters in a TBK1 dependent manner (Seth et al., 2005). MAVS signals to
downstream TRAF3, TANK and NAP1, where the signal encounters the kinase proteins
IKK-¢ and TBK1. The IKK-¢/TBK1 complex activates the inactive IRF-3. Activation
of IRF-3 requires the phosphorylation of multiple serine/threonine residues at its
carboxy terminus (Lin et al., 1998). The phosphorylation of IRF-3 on serine clusters is
carried out by TBK-1 and IKK-¢ allowing dimerization of IRF3 to occur followed by
the accumulation of the IRF3 dimer in the nucleus. The IRF3 dimer forms a complex
with transcription factors ATF-2/c-Jun(AP-1) and NF-kB (p65 and p50 heterodimer)
and co-activators CBP/p300 allowing it to bind to DNA in a sequence specific manner
(Lin et al., 1998, Lin et al., 1999, Qin et al., 2003, Yoneyama et al., 1998). The up-
regulation of IFN protects the host from viral infection.

Recently RIG-I disruption in mice has been implicated by Wang Yi and colleagues in a
colitis-like phenotype. RIG-I deficient mice were found to have a reduced body weight
which was caused by severe damage and inflammatory infiltration into the mucosa of

the colon (Wang et al., 2007).

1.8 C-type lectin receptors (CLRs)

C-type lectin receptors (CLRs) are a family of PRRs that are expressed by DCs. They
interact with a large number of pathogens by recognising the presence of non-self
glycoproteins and stimulate the inflammatory system to produce pro-inflammatory
cytokines, promote phagocytosis and elicit the respiratory burst. CLRs C-type lectin
domain family (CLEC-1) and DC-associated C-type lectin-1 (Dectin-1) signal through

Syk dependent pathways (Fuller et al., 2007). Dectin-1 and DC-specific ICAM3
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grabbing non-integrin (DC-SIGN) have been implicated in recognising PAMPs from
PRRs, while intracellular CLRs have been found to modulate TLR responses to
pathogens and also have been found to exert responses independent to TLRs (van Vliet
et al., 2007). Syk activation by Dectin-1 induces caspase recruitment domain 9 (Card9)-
dependent activation of NF-kB. The activation of Dectin-1 by fungal-f glucans leads
directly to TLR independent cytokine induction (Gross et al., 2006). Recently DC-
SIGN has been shown to modulate TLR4 signalling. Several pathogens including
Mycobacterium tuberculosis have been found to target DC-SIGN on DCs modulating
the immune response promoting their survival. Binding of the mannose-capped
lipoarabinomannan (Man LAM) ligand to DC-SIGN inhibits LPS induced TLR4
signalling and increases the production of immunosuppressive cytokine IL-10
(Gringhuis et al., 2007, Geijtenbeek et al., 2004). Man LAM activated DC-SIGN also
activates the serine and threonine kinase Raf-1 independently of TLR signalling.
Activation of Raf-1 then causes acetylation of NF-kB subunit p65 but only after it has
been activated by TLR signalling. Acetylation of p65 causes prolonged NF-kB activity

and enhanced IL-10 gene transcription (Gringhuis et al., 2007).

1.9 Functionally validated single nucleotide polymorphisms (SNPs)

Mutagenesis studies have identified functionally important amino acids in TLRs and
their adaptors. A different approach to identifying functionally important amino acids
in the TLRs and the adaptors is to identify the mis-sense SNPs that have been shown to
have a possible role in disease progression. An analysis of the literature surrounding the
role of SNPs in disease progression reveals much about the important regions within

these proteins.
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1.9.1 SNPs associated with TLR1

The extracellular receptor TLR1 has two functionally validated non-synonymous SNPs,
Pro315Leu and Ile602Ser. SNP Pro315Leu (P315L) is found in the outer loop of LRR
11. The largely hydrophobic leucine residue greatly impairs response to lipopetides.
The outer convex side of the TLR1 extracellular domain provides the interface for
interactions with ligand or TLR2 and/or components of the TLR1/TLR2 activation
complex (Omueti et al., 2007). Population studies from the National centre for
biotechnology information (NCBI) indicate that Pro315Leu is present in approximately
2% of the human population (figure 1.5). The most common TLR1 SNP among
Caucasians to affect disease in humans is the Ile602Ser TLLR1 SNP present in
approximately 50% of the human population. Ile602Ser is associated with decreased
incidence of leprosy, a chronic skin and peripheral nerve system disease caused by
Mycobacterium leprae (figure 1.5) (Johnson et al., 2007). 1le602 is present in the
transmembrane domain of TLR1. Individuals who are homozygous for 602SerSer have
lower surface expression levels of TLR1 on monocytes compared to 602lleSer
heterozygous individuals or 602llelle homozygous individuals. A diminished TLR1
surface expression and function is protective against clinical leprosy. In this case a

dampened immune response provides protection from disease.

1.9.2 SNPs associated with TLR2

The mis-sense mutations of TLR2 are highly studied and many laboratory groups are in
disagreement as to the role these SNPs play in diseases (figure 1.5). In 2000 Lorenz and
colleagues found a polymorphism in the 7ZR2 gene Arg753GlIn (present in 3% of the
human population) (Lorenz et al., 2000). They found that compared to the wild type

TLR2 gene the variant form was significantly less responsive to bacterial peptides from
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Figure 1.5 Non-synonymous SNPs in extracellular TLRs

TLRs 1, 2, 5, 10 and 4 have all been found to possess non-synonymous SNPs which have
been implicated in either susceptibility to or protection from disease. TLR4
polymorphisms D299G and T399I are found in the extracellular domain have been
implicated in hypo-responsiveness to LPS and are associated with increased gram negative
infections. TLR2 polymorphism R753Q is found in the TIR domain has been found to be
associated with Staphylococcus infections. A polymorphism in the extracellular region of
TLR1 P315L showed impaired response to lipopeptides to which it responds to in
conjunction with TLR2.  The 1[602S polymorphism of TLRI1 is found in the
transmembrane domain and was shown to protect from leprosy. TLRS possesses a
polymorphism that replaces an arginine at position 392 with a stop codon causing TLRS to
become truncated; it was found to cause individuals to be susceptible to Legionnaire’s
disease. A TLRI10 polymorphism located in the TIR domain was found to have an

association with asthma. Associated references are found in the figure.
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Borrelia burgdorferi and Treponema pallidum. They found that the Arg753Gln may
predispose individuals to staphylococcal infection. In 2004 Moore and colleagues
found contradictory evidence, they did not find a relationship between Arg753Gln and
staphylococcal infection (Moore et al., 2004). The same year Ogus and colleagus
showed that the SNP was found at a greater frequency in the control group than the
staphylococcal diseased group, indicating that the SNP was protective (Ogus et al.,
2004).

An association of Arg753GIn SNP and urinary tract infections was found by Tabel and
colleagues (Tabel et al., 2007). Urinary tract infections (UTI) can be caused by
Escherichia coli, Klebsiella, Proteus, Staphylococcus, Enterococcus and Pseudomonas.
The frequency of UTI was higher in the Arg753Gln allele carriers than the wild type
carriers. Asymptomatic urinary tract infection was also higher in the variant group.
They also found that the risk of contracting a second UTI from gram positive bacteria
was also higher. They concluded that the Arg753Gln SNP caused an increased
susceptibility to UTI in children. Patients with candida sepsis and who are
heterozygous for the Arg753GIn (R753Q) SNP have altered cytokine production levels.
Woehrle and colleagues found that patients with the Arg753Gln SNP have an increased
level of TNF-a and reduced production of IFN-y and IL-8 in candida sepsis but not
gram positive sepsis (figure 1.5) (Woehrle et al., 2008). Patients with the Arg753Gln
SNP had an increase in apoptosis of monocytes. A subsequent study found that
individuals heterozygous for Arg753GIn had impaired immune activation by Borrelia
burgdorferi and protects the individuals from late stage Lyme disease (Schroder et al.,
2005). Blood from heterozygous individuals had lower TNF-a and IFN-y compared to
the wild type. The Arg753Gln occurs at a significantly lower frequency in the Lyme

disease patients than the healthy controls. The SNP may protect from development of
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late stage Lyme disease due to the reduced signalling via TLR2/1 signalling pathway.
Clinical symptoms of late stage Lyme disecase are mediated by the presence of
inflammatory mediators such as TNF-a and IFN-y and heterozygosity for the
Arg753GIn SNP impairs the release of these cytokines. The arthritic effects of the
cytokines are reduced while the bacteria are still being eliminated. The presence of
these SNPs in individuals could explain the sustained prevalence of these SNPs in

populations.

The TLR2 SNP Arg677Trp has been detected in patients suffering from lepromatous
leprosy (figure 1.5) (Kang and Chae, 2001). It was shown that the TLR variant was
functionally impaired in the recognition of lipopeptides. Arg677Trp has only been

found in Asian populations.

1.9.3 SNPs associated with TLR4

Two extracellular TLR4 SNPs Asp299Gly and Thr399lle are co-segregating SNPs
located in loops 10 and 15 respectively and were found to attenuate TLLR4 receptor
signalling (present in 8.6% of human population) (figure 1.5). They were found to be
associated with LPS hypo-responsiveness in response to the inhalation of endotoxin
(Arbour et al., 2000). The Asp299Gly TLR4 mutant was unable to mediate LPS
signalling in primary airway epithelial cells and acted in a dominant fashion with
respect to wild type TLR4. A study by Agnese and colleagues looked at gram negative
infections and found that Asp299Gly and Thr399Ile (found in 4.2% of population) were

found to increase the incidence of infection (Agnese et al., 2002).
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Following from this, various studies have found evidence to the contrary. In 2003, a
report by Erridge and colleagues was published which disagreed with Arbour’s claims
(Erridge et al., 2003). The group found no defect in LPS signalling. The difference lay
in the fact that Erridge carried out his studies in monocytes whereas Arbour’s study
concerned epithelial cells. A further study by Kiechl examined the pathogenesis of
atherogenesis he found that Asp299Gly is associated with a decreased risk of
atherosclerosis, a degenerative disease of the arteries (Kiechl et al., 2002). The
following year a study was carried out by Zee which disagreed with Kiechl and found
that Asp299Gly SNP did not have any associated risk to atherogenesis (Zee et al.,

2005).

In 2006 Minoretti and colleagues found that Asp299Gly may be protective from the
development of late onset Alzheimer’s disease (LOAD) (Minoretti et al., 2006). The
Asp299Gly has been reported to have attenuated response to stimuli and may increase
the risk of acute severe infections, but it may exert beneficial effects when considering
the development of LOAD. The weakened TLR4 variant may not be as efficient as the
wild type TLR4 in producing oxidised low-density lipoproteins (which are produced in
response to endotoxin) which have been suggested to cause neurodegeneration.

A study carried out by Tulic and colleagues found that human bronchial epithelial cells
expressing Asp299Gly or Thr399Ile displayed normal levels of intracellular TLR4 but
failed to efficiently translocate the TLR4 receptor to the cell surface when stimulated
(Tulic et al., 2007). The inability to translocate the mutated receptor to the surface was
associated with reduced NF-«xB signalling, reduced production of IFN, IL-8, IL-10, IL-
12p35, 1L-18, and an absence of acute phase TNF-a. When Tulic examined PBMCs

from children with both co-segregating polymorphisms, he found that their responses to
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respiratory syncytial virus (RSV) were dampened. Tulic concluded that reduced surface
expression caused reduced ligand binding conferring increased susceptibility to severe

infection with RSV.

1.9.4 SNPs associated with TLR10

TLR10 is a highly polymorphic gene with as many as 15 non-synonymous SNPs
reported on NCBI, this could possibly be due to the redundancy of the receptor.

The SNP Val775Leu (found in 17.3% of the human population) is found in the TIR
signalling domain of TLR10 (figure 1.5). This SNP has been found to be associated
with asthma (Lazarus et al., 2004). An excess of minor homozygous alleles 775Leuleu
were found among individuals with asthma. A change in the TIR domain of TLR10
could provide a plausible explanation for the attenuated signalling found. However the
whole region is characterised by strong linkage disequilibrium and so it is possible to

mediate this association to asthma to a nearby variant not yet characterised.

1.9.5 SNPs associated with TLRS

TLRS is an extracellular TLR which recognises a PAMP found on the flagella of
flagellated micro-organisms known as flagellin (figure 1.5). The SNP Arg392STOP is
associated with susceptibility to legionnaires’ disease and Crohn’s disase. The cytosine
to thymidine base change causes an arginine residue to be replaced by a STOP codon in
position 392. The introduced STOP codon causes the loss of the transmembrane
domain and the entire intracellular signalling domain. Arg392 is found in the
extracellular domain of TLRS and regulates the host’s response to flagellated bacteria.
Hawn and colleagues found that the Arg392STOP SNP abolished flagellin signalling

though TLRS (Hawn et al., 2003). The SNP acts in a dominant fashion as individuals
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who are heterozygous for the SNP are more susceptible to legionnaires’ disease caused
by Legionella pneumophila than homozygous individuals who do not have the SNP. A
study by Gewirtz (Gewirtz, 2007) found that the TLRS5-STOP polymorphism protected
individuals from developing Crohn’s disease (CD). The deficiency in TLRS caused a
decrease in flagellin specific IgG and IgA antibodies. A Jewish population was studied
and it was found that carriage of the TLRS5-STOP polymorphism was significantly
lower in individuals with CD.

In 2007 Demirci and colleagues investigated whether the variants TLRS SNP
Arg392STOP and TLR9 SNP (-1237T-C) were associated with systemic lupus
erythematosus (SLE). No major influence of these variants was found on susceptibility

or resistance to SLE (Demirci et al., 2007).

1.9.6  SNPs associated with TLR3

Intracellular TLR3 recognises dsRNA and synthetic Poly:IC. Hidaka and colleagues
found a non-synonymous mutation in intracellular TLR3 (Hidaka et al., 2006) (figure
1.6). Phe302Ser was found in a patient with influenza-associated encephalopathy. The
Phe303Ser mutant is found in the 11th LRR region of TLR3 and was confirmed as a

loss of function mutant when examining NF-kB and I[FN-a reporter assays.

1.9.7 SNPs associated with TLR7

TLR7 is an intracellular TLR which responds to ssRNA from viruses such as hepatitis C
virus (HCV). Two studies by Schott and colleagues published in 2007 and 2008
suggested that a SNP found in the intron of TLR7 ¢.1-120G offers protection from the

development of inflammation and fibrosis in male patients with chronic HCV infection
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(Schott et al., 2007, Schott et al., 2008) (figure 1.6). Fibrosis occurs as a result of
defective repair of damaged liver caused by inflammation. It was also found that the
GInl1Leu TLR7 is predictive of an unfavourable outcome to IFN-a therapy for HCV

patients. The TLR7 GInl1Leu variant impairs the host’s immune response to HCV.

1.9.8 SNPs associated with TLRS
In 2008 Davilla and colleagues discovered that the TL.R8 associated single nucleotide
polymorphism MetlVal provided protection from tuberculosis (Davila et al., 2008)

(figure 1.6).

To date no non-synonymous polymorphisms of the TLR 6, or 9 genes have been
characterised. Tao and colleagues examined a SNP located in the first intron TLRO.
The SNP in TLR9 was examined in relation to SLE in a Japanese population and found

that this SNP predisposes humans to an increased risk of SLE (Tao et al., 2007).

1.9.9 Rare polymorphisms contribute to susceptibility to disease

A novel study was carried out on susceptibility to TB in individuals who carried rare
polymorphisms in TLR1, 6 and 10 (Ma et al., 2007). They grouped all the rare SNPs in
these TLRs and found that they were significantly over-represented in
African/American TB cases.  They carried out functional analysis using NF-xB
luciferase assays, using 300ng TLR6 and 6ng TLR2 transfected into HEK 293 cells.
They examined polymorphisms in TLR6 L251end, Thr255Ile and Asn690Thr, which
were all found to have reduced signalling towards NF-xB. These rare polymorphisms
are thought to be maintained at a low level by the individuals reduced ability to fight

infection and so have been maintained at a low level by natural selection. The rare
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1.6 Non-synonymous SNPs associated with intracellular TLRs

Non-synonymous SNPs of intracellular TLRs have been found to be associated with
disease. A polymorphism in TLR3 has been found to be associated with the LRR region
of the TLR as the F303S mutant was incapable of generating a signalling cascade to NF-
kB or type I IFN. TLR7 which recognises ssRNA from invading pathogens was found to
possess a polymorphism at position 11 in its signal sequence. It showed an impaired
response to hepatitis C virus (HCV). Recently a polymorphism in the first amino acid of
TLR8 M1V found that individuals were susceptible to TB. Associated references are

found in the figure.
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variants are thought to exist in the population by general random mutation (Ma et al.,
2007).

A study by a Swedish group in 2005 found that variants in the TLR6/TLR1/TLR10
gene cluster were associated with a risk of prostate cancer (Sun et al., 2005). A second

group, Chen and colleagues failed to find the same association (Chen et al., 2007).

1.10 Intestinal inflammatory diseases associated with NOD1 and NOD2

Helicobacter pylori is a major cause of gastric ulcers. Microbial peptide components of
H. pylori are recognised by NODI1 (figure 1.4) (Viala et al., 2004), while NOD2
deficient mice are more susceptible to oral infection by Listeria monocytogenes
(Kobayashi et al., 2005). NOD?2 is found abundantly in ileal Paneth cells, which are an
important producer of anti-microbial peptides. A subgroup of anti-microbial peptides
known as cryptidins are significantly diminished in NOD?2 deficient cells (Kobayashi et

al., 2005).

CD has a complex pathology as it is caused by a combination of genetic factors,
dysregulated interaction with enteric microflora and immune mediated tissue injury. It
is important to maintain the balance between harmful pathogenic bacteria and safe
symbiotic intestinal bacteria within the intestine. NOD2/CARDI1S5 is a susceptibility
gene associated with CD. CD is characterised by chronic granulomatous inflammation
of various interstinal areas, ulcers of the mucosa and it can also lead to arthritis, uveitis
and skin lesions. Three polymorphisms of NOD2 have been found to be associated with
CD including Arg702Trp, Gly908Arg and LeulO07fsinsC. These variants are all
located within the LRR domain of NOD2 which is involved in sensing of bacterial
product MDP. These “loss of function” mutants are associated with decreased NF-xB

activity in response to MDP, and are associated with lack of bacterial clearance
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(Chamaillard et al., 2003b, Chamaillard et al., 2003a. Girardin et al., 2003a, Inohara et
al., 2003). Individuals with the Leul007fsinsC frame shift mutation have been shown
to have an inability to signal in response to MDP, and an impaired response to
intracellular Salmonella, indicating that NOD2 plays an integral role in the protection
against intracellular bacteria (Hisamatsu et al., 2003). A NOD2 gain of function
mutation is also associated with a chronic systemic inflammatory disorder known as
“Blau syndrome”, in which NOD2 (2932iC) is constitutively active and can cause
ligand independent activation of NF-kB. A murine version of the NOD2 (2932iC) gain
of function mutant was found to exhibit enhanced NF-xB activation, increased

apoptosis and increased secretion of IL-18 (Maeda et al., 2005).

1.11 Structure and characterization of TIR domain containing proteins

This project involves the investigation of the effect of polymorphisms within TLR6 and
the adaptor Mal and their influence on biochemical pathways within the innate immune
system. The TLR6 polymorphism resides at the N-terminal domain of TLR6 while the
Mal polymorphism is found in the TIR domain. A comprehensive look at the structure
of these regions will be undertaken to gain insight into the role polymorphisms may

exert on the structure of these proteins.

1.11.1 Extracellular structural domains of TLRs

The nascent polypeptides of TLRs all contain an N-terminal signal peptide cleavage site
which is cleaved off upon translocation through the endoplasmic reticulum. The signal
sequence directs the protein to its functional location, directing the extracellular TLRs

to the plasma membrane while directing the intracellular TLRs to endosomal
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compartments. Figure 1.7 shows the signal sequences of the TLRs which were
identified using signalP an online web-based computer programme. The extracellular
region of the TLR family contain 16-28 LRRs (Matsushima et al., 2007). The
individual LRR is 20-30 amino acids long and is comprised of a conserved
“LxxLxLxxN” motif (Kobe and Kajava, 2001, Kajava, 1998). The LRR region of all
proteins has a common horse-shoe like structural shape (Gay and Gangloff, 2007). The
“LxxLxLxxN” motifs are located in the inner concave surfaces of the horse-shoe like
shape. Upon ligand binding the TLRs undergo dimerization. The TLR1/2 heterodimer
and the TLR3 homodimer is induced by binding their agonistic ligands and forming a
common ‘m’ shaped architecture. The C termini of each extracellular domain come

together bringing the intracellular TIR domains in close proximity (Jin and Lee, 2008).

1.11.2 Intracellular structure of TIR domain containing proteins

The Toll-Interleukin-1 receptor (TIR) domain is a structurally conserved region which
is involved in protein-protein interactions. The TIR domains of the TLRs are
approximately 200 amino acids long and contains three highly conserved regions known
as box1, box2 and box3 (figure 1.8). The box regions were shown to be involved in
signalling by Kuno and colleagues in 1993 using mutagenesis studies (Kuno et al.,
1993). The TIR domain consists of a central five stranded parallel B-sheet (BA- BE). A
loop connects each B-sheet to an a-helix. The BB loop connects strand BB and helix aB
(Xu et al., 2000). The loops are the most variable regions of the TIR domains and have
been shown to be involved in TIR-TIR interactions. The insertion of different amino
acids into these loop regions can effect signalling (Xu et al., 2000, Dunne et al., 2003).
Recently the crystal structure of human TLR10 cytoplasmic domain has been resolved

(Nyman et al., 2008). Nyman and colleagues found that TLR10 exists as a dimer, and
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that its interaction surface contains residues from the BB-loop. DD-loop and aC-helix.
They found that the interaction surface was extensive and that it contains a central
hydrophobic patch surrounded by polar residues. They found that in monomer A the tip
of the DD loop residue R741 makes polar contact with the aC residue E709 of monomer
B and that residues Y742, 1.745 and K746 act to stabilize the DD loop. They concluded
that amino acids surrounding the DD loop stabilise the interaction between the dimer
and that mutations in these stabilizing residues would therefore inhibit the possibility
for R741 to participate in the dimer interaction. A study carried out by Dunne and
colleagues predicted that Mal would interact with TLR2 via it DD and DE loops.
Modelling studies carried out by Nufiez and colleagues found that Mal and TRAM bind
to the same region in the TIR domain the TLR4 dimer interface (Nunez Miguel et al.,
2007). They also found that Mal binds to the TLR4 homodimer with closer proximity
and with a greater number of direct contacts than TRAM. This finding may explain
why Mal/MyD88 pathway triggers early NF-kB expression and TRAM/TRIF signalling

results in late NF-xB expression.

1.11.3 Structure and characterisation of TLR6

Human TLR6 was first discovered in 1999 by Akira and colleagues (Takeuchi et al.,
1999). They found that it was most similar to human TLRIwith a 69% similar
homological identity. They found that it constitutively activated NF-kB and c-Jun N-
terminal kinase (JNK) similar to already previously identified TLRs. Human TLR6
belongs to the TLR2 family along with TLR1 and 10, which are all found on
chromosome 4. TLR6 protein is 796 amino acids in length with a signal peptide

sequence from 1-31, an extracellular LRR region from 32-585, a transmembrane that

26



Figure 1.7 Signal peptide cleavage sites of TLRs

The signal peptide cleavage sites of the human TLRs were found by entering the protein
sequence of each TLR into signalP an online signal peptide cleavage prediction site. Each
of the signal cleavage sites are situated approximately around the 20" amino acid. While
the cleavage site of TLR6 was situated furthest away from the N-terminus. No signal

cleavage site was identified for TLR4.



Signal Peptide Cleavage sites of TLRs

Human TLR1 MTSIFHFAIFMLILQIRIQLSEESEFLVDRSKNGL HVP

22-23
Human TLR2 MPHTLWMVWVLGVISLSKEESSNQASLSC DRNGICKGSS

1819
Human TLR6 MTKD KEPNVKSFHFVCLMIINGTRIQF SDGNEFAVDKSK

31-32
Human TLR10 MRLIRNIYIF CSIVMTAE(‘}DAPELPEEREL MTNCSNMSLR

19-20

HumanTLR4 None found

Human TLRS MGDHL DLL LGVWWLMAGPVEG FSC SFDGRIAFYRFCNLTQ

20-21
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Box 1 Box 2 Box 3

Figure 1.8 Box regions 1, 2 and 3 of the TIR domain

The box regions of the TIR domain are highly conserved regions and have been critically

implicated in mediating TLR signalling.
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spans the plasma membrane from position 568-606 and an intracellular TIR region from

607-796.

1.11.4 TLR2 heterodimerizes with TLR1 and TLR6

Of all the TLRs, TLR2 has possibly the largest repertoire of ligands which it can
recognise because of its ability to heterodimerize with TLR1 and TLR6 (figure 1.2).
TLR2 ligands include; components of gram positive bacteria such as lipoteichoic acid
(Schwandner et al., 1999), lipoarabinomannan (Means et al., 1999) and lipoproteins
(Kim et al., 2002, Takeuchi et al., 2002). The TLR2 and TLR1 heterodimer recognises
triacylated lipoproteins and the TLR2 and TLR6 heterodimer recognises diacylated
lipoproteins. TLR2 has also been shown to associate with CD36 in response to
diacylated lipoproteins (figure 1.2). In 2006 Triantafilou and colleagues found that
TLR2 forms heterodimers with TLR1 and TLR6 and that these heterodimers are pre-
formed and are not induced by ligand. It is only upon stimulation with specific ligand
these heterodimers are recruited within lipid rafts. It was found that the
TLR2/TLR6/CD36 complex is not pre-formed and must be ligated by ligand
(Triantafilou et al., 2006). They also found that upon stimulation with FSL-1 (TLR2/6
ligand) TLR2/6 and CD36 are all targeted to the Golgi apparatus. This suggests that the
preformed clusters are all internalized upon ligand activation. However internalization
was not required for downstream NF-kB activation. The internalization was not found
to be CD36 dependent. A second accessory molecule CD14 has been found to be
required for the TLR2/6 signalling response to diacylated lipopeptides and lipoteichoic
acid (Jiang et al., 2005). Two TLR2 variants have been identified that cause a mis-

localised expression of TLR2. TLR2 Cys30 Ser and Cys36Ser variants were found to

27



Chapter 1 Introduction

be expressed intracellularly when transfected into HEK 293 cells. The variants were
unable to induce NF-kB activation upon ligation with macrophage-activating

lipopeptide-2 (MALP-2) (Triantafilou et al., 2006).

L1135 Characteristics of enzyme cleavage

Part of this project pertains to putative enzyme cleavage and proteolytic processing of
TLR6. Proteolytic cleavage is an important mechanism used to produce biologically
active proteins and peptides. Catalytic cleavage of proteins is carried out by proteases
and the most common proteolytic enzymes are known as serine proteases as they
commonly catalyse sites that contain the serine residue. Most enzyme cleavage in the
body occurs during the digestion of food and three enzymes are most commonly used,
chymotrypsin which is specific for bulky hydrophobic residues. trypsin which is
specific for positively charged residues and elastase which is specific for small neutral

residues.

Other than food digestion proteolytic processing is also important in inflammation,
blood clotting and many other processes, most peptide processing required for these
events occurs within the cell, and more specifically within the Golgi apparatus. In the
Golgi apparatus paired basic residues such as arginine, lysine and histidine provide the
site of choice for proteolytic cleavage (Steiner et al., 1984). The protein progastrin is
cleaved at a lysine-lysine site to form gastrin, the mature form of the protein (Steiner et
al., 1980). Tryptic proteases have high selectivity but on rare occasions can cleave at
‘trypsin like’ sites; including leucine-alanine, leucine-serine, tyrosine-alanine (Steiner et

al., 1980). The secondary and tertiary folding structure of proteins can also influence
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cleavage (Steiner et al., 1984). Proteins which are processed in the Golgi are packaged

for release as secretory granules.

The cleavage site of interest in this project is situated near the N-terminus of TLR6 and
so may be involved in the signal peptide cleavage site. Signal peptides direct the
protein of interest to the endoplasmic reticulum for processing and for packaging to
their eventual intra or extracellular destination. A signal peptide is approximately 20
amino acids long and it generally consists of a positively charged N region, a
hydrophobic H region at the core and a neutral polar C region. The signal sequence is
cleaved after the C region leaving the remainder of the polypeptide to fold into its 3D
structure. The cleavage at signal peptide sites will be discussed further in chapter 4

(von Heijne, 1983, Claros et al., 1997).

1.11.6 Structure and characterisation of Mal

The second protein that is the focus of this project is Mal. Mal also known as TIRAP is
a TLR2 and TLR4 associated adaptor protein (figure 1.2). It is 256 amino acids long
and it is the most polymorphic of all the adaptor proteins. Mal is highly characterised
and has been shown to have many functional domains, as it links TLR4 and 2 to MyD88
by its TIR domain. Mal has also been shown to have a putative TRAF6 motif within its
TIR domain and it is possible that it binds it around amino acid 190, as mutagenesis
studies have found that Mal Glul90Ala was unable to bind TRAF6 compared to wild
type (Mansell et al., 2004). Mal contains a C-terminal phosphatidylinositol 4.5-
bisphosphate (PIP2) binding domain which localizes it to the plasma membrane. A
mutated PIP2 binding domain abrogates the ability of Mal to recruit MyD88 to the

membrane and LPS signalling through TLR4 is inhibited (Kagan and Medzhitov, 2006).
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Mal is also subjected to cleavage by caspase-1 before it is activated. When Mal is
cleaved by caspase-1 a 4kDa portion of Mal is removed allowing signalling through
TLR2 and TLR4 to occur (Miggin et al., 2007). Bruton’s tyrosine kinase (BTK)
phosphorylates Mal at positions Tyr86 and Tyr187. Mutant forms of these residues act
as dominant negative inhibitors of LPS induced signalling to NF-kB. A second study
found that residues Tyr86, Tyr106 and Tyr159 are important in Mal phosphorylation.
Mutation studies have found that these residues are important for Mals interaction with
BTK and that they affect downstream signalling (Piao et al., 2008). The
phosphorylation of Mal is thought to cause a conformational change in the TIR region
of Mal which plays a role in its interaction with other proteins (Gray et al., 2006). Mal
is thought to be negatively regulated by suppressor of cytokine signalling-1 (SOCS-1).
SOCS-1 mediates polyubiquitination of Mal on two N-terminal lysine residues which

targets it for degradation by the 268 proteasome (Mansell et al., 2006).

1.12 Infectious diseases

The two polymorphisms under investigation in this project cause either the
susceptibility or protection from infectious disease. Among the disease groups
investigated were individuals with tuberculosis, malaria and invasive pneumococcal

disease (IPD) caused by Streptococcus pneumonia infections.

1.12.1 Tuberculosis
Tuberculosis (TB) is a common and deadly infectious disease caused by Mycobacterium
tuberculosis. M. tuberculosis is an intracellular pathogen capable of surviving within

host mononuclear cells. Over one third (approximately 2 billion) of the world’s
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population people now carry the TB bacterium and new infections are occurring at a
rate of one per second. TB infection primarily results from airborne particles of M.
tuberculosis, made airborne as a result of coughing. On average a patient with TB will
infect seven close contact individuals, but not all individuals will develop TB and this is
thought to be due to genetic variation in individuals. TB can affect many areas of the
body, the most commonly affected are the lungs, which manifests as pulmonary TB.
TB can also affect the central nervous system, lymphatic system, circulatory system,
genitourinary system, bones and joints. (Tuberculosis Fact Sheet, World Health

Organization (WHO) 6 October 2006).

For infection to occur the airborne M. tuberculosis particles must escape the upper
respiratory defences and become deposited deep within the lung alveoli. The tubercle
bacilli must then be ingested by alveolar macrophages. At this stage most tubercle
bacilli are killed by the macrophage, however any bacilli that are not killed by CD8 T
cells replicate within the phagosome of the macrophage and ultimately kill the host
macrophage. The TB bacterium has developed survival strategies over during its time
infecting mammals. By preventing the phagosome fusing with the lysosome it blocks
phagosome acidification, protecting itself from the bactericidal components of the
lysosome, the TB bacillus has also developed a thick bacterial cell wall which helps to
avoid destruction (Ferrari et al., 1999). Infected macrophages migrate to the regional
lymph nodes where they can access the blood stream. From here the bacilli can
hematogenously disseminate to any part of the body, leading to infection of different
areas of the body including, bones, kidneys, meninges and different regions of the
lungs. Tuberculous granulomas can appear in these regions, developing necrotic centres
wherein the bacilli can survive for many years. The tuberculosis granuloma is seen as a

trademark of M. Tuberculosis infection. Tuberculous granulomas are complex bodies
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composed of different layers of immune cells and have highly orchestrated and defined
biochemical pathways associated with them (Apt and Kondrat'eva, 2008) (figure 1.9).
Upon microbial detection the production of cytokines initially induces the migration of
neutrophils, where they become the centre of the granuloma, followed by mononuclear
phagocytes. These phagocytes differentiate to become tissue macrophages, where they
capture mycobacteria that has been released by the initially infected alveolar
macrophages. This process continues, forming the highly characteristic TB granuloma

(figure 1.9).

The granuloma effectively ‘wall-off” pathogens whereby they can resist destruction, the
infection can remain here and may or may not ultimately be resolved by the immune
system. The infectious granulomas of the lungs leave behind fibronodular scars in the
upper region of the lungs, and may leave calcified cars from the primary infection. (The

Merck Manual — Online medical library, http://www.merck.com)

Control and resolution of the infection is the responsibility of the innate and the
adaptive immune systems of the body. The macrophage has multiple functions in
combating tuberculosis, including antigen processing and presentation, transport to
deeper tissues and dissemination of infection and effector cell functions. The
macrophage sequesters the pathogen and produces mycobacterial products such as
lipoarabinomannan (LAM), soluble tuberculosis factor and 19-kDa lipoproteins. The
released mycobacterial products signal to cell surface TLR2, TLR4 and DC-SIGN and
to intracellular TLR9 found in macrophages, dendritic cells and epithelial cells. This
interaction induces the production of IFNy, IL-12, IL-23, TNF, lymphotoxins, CD40
and nitric oxide which are essential for eradication of the mycobacteria (Brightbill et al.,
1999). Infected macrophages also produce accessory molecules which act to recruit T

cells to the site of infection. Recently Fremond and colleagues discovered that MyD88
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Figure 1.9 Tuberculous granuloma

Upon macrophage phagocytosis of M. tuberculosis bacilli, the macrophage produce TNF-
o, IL-1, IL-18 and chemokines to recruit neutrophils to the site of infection, whereby they
release bactericidal enzymes to destroy the bacteria. More macrophages and common
mononuclear phagocytes are recruited to the area, and a granuloma is formed. Entities
known as foamy macrophages are also recruited to the granuloma, these macrophages are
unable to phagocytose free mycobacteria but they are still capable of acting as antigen
presenting cells. The recruitment of T cells occur post infection. The bacterial peptides
produced by the macrophages are presented through MHC Class II to CD4+ T cells, which
in turn produce IFN-y, which induces direct anti-mycobacterial activity in macrophages.
During this the interior of the granuloma becomes necrotized while the exterior layer
remains immunologically active, giving the different layers associated with granuloma

maturation.
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is required in the control of acute infection with M. tuberculosis while TLR2, TLR4 and
TLROY are required for the protection against long-term M. t(uberculosis infection

(Fremond et al., 2007).

Testing for the presence of the disease can be carried out by using chest x-rays, sputum
examination, skin testing and DNA based testing. (The Merck Manual — Online

medical library, http://www.merck.com)

1.12.2 Bacteria in the blood

1.12.2.1 Bacteraemia

Bacteraemia is caused by the presence of bacteria circulating within the blood stream.
Bacteraemia can occur frequently throughout our lifetime, it can result from dental
procedures and vigorous toothbrushing, from catheterization of an infected urinary tract
and can also occur during surgical treatments of abscesses or infected wounds (The
Merck Manual — Online medical library, http://www.merck.com). Bacteraemia can be
caused by both gram positive and gram negative bacteria. Bacteraemia is mainly caused
by gram negative and gram positive bacteria, anaerobes and fungi; staphylococcal
bacteraemia is commonly found in injection drug users. The activation of endothelial
cells by the presence of bacteria causes the expression of proteins involved in blood
clotting, which causes blood flow to be cut off in small blood vessels, this acts to
prevent the spread of bacterial infection throughout the body (Krishnaswamy et al.,
1999). There are usually few symptoms in cases of bacteraemia, however, when the
bacterial infection spreads the immune system cannot control the rate of the spread of

the bacteria. If symptoms of trachypnea, shaking chills, fever, abdominal pain, nausea,
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vomiting and diarrhea occur, this usually suggests the onset of more serious sepsis or

septic shock. (The Merck Manual — Online medical library, http://www.merck.com).

1.12.2.2  Sepsis and septic shock

Sepsis and septic shock result when there is a systemic inflammatory response to a
bacterial infection. Sepsis manifests as an acute inflammatory reaction which is
associated with release of numerous inflammatory mediators such as pro-inflammatory
cytokines, adhesion molecules and chemokines into the bloodstream. On occasion
sepsis can develop to ‘severe sepsis’ which indicates a progression of symptoms
including the failure of at least one organ. The final stage of sepsis is the onset of septic
shock. Septic shock can develop when the systemic release of TNF-a causes
vasodilation and loss of plasma volume due to increased vascular permeability. Septic
shock is also accompanied by blood coagulation, leading to blood clotting in small
blood vessels and causing a dysregulated clotting to occur throughout the body. This
can lead to failure of the vital organs, such as the heart, kidneys, liver and lungs (Rigato

et al., 1996)

Most cases of septic shock are caused by hospital acquired gram negative bacilli or
gram positive cocci. Septic shock mostly occurs in immuno-compromised patients.
The pathophysiology of sepsis and septic shock occurs when an inflammatory stimulus
such as the bacilli triggers the production of pro-inflammatory mediators such as IL-1p
and TNF-a. These cytokines act on endothelial tissue and neutrophils to mediate
neutrophil adhesion and activate clotting mechanisms and generate microthrombi. They
further act to release immune mediators including leukotrienes, lipoxygenase,

histamine, bradykinin, serotonin and IL-2. Vasoactive mediators cause blood flow to
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bypass capillary vessels. Poor blood flow through capillary vessels and the presence of
microthrombi causes the decrease of oxygen supply, the impairment of carbon dioxide
and waste product removal. Decreased oxygen supply and build up of waste products
can cause organ dysfunction and in severe cases organ failure. (Merck manual online:

Sepsis and septic shock, critical care medicine, 2007).

1.12.2.3  Activation of phagocytes causes the initiation of the acute-phase
response
Cytokines released from activated macrophages release cytokines which can have far
reaching effects throughout the body to orchestrate the body’s response to invading
pathogens. The most potent of the released cytokines are IL-1, IL-6 and TNF-a. These
three cytokines can act as endogenous pyrogens causing an increase in body
temperature by acting on the hypothalamus, inducing fever. During an infection fever is
beneficial to the body, as bacteria prefer to grow at lower temperature, most adaptive
immune responses work more efficiently and host cells are protected from the
dangerous effects of TNF-a at higher temperatures (Ramadori and Christ, 1999). The
action of IL-1, IL-6 and TNF-a on hepatocytes in the liver causes a dramatic increase in
proteins released from the liver. Proteins which are induced by TNF-a, IL-6 and IL-1
are called ‘acute-phase proteins’. These proteins have a broad specificity for binding
PAMPs, for example, C-reactive protein binds to the phosphorylcholine region of
pathogen associated cell-wall lipopolysaccharide. The C-reactive protein opsonises the
bacteria and activates the classical complement cascade by binding to C1q (Ramadori
and Christ, 1999). IL-1, IL-6 and TNF-a also act other body organs, such as bone
marrow epithelium whereby neutrophils are mobilized to ultimately phagocytose

microbes present in the body. Fat tissue and muscle are also acted upon by these
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cytokines, releasing energy and proteins to aid in the maintenance of increased body
temperature. Finally, TNF-a acts on DCs to stimulate their migration to the lymphatic

system (Ramadori and Christ, 1999, Bopst et al., 1998).

1.12.3 Streptococcus pneumoniae infections

Streptococcus pneumoniae is a gram-positive coccli, it is the most common cause of
community acquired pneumonia, bacterial meningitis, bacteraemia, and otitis media. S.
pneumoniae infection is also an important cause of sinusitis, septic arthritis,
osteromyelitis, peritonitis, and endocarditis. S. pneumoniae is an extracellular bacterial
pathogen, who’s microbial components are recognised by the PRR TLR2. S
pnemoniae is estimated to cause more than one-third of the 2 million deaths due to acute
respiratory infections. Virtually every child in the world is colonized with one or more
strains of the bacteria. Capsular polysaccharides (PS) on the surface of S. prueumoniae
are the primary virulence factors. Other virulence factors include pneumolysin, which
leads to pore formation and osmotic lysis of epithelial cells, autolysin and
pneumococcal surface protein A (PspA), which interfere with phagocytosis and immune

function of the host.

1.12.4 Malaria

Malaria is a vector borne infectious disease that is widespread in tropical and
subtropical regions. It infects between 300 and 500 million people every year and
causes between one and three million deaths annually. Malaria is endemic in a broad
band surrounding the equator, in South America, South and Southeast Asia, parts of the

Middle East, Oceania and much of Africa. The parasite Plasmodium falciparum, kills
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over 1 million children in Africa alone annually (Cox, 2002). It is thought that malaria
has been a human pathogen for the entire history of the human species and it is thought
that these highly virulent pathogens cause a high mortality rate among pre-productive
individuals and that genetic selection has developed to confer resistance to malaria
infection and disease.

Malaria is a disease caused by the infection of the protozoan of the genus Plasmodium.
The most serious diseases symptoms are caused by Plasmodium falciparum and
Plasmodium vivax. Other forms of the disease are caused by Plasmodium ovale,

Plasmodium malariae, and Plasmodium knowlesi.

1.12.4.1 How malaria is transmitted.

Malarial parasites are transmitted by female Anopheles mosquitoes. The mosquito
injects malarial sporozoites into the host blood stream. From the blood stream the
sporozoites move to the liver and rapidly infect liver hepatocytes. When in the
hepatocytes, the parasites rapidly divide and multiply and are now termed merozoites.
Both the initial blood and liver stages do not have any pathological implications. The
merozoites are then released into the blood stream and it is from this point that the
infection is noticeable. The merozoites infect erythrocytes of the blood stream. The
parasites multiply within the erythrocytes, causing symptoms that include symptoms of
anemia (light headedness, shortness of breath), fever, shivering, flu-like illness,
arthralgia (joint pain), and convulsions and in severe cases malaria can cause coma and
death. Given the severe impact malaria has had on the human population causing high
levels of mortality and morbidity it has become the greatest selective pressure on the

human genome in recent history (Kwiatkowski, 2005).
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1.12.4.2 Influence of selective pressure on the human genome

The selective pressure caused by the high mortality and morbidity rates has caused
many genetic variants to become prevalent within human populations. The effect can
be seen clearly in individuals who are heterozygous for hemoglobin S (HbS).
Heterozygous individuals are protected against infection and do not succumb to sickle
cell anaemia while those who are homozygous for HbS suffer from sickle cell anaemia
(Allison, 1954). Secondly individuals with polymorphisms present in the glucose 6
phosphate dehydrogenase (G6PD) gene are protected from malaria as the plasmodium
cannot efficiently grow inside the red blood cell due to a lack of host G6PD
(Ganczakowski et al., 1995). A build up of oxidative products caused by the absence of
G6PD is toxic to the parasite, hence the parasite is unable to divide and multiply. The
reduced parasite replication is believed to be the mechanism of protection (Luzzatto et

al., 1969).

1.12.4.3  The innate immune response to malaria infection

Macrophages and dendritic cells play a large role in the identification of a protozoan
infection and the initiation of an immune response. In addition to the role of antigen
presenting cell the macrophage will also employ scavenger receptor CD36 to recognise
parasite infected erythrocytes and to subsequently engulf them, in the absence of
malarial antibodies (Serghides et al., 2003) (figure 1.10). TLRs found on the surface of
macrophages and DCs have been shown to be involved in the initial recognition of the
protozoan parasites as well as early resistance to infection, development of acquired
immunity as well as pathology observed during acute infection. During early infection
TLRs present on the surface of macrophages, dendritic cells and neutrophils recognise

the protozoan parasite and produce pro-inflammatory cytokines and express co-
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Figure 1.10 The innate immune response to the presence of P. falciparum

Glycosylphosphatidylinositol (GPI) molecules from P. falciparum activate TLR2 and
TLR4 on macrophages. Macrophages also employ CD36 to bind and initiate phagocytosis
of plasmodium infected erythrocytes. Activated macrophages signal to CD4" T cells,
where the potent anti-microbial mediator I[FN-7y is generated. IFN-y feeds back to the
macrophage to up-regulate the production of reactive oxygen and nitrogen species which

kill the invading parasite.
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stimulatory molecules. TLR2 and TLR4 have been implicated in recognising the
malaria associated glycosylphosphatidylinositol (GPI) molecule. The activation of
TLR2 and TLR4 causes the up-regulation of pro-inflammatory cytokines TNF, IL-1, IL-
6, IL-12, and iNOS (Schofield and Hackett, 1993, Tachado et al., 1997). TLR9
expressed by plasmacytoid DCs and B cells in humans has been implicated in the
recognition of the haemoglobin derivative haemazoin. TLR9 recognises the presence of
haemazoin in a strictly MyD88 dependent manner, whereby it up-regulates the
production of IFN-y (Coban et al., 2005). Upon phagocytosis of the malaria parasite the
macrophage and DC present microbial peptides to CD4" T cells through MHC class 11
molecules, activating CD4" T cells to produce IFNy. IFNy then feeds back to the
macrophage to induce the production of nitric oxide and reactive nitrogen species to
destroy the malaria parasite (figure 1.10) (Good and Doolan, 1999).

CD8 cytotoxic T cells are also important for the clearance of immune cells that have
been infected with protozoa. It has been hypothesised that the lack of MHC I molecules

on red blood cells allow the plasmodium to survive undetected.

1.12.4.4 A fine line between pathology and host protection

A rapid and vigorous response to the invading malaria pathogen is important for the
elimination of the pathogen. This response is most beneficial to the host at the initial
primary infection, however persistent infection and the over-production of high levels of
cytokines in malaria is thought to cause the pathology associated with the disease. The
immune system is protecting the host by up-regulating the immune response but is also
causing the severe pathology that is associated with malaria such as high fever during
the progression of the disease. Evidence to support this hypothesis has been shown in

cases of Plasmodium berghei infection where an overproduction of IFN-y and TNF/LT-
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a is associated with disease pathology (Engwerda et al., 2002). It is thought that in the
case of malaria, that the immune response is both beneficial and harmful. It is
important to maintain an even balance between eradicating the parasite and triggering

harmful disease pathology.

1.13 Are TLR6 and Mal polymorphisms involved in disease?

Professor Adrian Hill and colleagues from the University of Oxford found that two
polymorphisms in proteins of the innate immune system were associated with infectious
diseases. They found that the Mal Serl180Leu variant was found to protect individuals
from invasive pneumococcal disease, bacteraemia, malaria and tuberculosis. When
looking at populations from the UK, Vietnam and several African countries that
individuals that were heterozygous for this polymorphism were protected. They also
carried out studies on individuals that were susceptible to invasive pneumococcal
disease and found that a rare polymorphism in TLR6 is associated with increased risk of

S. pneumoniae infection.
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1.14 Aims and objectives

This study is an examination of the role of Mal polymorphism Ser180Leu in TLR2
signalling and to investigate the role of the TLR6 polymorphism Asp30Asn in TLR6

signalling.

The specific goals were as follows:

[dentify the presence of the Mal polymorphism in a healthy Irish population.

e Investigate effects of Mal polymorphism in TLR2 signalling.

e Identify the sub-cellular localisation of Mal Ser180 to Mal Leul80

e Identify innate immune signalling effects of the TLR6 polymorphism.

e Address the sub-cellular localisation that may occur due to the TLR6 Asn30

polymorphism.

The aim of this investigation is to determine whether Mal Ser180Leu polymorphism
plays a role in abrogating signalling through TLR2 thus providing protection from
infectious disease, and to test whether Asp30Asn polymorphism affects TLR6

signalling which may ultimately play a role in causing susceptibility to disease.

This investigation will assess any role that these polymorphisms may have in innate
immune signalling by carrying out functional assays. Identifying a mechanistic role for
these polymorphisms in innate immunity will lend further evidence to the role these
polymorphisms play in the pathogenesis of infectious disease. Additionally it will be
interesting to investigate whether this genetic information can be used to understand

more about the biochemistry of Mal and TLR6.
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2.1 Materials

Lipopolysaccharide (LLPS) was purchased from Alexis (Braunschwerg, Germany).
Polyl:C was purchaced from Amersham (GE Healthcare UK LTD, Calfont St. Giles,
Bucks). MALP-2 was purchased from Alexis (Braunschwerg, Germany). FSL-1 and
Pam3;CSK4 were purchased from Invivogen. The human IL-6 and human IL-8 Duoset
ELISA kits were purchased from RnD Systems (Minneapolis, MN). TagMan Allelic
discrimination system was purchased from Applied Biosystems (Foster City, CA,

USA).

Maxi prep endotoxin free plasmid purification kits were purchased from Qiagen Ltd.
(Fleming Way, Crawley, West Sussex, U.K.). Mini prep kits were purchased from
Promega (Madison, Wisconsin, USA). The site directed mutagenesis kit and XL1-blue
supercompetent cells were purchased from Stratagene Technopath. RNA extraction kit
was purchased from Qiagen Ltd. (Fleming Way, Crawley, West Sussex, U.K.). The fix

and perm kit was purchased from ADG (An Der Grub) Bio research GmbH (Germany).

IkB and p-P38 antibodies were purchased from Cell Signalling (NEB, Ipswich, UK).
The beta-actin antibody was purchased from Sigma (Poole, Dorset, UK). Anti-HA
antibody was purchased from Abcam (Cambridge, UK). MAb hTLR2-FITC was
purchased from Invivogen. Goat anti-hTLR6 was purchased from Santa Cruz
Biotechnology Inc (Heidelberg, Germany). Secondary antibody anti-goat-FITC was
purchased from Santa Cruz. Anti-FLAG antibody and anti-GFP antibody were

purchased from Sigma (Poole, Dorset, UK). Deep red CellMask™

plasma membrane
stain and propidium iodide nucleic acid stain were purchased from Molecular Probes

(Invitrogen, Biosciences LTD. Dun Laoghaire, Ireland). RNAseA was purchased from
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Sigma (Poole, Dorset, UK). Cell culture materials, DMEM containing L-glutamine and
sterile PBS were purchased from Gibco (Biosciences, Dun Laoghlaire, Dublin). Ficoll-
paque was purchased from Amersham (GE Healthcare Life Sciences, Buckinghamshire,
UK). Foetal calf serum was purchased from Biosera (East Sussex, UK). Penicillin
streptomycin and trypsin were purchased from Sigma (Poole, Dorset, UK). General
laboratory chemicals were purchased from Sigma (Poole, Dorset, UK) with the
exception of blasticidin and hygromycin which were obtained from Invivogen

" was purchased from Novagen (Merck, Darmstadt,

(Toulouse, France). GenelJuice™
Germany). Glutathione-sepharose 4B beads were purchased from Amersham (GE
Healthcare Life Sciences, Buckinghamshire, UK), colentrazine was purchased from
Argus Fine Chemicals (Vernio, Italy), passive lysis buffer was purchased from Promega
(MSC, Mulhuddart, Dublin 15), prestained molecular weight marker from New England
Biolabs Ltd (Ipswich, UK) and polyacrylamide was purchased from National
Diagnostics Ltd. (Biosciences, Dun Laoghaire). DD loop in vitro peptides were
obtained from Genscript USA Inc. Metafectene was purchased from Biontex
laboratories GmbH (Germany). Recombinant human caspase-1 and caspase-1 inhibitor
were purchased from Calbiochem™ (Merck Biosciences, San Diego). Enhanced
chemiluminesence (20X LumiGLO Reagent and 20X peroxide) was purchased from
Cell Signalling Technology™ (New England Biolabs, Ipswich, U.K). All DNA

sequencing was carried out by Eurofins MWG. DD loop S and L form peptides were

manufactured by Pepscan Presto (Lelystad, The Netherlands).
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2.2 Cell lines

Wild type MyD88 adaptor like (Mal) murine embryonic fibroblasts (MEFs) and Mal
deficient MEFs were a gift from Dr. Kate Fitzgerald (University Massachusetts,
Worchester, MA 01605, USA). Cell lines used in the project were human embryonic
kidney cell line (HEK) 293 cell line which was obtained from Tularik Inc, San
Francisco, CA 94080. The HEK 293T and U373 human astrocytoma cell lines were
obtained from the European Collection of Animal Cell Cultures (ECACC) (Salisbury,
U.K.). Cell lines stably transfected with plasmids such as, HEK-293 TLR2, HEK293
TLR2-YFP, HEK293 TLR4 MD2 CD14 and U373-CD14 cells were a gifts from Dr.
Kate Fitzgerald (University Massachusetts, Worchester, MA 01605). Whole blood was
obtained from the Irish Blood Transfusion Service and PBMCs were isolated in the

laboratory.

2.3 Expression vectors

Empty vector pcDNA3.1 was obtained from Invitrogen (Carlsbad, CA). HA-Mal
plasmid was cloned in house by Dr. Aisling Dunne (Trinity College Dublin) and site
directed mutagenesis was carried out on the HA-Mal plasmid to make HA Mal 180Leu
plasmid. pGEX-Mal Ser180 (GST-Mal S180) and pGEX-Mal Leul 80 were both made

by Dr. Aisling Dunne in house.

Mal Ser180-CFP was received as a gift from Dr. Constantinos Brikos (Trinity College
Dublin) and site directed mutagenesis was carried out on the plasmid to generate Mal

Leul80-CFP.
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TLR6-FLAG and TLR6 YFP was received from Dr. Kate Fitzgerald (University of
Massachusetts, USA) and site directed mutagenesis was carried out to generate the
TLR6-Asn30 FLAG and the YFP-TLR6 Asn30 construct. pDuo TLR2/6 vector was
purchased from Invivogen (Toulouse, France) and site directed mutagenesis was
employed to generate the pDuo TLR2/6-Asn30 vector. The plasmid encoding ER-CFP
was a kind gift from Harald Husebye (Institute of Cancer Research and Molecular
Medicine, NTNU, N-7489 Trondheim, Norway). TLR2-FLAG construct was a gift
from Dr. Kate Fitzgerald. pGEM-T Easy vector system was purchased from Promega

((MSC, Mulhuddart, Dublin 15).

2.4 Reporter vectors
The dGL3-5«B plasmid was a gift from Dr. R Hofmeister (Universitat Regensburg,

Germany). The phRL-TK vector was purchased from Promega.

2.5 Cell culture
2.5.1 Growth of cell lines from frozen stocks

Cell lines are stored in boxes in liquid nitrogen. All cells are stored at a concentration
of 1x10’cells/ml in 90% FCS and 10% DMSO in plastic cryo-vials. In order to thaw the
cells the cells were removed from the liquid nitrogen and immediately placed at 37°C.
U373, HEK293, HEK 293 TLR4 MD2 CD14, HEK293 TLR2, HEK 293 TLR2-YFP,
pDUO TLR2/6 Asp30 and Asn30 cell lines, Mal deficient MEFS and Mal WT MEFs
were placed in 10ml of DMEM (10% FCS). The cells were centrifuged at 1000g for 3

minutes. The supernatant was removed and the pellets were re-suspended in 10ml of
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complete medium. The cells were then placed in a T25 flask. The flasks were placed in

a 37°C incubator at 5% CO; and grown until confluent.

2.5.2 Growth and maintenance of cell lines

U373, HEK293, HEK 293 TLR4 MD2 CD14, HEK293 TLR2, HEK 293 TLR2-YFP,
pDUO TLR2/6 Asp30 and Asn30 cell lines, Mal deficient MEFS and Mal WT MEFs
were placed in 10ml of DMEM (10% FCS, penicillin streptomycin 0.1mg/ml). Cells
were maintained at 37°C in a humidified atmosphere of 5%CO,  To use cell lines in
specific assays cells were grown up in T75 or T175 flasks. When the cells were
confluent they were typically seeded at 1x10° cells/ml in 96 well plates, 24 well, 6 well
plates or 10cm dishes 24 hours prior to use in any assay. For continuing growth of cell
cultures, cells were typically seeded at 1x10° cells/ml DMEM and were sub-cultured
approximately twice a week. Cell viability was determined each time using trypan blue
dye. Trypan blue is not taken up by healthy cells. Cells were counted using a
haemocytometer and a light microscope. U373, HEK293, HEK 293 TLR4 MD2 CD14,
HEK?293 TLR2, HEK 293 TLR2-YFP, pDUO TLR2/6 Asp30 and Asn30 cell lines, Mal
deficient MEFS and Mal WT MEFs were removed from the flask by removing DMEM
media and washing with 5-10ml sterile PBS, and by incubating the cells at 37°C for 5
minutes with 5Sml trypsin-EDTA (0.005mg/ml). Following trypsinisation 10ml of
DMEM-10%FCS was added to the flask and the contents of the flask were placed into a
30ml sterilin tube. The tube was centrifuged at 1000 x g for 3 minutes. The supernatant
was removed from the pellet and 1ml of DMEM-10%FCS was added to re-suspend
each pellet. For continuing growth the cells were divided 1 in 4 or 1 in 3 depending on

the requirements of the next experiment.
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2.53 Generation of human peripheral blood mononuclear cells

Blood was obtained from a healthy donor (20mls) or from the Irish blood transfusion
service (IBTS) blood bank. The blood was transferred into a 50ml falcon tube and
diluted 1:2 with phosphate buffered saline (PBS). Ficoll paque was used to separate the
blood into its constituent parts; red blood cells, PBMCs, and serum. The blood was
slowly added to 20mls of ficoll paque. The tubes were centrifuged at 1600 x g for 30
minutes. The white blood cell ring was transferred into a new 50ml tube using a pasteur
pipette. The volume was adjusted to 50mls and the samples were centrifuged again this
time at 1600 x g for 10 minutes. The supernatant was removed. This step was repeated
a second time and the pellet was re-suspended in 10mls of PBS. The cells were counted
and seeded in 96 well plates at a concentration of 2x10°cells/ml. The cells were
incubated for 24 hours at 37°C with 5% CO,  The following day they were pre-
incubated with varying concentrations of peptide for 1 hour. The cells were then
stimulated with various ligands. The cells were incubated for a further 24 hours. The

media was removed from the cells and used in IL-6 ELISA assays.

254 Cryopreservation of cell lines

Cells were grown to a state of sub-confluency and were harvested and counted as
described in section 2.5.2. The cells were centrifuged at 1000 x g for 3 minutes and
were re-suspended in FCS and dimethyl sulphoxide (DMSO) (9:1). Aliquots of the cells
at 2x10° cells/Iml DMSO-FCS were placed in 1.5ml cryovials. The tubes were placed
in a room temperature cryopreservation container containing 40ml isopropanol. The

container was placed a -80°C freezer to allow the temperature of the cells to freeze at an
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even 1°C per minute. The following day the tubes were placed in a liquid nitrogen

vessel for long term storage.

2.6 Plasmid preparation for transient and stable transfections

2.6.1 Site directed mutagenesis

Site directed mutagenesis was carried out using a Quick Change Site-Directed
Mutagenesis Kit from Stratagene Technopath. Mal tagged with cyan fluorescent protein
(CFP) was received as a gift from Dr. Constantinos Brikos and the serine at the 180
position was mutated to a leucine in the Mal-CFP construct. Primers were designed
around the nucleotide to be changed. HA-Mal which was cloned in house by Dr.
Aisling Dunne was mutated to 180leu using the same primers indicated below.

The underlined tcg which encodes a serine was mutated to a ttg encoding leucine.

Original sequence §° acc atc ccc ctg ctg teg ggc ctc age aga get 3

Mutated sequence (Forward Primer) 5’ acc atc ccc ctg ctg ttg gge ctc age aga get 3’

Reverse Compliment (Reverse Primer)5’ age tct gect gag gee caa cag cag ggg gat ggt 3’

Site directed mutagenesis was also used to mutate Asp (D) at position 30 of TLR6 to
Asn (N) of the TLR6-FLAG, TLR6-YFP and pDUO TLR2/6 plasmids using the
following primers.

Mutated sequence (Forward primer) 5’-TCA AAG GTATCT TTT AAA CCC-3°
Reverse complement (Reverse primer) 5’-CTA AAT GCC TGA AAC TCA CAA-3°
Sample reactions were prepared as indicated below:

Sul 10X reaction mix

2ul (5ng/ul) plasmid dsDNA
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125ng forward primer

125ng reverse primer

1l of ANTP mix

Made to final volume of 50ul ddH,O, then added 1ul Pfu DNA polymerase (2.5U/ul).
(A range of DNA concentrations were tried from 5-50ng DNA to optimize the yield.)

The cycling parameters for the site directed mutagenesis were as follows:

Cycles Temperature and time
1 95°C for 30 seconds
16 cycles of - 95°C for 30 seconds

55°C for 1 minute

68°C for 8 minutes
Following the cycling reactions the reactions were placed on ice for 2 minutes to reduce
temperature. The reactions were then incubated at 37°C and 1pl of Dpn I restriction
enzyme (10U/ul) was added directly to each mix. The reaction mixture was incubated
at 37°C for 1 hour to allow digestion of the parent supercoiled dsDNA. Plasmids were

stored at -20°C until transformed.

2.6.2 Plasmid purification for use in transient and stable transfections

Samples prepared using site directed mutagenesis were transformed into XL1-Blue
supercompetent cells from Stratagene Technopath. The supercompetent cells were
thawed gently on ice. 50ul of cells were placed in a 1.5ml eppendorf tube and placed
onice. lpl of reaction mix from the site directed mutagenesis was placed into the 50ul
of cells. The transformation reaction was swirled gently and incubated on ice for 30

minutes. The transformation was heat pulsed by placing in a 42°C incubator for 45
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seconds and then placed back on ice for 2 minutes. 1ml of LB broth (no antibiotic) was
added to the reaction and the tube was placed at 37°C for 1 hour. Following this
incubation period, the cells were centrifuged at 1000 x g for 2 minutes and the cells
were re-suspended in 50ul LB broth (no antibiotic). The cells were then plated onto an
agar plate containing the antibiotic ampicillin. The transformation plates were

incubated at 37°C for 24 hours.

2.6.3 Mini preparation of plasmid DNA

DNA plasmids from bacterial colonies were isolated using wizard plus SV miniprep
DNA purification system (Promega, Madison WI, USA). Bacterial colonies were
isolated and placed in 15ml tubes along with 3ml LB broth. The samples were
incubated for 24 hours at 37°C. The following day 1ml of the bacterial cultures were
placed in a 1.5ml eppendorf tube and the bacterial cells were pelleted by centrifugation.
The bacteria were resuspended in 250ml cell resuspension solution. The bacterial cells
were incubated at room temperature for 5 minutes upon addition of 250ul cell lysis
solution. Following this incubation, 350ul of neutralization solution was added to the
eppendorf tube. The mixture was centrifuged at room temperature for 10 minutes at
13,000 x g. The cleared lysate was added to a spin column inserted into a 2ml
collection tube. The spin column was centrifuged at 13,000 x g for 1 minute to allow
the lysate move through the spin column and into the collection tube. The contents of
the collection tube were discarded and 750ul and then 250ul of wash solution were
added to the spin column. The tube was centrifuged again for 2 minutes and the
contents of the collection tube were discarded. A 1.5ml eppendorf tube was placed

under the spin column and 80ul nuclease free HO was placed in the spin column. The
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tube was centrifuged and the DNA was eluted into the 1.5ml eppendorf tube. The insert

was then sequenced to verify that the selected clone possessed the required mutation.

2.6.4 Plasmid purification procedure

Plasmids were purified using endofree plasmid maxi kit from Qiagen. 100ml of
bacteria containing the plasmid of interest was cultured in a 250ml conical flask
overnight at 37°C shaking at 200 rpm. Before cells were harvested glycerol stocks
could be made aseptically by mixing 900ul bacterial culture with 100ul glycerol and
then freezing the bacterial cells at -80°C for long term storage. The remainder of the cell
culture was centrifuged at 6000 x g for 15 minutes at 4°C.  The pellet was then re-
suspended in 10ml buffer P1. 10ml of buffer P2 was added to the suspension, buffer P2
contained SDS to lyse the cells. The suspension was vigorously inverted 4-6 times and
incubated at room temperature for 5 minutes to allow lysis to occur. Meanwhile, a cap
was screwed into the outlet nozzle of the QIAfilter maxi cartridge and placed onto a
rack. After the 5 minute incubation, 10ml of buffer P3 (neutralization buffer) was
added to the suspension and the tube was inverted 4-6 times to ensure thorough mixing.
The bacterial lysate was poured into the maxi cartridge and incubated at room
temperature for 10 minutes. The cap was then removed and the lysate was pushed
through the cartridge using a plunger into a 50ml falcon tube. 2.5ml of buffer ER
(endotoxin removal) was added to the tube and mixed by inverting, and the tube was
incubated on ice for 30 minutes. During the 30 minutes the QIAGEN-tip was
equilibrated by adding 5Sml equilibration buffer and allowing it to flow through by
gravity. After the 30 minute incubation the lysate was added to the QIAGEN-tip and
was allowed to flow through by gravity flow. The tip was washed using 2 x 15ml

buffer QC. A 50ml falcon tube was placed beneath the tip and 15ml of buffer QN was
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added to the tip for elution of the DNA. The DNA was precipitated by adding 10.5ml
room temperature isopropanol to the eluted DNA. The tube was centrifuged at 15,000 x
g for 30 minutes at 4°C. Following this, the supernatant was decanted off carefully.
The pellet was washed in 5ml endotoxin free room temperature 70% ethanol and
centrifuged for another 10 minutes at 15,000 x g. The supernatant was carefully
removed and the pellet was left to air dry. The dried pellet was resuspended in 500pul

buffer TE or nuclease free water.

2.7 Transient transfection

GeneJuice™, the liposomal based transfection reagent from Novagen was used in the
transfection of HEK 293 TLR2, HEK 293 TLR4 MD2 CD14, HEK 293T pDUO
TLR2/6 WT and HEK 293T pDUO TLR2/6 D30N cells. Metafectene was used to
transfect wild type and Mal deficient MEFs. Cells to be transfected were seeded at
2x10° cells/ml in either 96 well, 6 well, 24 well or 10 cm dishes. As a rule, a ratio of
3:1 of GenelJuice™ to plasmid was used (3ul of Geneluice per 1pg of plasmid). This

ratio could be altered to optimize the transfection efficiency.

2.8 Luciferase gene reporter assay
2.8.1 Luciferase gene reporter assay transfection

Cells to be transfected were seeded at 1 x 10°cells/ml in 96 or 24 well plates. The cells
were incubated for 24 hours at 37°C with 5% CO, The Mal WT and Mal deficient

MEFs were transiently transfected with different concentrations of plasmid (a) 50ng
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Mal S180 + 50ng EV, (b) 50ng Mal L180 + 50ng EV and (c) 50ng Mal S180 + 50ng

Mal L180.

In all cases (MEFs, HEK 293s and HEK 293T cells) the amount of DNA used per
transfection was normalised using the appropriate concentration of relevant empty
vector control. Plasmids used were the kB reporter plasmid and the TK renilla
normalization control plasmid. 0.8ul of GeneJuice was mixed with 9.2ul serum free
DMEM per transfection and incubated at room temperature for 5 minutes. 30pul of this
mixture was added to triplicate amounts of plasmid. The mixture was incubated for 15
minutes at room temperature. 10ul of DNA/Geneluice(or Metafectene)/DMEM mix
was added per well to the cells. The cells were left to recover for at least 24 hours at

37°C before harvested and a luciferase assay carried out.

2.8.2 Cellular lysate preparation

Cells were transfected in 96 well plates as described in section 2.7.1. The following day
the medium was removed from the cells. The dish was patted onto tissue paper to
ensure the removal of all the media. The cells were lysed for 15 minutes at room
temperature with 50ul (96 well plates) 1X Passive Lysis Buffer (Promega) and 80pl
passive lysis buffer for 24 well plates. The cells were observed under the microscope to
ensure that full lysis had occurred. The lysates were placed onto a white 96 well plate
conducive for luminescent readings. When doing an assay on a 96 well plate 20ul of
the lysed cell mix was taken and tested for firefly luciferase activity and 20l of the
lysed cell mix was tested for renilla luciferase activity. When using a 24 well plate for
the luciferase assay 35ul of lysed cell mix was tested for luciferase and TK renilla

activity.
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2.83 Measurement of luciferase activity

Firefly luciferase activity for a 96 well plate was assayed by the addition of 40ul of
luciferase assay mix (20mM tricine, 1.07mM (MgCO;)sMg(OH),.5H,0, 2.67mM
MgSO04, 0.1M EDTA, 33.3mM DTT, 270mM coenzyme A, 470mM luciferin, 530mM
ATP) to the sample and renilla luciferase was read by the addition of 40ul of a 1:1000
dilution of colentrazine in PBS. Luminesence was read using Mediators PHL
luminometer. Firefly luminescence readings were corrected for renilla activity and

expressed as luciferase activity over un-stimulated empty vector control.

2.9 Reconstitution assay

Wild type murine embryonic fibroblasts (MEFs) and Mal deficient MEFs were set up
into 6 well plates at 1.0x10°cells/ml DMEM. The cells were incubated overnight at
37°C to allow for recovery and were transiently transfected after 24 hours with lug
empty vector (EV)/well, 1pg Mal S180/well and 1pug Mal L180/well 6 well plate. The
cells were incubated overnight at 37°C with 5% CO,. The cells were also seeded into
24 well plates at 1.0x10°cells/ml DMEM. After 24 hours the cells were transfected with
500ng/well plasmid DNA. The cells were incubated overnight at 37°C with 5% CO,
The following day the cells were stimulated with TLR ligands, LPS, MALP-2,
Pam3;CSKy or Polyl:C for a number of different time points. Subsequently the media on
the cells was harvested to carry out enzyme linked immunosorbent sandwich assays
(ELISAs) and the cells were lysed using sample buffer to carry out western blotting

analysis.
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2.10 Western blotting

2.10.1 Cell stimulation and extract preparation

MEFs were seeded at 1 x 10° cells/ml DMEM in 6 well plates and stimulated with
various TLR ligands at different time points. The removal of growth media and the
addition of cold PBS to the wells terminated the reactions. The cells were washed a

total of 3 times in cold PBS. The cells were lysed directly using sample buffer.

2.10.2 Cell lysis with sample buffer

Cells in a 6 well plate which had been washed in cold PBS. were lysed directly using
80ul 5X sample buffer (62.5mM Tris-HCI pH6.8, 2%w/v SDS. 10% glycerol, 50mM
DTT, 0.1% bromophenol blue in 20ml ddH,0). The cells were scraped from the well
and transferred into 1.5ml eppendorfs. The samples were then sonicated, boiled for §
minutes and centrifuged for 5 minutes at 13,000 x g. The cell lysates were subsequently

run on SDS-PAGE gels or stored at -20°C until required for use.

2.10.3 Sodium dodecyl sulphate (SDS) — polyacrylamide gel electrophoresis
(PAGE)

Samples were resolved on sodium dodecylsulfate (SDS) polyacrylamide gel using

constant current of 25mA per gel. Samples were first run through stacking gel (1ml

30% bisacrylamide mix, 0.75ml 1M Tris pH 6.8, 60ul 10% (w/v) ammonium persulfate

and 5ul TEMED made up to 6ml with H,O) to condense the protein. The protein was

then resolved according to size using 8- 12% polyacrylamide gels (30% bisacrylamide

mix, 3.75ml 1.5M Tris pH 8.8, 150ul 10% (w/v) ammonium persulfate, 6ul TEMED
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made up to 15ml with H,O). Samples were resolved with pre-stained protein markers

(New England Biolabs) as molecular weight standards.

2.10.4 Transfer procedure

The resolved proteins were transferred to nitrocellulose membrane or polyvinylidene
difluoride (PVDF) (Sigma) using a wet transfer system with all components soaked first
in transfer buffer (25mM Tris-HCL pH8.0, 0.2M glycine, 20% methanol). The gel was
immersed in 1X transfer buffer and placed onto a layer of filter paper and sponge. The
gel was covered in nitrocellulose paper or PVDF. A second piece of filter paper was
placed on top followed by the second sponge. The entire assembly was placed in a

cassette and an electric current of 150mA was applied for two hours.

2.10.5 Blocking the membrane

Once the proteins from the gel had transferred onto the membrane it was removed and
placed in 50ml of blocking solution. Blocking solution comprised of 5% w/v Marvel
(non-fat dried milk, 5g of marvel was placed into 100ml of Tris Buffered Saline
TBS/Tween) or varying percentages (1, 3, 5%) of bovine serum albumin (BSA) in
TBS/Tween depending on the requirements of the antibody being used. The
nitrocellulose membrane in blocking solution is placed on a gentle rocker for 1 hour at
room temperature. After the hour the blot is washed once in TBS/Tween before adding

antibody.
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2.10.6 Antibody incubations

The blot was placed into a S0ml tube containing 4ml of primary antibody of interest at
1:500 to 1:5000 dilutions, depending on the antibody. The tube was left to roll for 1
hour at room temperature. The blot was then removed and washed 3 times in

TBS/Tween for 5 minutes each.

The blot was then placed into a 50ml tube containing 4ml of an appropriate secondary
antibody. The tube was rolled for 1 hour at room temperature; the blot was removed
and washed 3 times in TBS/Tween for 5 minutes each. The blots were developed by
enhanced chemiluminescence (ECL) (Cell signalling technologies) according to

manufacturer’s instructions.

2.10.7 Stripping and re-probing

A blot can be probed for more than one protein if the membrane is stripped of the initial
antibody and re-probed with the new antibody of interest. The blot was washed once in
1x TBS/Tween, to remove the chemiluminescent agent. The membrane was striped by
placing it in 4ml of 1x re-blot plus solution (Chemicon International), it was left to rock
for 15 minutes at room temperature. The membrane was blocked again in 50ml Marvel
or BSA/TBS-Tween for 1 hour and probed with primary and secondary antibodies and

then developed as before using enhanced chemiluminesence.

2.11 Enzyme linked immunosorbent assays (ELISAs)

2.11.1 Sample preparation

U373-CD14 human astrocytoma cell lines and HEK-293 pDUO TLR2/6 Asp30 and
Asn30 cells were seeded at 1x10° cells/ml into 96 well plates (150pl/well) and were

incubated overnight at 37°C with 5% CO,. After 24 hours cells the medium on the
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U373-CD14 cells was removed and replaced with fresh medium. The media on the
HEK 293T pDUO cells was untouched. After 24 hours the cells were either treated or
left untreated with appropriate ligand or peptide depending on the assay. A further 24
hours later the media was removed to a new sterile 96 well plate and either assayed the
same day or stored at -80°C. A DuoSet ELISA kit from RnD systems was used to carry
out human interleukin-6 (IL-6) human interleukin-8 (IL-8) sandwich ELISAs. The
ELISA kits were used to measure natural human IL-6 and IL-8 in cell culture

supernatants.

2.11.2 Plate Preparation

Each capture antibody was diluted in PBS to a working concentration.

Human IL-6 capture antibody working concentration; 2pg/ml

Human IL-8 capture antibody working concentration; 4pg/ml

A high binding flat bottomed 96 well plate was coated with 100ul per well of the
diluted capture antibody. The 96 well plate was sealed and incubated overnight at room
temperature. Each plate was rinsed three times by placing in a bath of wash buffer
(0.05% Tween 20 in PBS, pH 7.2-7.4), and then blotted on clean tissue to remove
excess wash buffer. Complete removal of the wash buffer was essential for consistent
results. The plate was blocked by adding 300ul of reagent diluent (1%BSA in PBS, pH
7.2-7.4) to each well. The plate was then incubated at room temperature for a minimum

of 1 hour. The wash step was repeated.

2.11.3 Assay procedure
The IL-6 standard (600-Opg/ml), IL-8 standard (2000-Opg/ml) and samples were

prepared. Each sample or standard was diluted in growth medium (10%FCS in DMEM)
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and 100ul was added per well. The plate was covered with an adhesive strip and
incubated for two hours at room temperature. The wash step was repeated as in section
2.11.2. Detection antibody was diluted in reagent diluent and 100ul was added to each
well.

Human IL-6 detection antibody working concentration: 200ng/ml

Human IL-8 detection antibody working concentration: 20ng/ml

A new adhesive strip was applied to the plate and the plate was incubated at room
temperature for two hours. The wash step was repeated. Streptavidin-HRP was diluted
1:200 to a working concentration in reagent diluent and 100ul was added to each well.
The plate was covered in an adhesive strip, placed away from direct light and the plate
was incubated for 20 minutes. The wash step was repeated. Substrate solution was
added at 100ul per well and incubated for 20 minutes at room temperature. The plate
was placed away from direct light. In order to stop the reaction 50ul of stop solution
(2N H,SO4 diluted in H,O) was added to each well. The plate was gently tapped to
ensure thorough mixing. The optical density of each well was determined immediately
using a microplate reader set to the appropriate wavelength (450nm). A standard curve
is obtained by plotting the mean absorbance for each standard on the y-axis against the
concentration on the x-axis a curve is drawn through the points on the graph the

concentration of the samples are extrapolated from the standard curve.

2.12 GST Pulldown

2.12.1 Purification of GST-Mal S180 and GST-Mal L180

Bacterial cultures of pGEX, pGEX Mal-S180 and pGEX Mal-L180 were cultured
overnight at 37°C in a shaker incubator. Sml of each culture was transferred into a 2

litre conical flask and 250ml of LB broth was added to the flask. The cultures were

59



Chapter 2 Materials and Methods

grown at 30°C in a shaker. The optical density 600 (0D600) of the cultures were
checked after 2 hours. When the OD600 reached 0.5 50ul of 1mM isopropylthio-B-D-
galactoside (IPTG) was added to each flask to induce the recombinant protein
expression. The flask was incubated at 30°C for 1 hour with vigorous shaking. The
cells were harvested by centrifugation at 10,000 x g. The pellets were either stored at

-20°C or they were lysed to extract proteins immediately.

2.12.2 GST protein purification

The bacterial culture pellets were re-suspended in 30ml NETN buffer (20mM Tris,
100mM NaCl, ImM EDTA, 0.5% NP40, pH 8.0) with protease inhibitors (leupeptin
10mg/ml, aprotinin, PMSF 10mg/ml). The cells were disrupted using a sonicator. The
suspension was put into a 50ml tube and the tube was placed on ice. The sonicator
probe was placed into the cell suspension and the cells were sonicated for 5 minutes.
The sonicated solution was placed into a 50ml centrifuge tube and the suspension was
centrifuged for 30 minutes at 39000 x g. 20ml NETN buffer was added to 1ml of GST
beads to wash the beads. The beads were centrifuged at 2200 rpm for 5 minutes. The
NETN buffer was removed using a pipette. A small volume of NETN buffer was left in
the tube. The beads were mixed with the NETN buffer and 300ul of beads were added
to each cell suspension. The tube was incubated with a rolling action at 4°C for 2
hours. The solution was centrifuged at 680 x g for 5 minutes. The NETN was
aspirated off and 30mls of NETN buffer was added to the pellet. The pellet was re-
suspended and the solution was centrifuged at 680 x g for 5 minutes. The wash step
was repeated four times. 10ul of beads was added to 15ul 5X sample buffer (5Sml
glycerol, 10% SDS 10ml, bromophenol blue 10mg, Tris HCI 1M pH 6.8 6.25ml, H,O

28.75ml, B-mercaptoethanol 250ul per ml) the samples were boiled and were resolved
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on a 12% SDS-PAGE gel. The gel was stained with coomassie blue dye overnight and
de-stained for 1 hour to approximately assess the concentration of protein present on the

beads.

2123 Cell lysate preparation

HEK 293 cells were seeded into seven ten centimetre dishes at 1.5x10° cells per 1 ml of
media. The cells were incubated overnight at 37°C. The following day the cells were
transfected with 6ug FLAG-tagged TLR2 plasmid per well. Each 10cm dish was lysed
using 800pul high stringency buffer (Hepes pH 7.5 5S0mM, NaCl 150mM, EDTA 2mM,
1% NP40 and 0.5% Sodium deoxycholate) containing protease inhibitors (leupeptin
1ul/ml [stock 100mg/ml], aprotinin Spl/ml, PMSF 10ul/ml [stock 100mM]). The cells
were lysed at 4°C for 1 hour using a rolling motion. The GST and GST-Mal S180 were
diluted in NETN buffer so they were at the same concentration as the GST-Mal L180.
The cells lysates were pooled together into a 30ml tube. The lysates were incubated
with the glutathione coupled GST, GST-Mal S180 and GST-Mal L.180 for 2 hours at
4°C. The samples were resolved on 12% SDS-PAGE gels and immuno-blotting was

carried out.

2.12.4 DD loop blocking peptide — in vitro

Blocking peptides were synthesized by Genscript Corp. against amino acids in DD-loop
region of Mal. Control peptides which are scrambled version of the blocking peptides
were also synthesised.

Peptide 1: TIPLLSGLSR

Peptide 2: LSRGSPTLIL
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HEK 293 cells were seeded at 1x 10° cells per ml DMEM into 6 well plates. The cells
were transiently transfected with 2pg FLAG-TLR2 per well. After 24 hours, a GST
pull-down assay was performed, cells were washed with 10ml cold PBS and the cells
were lysed in high stringency buffer containing protease inhibitors (leupeptin 1pl/ml
[stock 100mg/ml], aprotinin Sul/ml, PMSF 10ul/ml [stock 100mM]). The FLAG
TLR2 lysates were incubated over night at 4°C with purified glutathione-coupled GST
alone, Mal S180 GST with DD loop peptide and Mal S180 GST with scrambled
peptide. The GST samples were centrifuged at 320 x g for 5 minutes and the beads
were washed with 1ml high stringency buffer three times and in 1ml PBS once. All
buffer was removed from the beads and 40ul sample buffer (1ml sample buffer 50ul
DTT) was added to each sample. The samples were resolved on a 12% SDS-PAGE gel
using constant current of 25mA per gel. Each protein gel was transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1

hour at room temperature with 5% marvel and the probed for FLAG tagged TLR2.

2125 GST pulldown assay FLAG TLR2/GST-Mal interaction

HEK 293 cells were seeded at 1x 10° cells per ml DMEM into 10cm dishes. After 24
hours the cells were transfected with 6pug FLAG TLR2 plasmid. After 24 hours the
cells were washed with 10ml cold PBS and the cells were lysed in high stringency
buffer containing protease inhibitors. The FLAG tagged TLR2 lysates were incubated
over night at 4°C with purified glutathione-coupled GST, GST-Mal S180 and GST-Mal
L180. The samples were washed three times in high stringency buffer and 40ul of
sample buffer containing 5% DTT was added to the beads. The samples were resolved

on a 12% SDS- PAGE using constant current of 25mA per gel. Each protein gel was
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transferred to nitrocellulose membrane for 1.5 hours at 200mA. The membrane was
blocked for 1 hour at room temperature in 5% marvel and probed for FLAG tagged

TLR2

2.13 DD loop peptide in cell based assays

Peptides were designed to the 9 amino acid sequence surrounding S180 of Mal. Two
sets of peptides were generated, one that contained the serine and a second that
contained the leucine. The peptides were tethered to a nine arginine repeat sequence
which aids in the cellular internalisation of the peptide. Scrambled forms of the
peptides were also generated and were used as controls. The S form peptide and the
scrambled S form peptide had a high purity value at 93.28% and 96.55% respectively:
the amino acid change in the L form peptide and the scrambled L form pepitde lowered
their purity values to 73.44 and 70.15%. The soluble peptides were manufactured by

Pepscan Presto (Lelystad, The Netherlands).

Sequences:

PEP-052: acetyl-TIPLLSGLSRRRRRRRRR-amide 93.28% purity- S form

PEP-053: acetyl-LPSGLTILSRRRRRRRRR-amide6.55% purity- Scrambled S form

PEP-054: acetyl-TIPLLLGLSRRRRRRRRR-amide 73.44% purity- L form

PEP-055: acetyl-LPIGLSLTLRRRRRRRR-amide 70.15% purity- Scrambled L. form

The reduced purity in the L form peptides was due to the presence of a shorter version

of the peptide that was missing an arginine residue.

Experiments were carried out in U373-CD14 human astrocytoma cell line and human

peripheral blood mononuclear cells (PBMCs).
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2.13.1 Peptide blocking — cell based assays

U373 human astrocytoma cells stably transfected with CD14 (U373-CD14), cells were
seeded at 1x10” cells/'ml DMEM-10%FCS in 96 well plates. The cells were incubated
over night at 37°C. Blocking peptides of the DD loop of Mal Ser180 region were
synthesized.

Blocking peptides were added to the cells at concentration; 100uM 500uM, 25 puM,
12.5uM, 6.25uM, 3.125M and OuM. The cells were incubated at 37°C for 1 hour.
After 1 hour the cells were stimulated with TLR ligands; Pam;CSK, (10png/ml TLR1/2
ligand), MALP-2 (5nM, TLR2/6 ligand) and Polyl:C (10pg/ml; TLR3 ligand). The
cells were incubated for 24 hours. The media was collected and a human IL-6 ELISA

and was performed on the supernatants.

2.14 Confocal microscopy

2.14.1 Preparation of coverslips
Sterile coverslips were coated with 1mg/ml poly-L-lysine. Excess poly-L-lysine was
aspirated off after 1 minute. The cover-slips were rinsed once with 2 ml sterile PBS and

left to dry for 1 hour in a laminar flow hood.

2.14.2 Preparation of slides

Pre-prepared coverslips from section 2.14.1 were placed in a 6 well plate and HEK
293T and WT MEFs were seeded onto the plates at concentration of 1x10’°cells/ml
DMEM. After 24 hours wells were transfected with 2ug of either Mal Ser180-CFP,

Mal Leul80-CFP plasmid, EV-GFP, TLR6 Asp30-YFP or TLR6 Asn30-YFP. The

cells were incubated overnight at 37°C and 5% CO,. After 24 hours cells were rinsed
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gently twice in PBS. The cells were fixed in 2% formaldehyde for 15 minutes at room
temperature. The cells were washed three times with 3ml PBS. In order to permeabilise
the cells 0.2% (v/v) Triton X 100 in PBS was added and the cells were left on ice for 10
minutes. If using an antibody in the experiment the cells were blocked in 50%BSA-
PBS solution for 30 minutes. A fluorescently labelled antibody or labelled secondary
antibody was diluted in 5%BSA-PBS and was added to each well for 1 hour at room
temperature. The 6 well plate was placed in the dark during the incubation. If staining
the nuclei with propidium iodide the cells were incubated for 20 minutes at 37°C with
RNAseA, washed and incubated with propidium iodide for 5 minutes before washing.
The coverslips were washed three times in 5%BSA-PBS and subsequently dipped into
distilled water. In the dark each coverslip was mounted onto a slide with 4ul of
mounting solution (Iml 90% glycerol 10% PBS) containing 50mg/ml propyl gallate
‘anti-fade’ reagent. The coverslip was sealed with clear nail varnish to prevent drying
and movement under the microscope. The cells were observed with a confocal

microscope.

2.15 Membrane fractionation assay

HEK293T cells were seeded at 1x10°cells/ml in 10 cm dishes and incubated over night
at 37°C with 5% CO,. The cells were transfected with 6pg Mal Ser180-CFP, Mal
Leul80-CFP, TLR6-Asp30 YFP or TLR6 Asn30-YFP plasmid per 10cm dish. The
cells were harvested and washed three times with PBS. Pellets were re-suspended in
500pul membrane re-suspension buffer and subjected to 35 strokes of a tight fitting
Dounce homogenizer. Samples were centrifuged in an ultracentrifuge at 97,000 x g for
1 hour at 4°C. The supernatant (cytosolic fraction) was removed and 100ul sample

buffer with 5% DTT was added. 50ul of sample buffer was added to the pellets
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(membrane fraction). The samples were examined by Western blotting (section 2.10)

using primary anti-GFP and anti murine secondary antibody.

2.16 SNP genotyping — real time — polymerase chain reaction (RT- PCR)
Genotyping of the Irish population was performed using TagMan Pre-Designed
Genotyping Allelic Discrimination System (Applied Biosystems, Foster City, CA).
Four hundred and ninety four healthy individuals aged < 18 years were studied.
Applied Biosystems have designed genotyping assays for over 2.5 million SNPs that
were found by the Hap Map project and so a probe for the Mal Leul80 SNP was
ordered. The system used 25ul reactions in a 96 well plate.

For a well of a 96 well plate use 12.5ul TagMan universal PCR master mix, 1.25pul
TagMan SNP genotyping assay mix, 11.25ul genomic DNA diluted in water (diluted to
between 1-20ng). The PCR was carried out as follows; initial step 10 minutes at 95°C,
denaturing step 15 seconds at 92°C and annealing/extending step is 1 minute at 60°C.
The denaturing and annealing/extending step was repeated for 40 cycles. Genotypes

were determined using ABI Prism (Applied Biosystems, Foster City CA).

2.17 Caspase-1 cleavage assay

HEK 293T cells were seeded into 10 cm dishes at 1x10° cells/ml DMEM and were
incubated at 37°C at 5% CO, for 24 hours. After 24 hours the cells were transiently
transfected with 6ug/ml HA-Mal Ser180, HA-Mal Leul80 and HA-EV. The cells were
incubated for a further 24 hours before harvesting. The cells were washed in 2ml cold
PBS and were lysed in 300ul low stringency buffer (Hepes pH 7.5 50mM, NaCl

100mM, ETDA 1mM, glycerol 10%, NP40 0.5%) with protease inhibitors (leupeptin
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lul/ml [stock 100mg/ml], aprotinin Sul/ml, PMSF 10ul/ml [stock 100mM]). The
cellular lysates were scraped into 1.5ml eppendorf tubes and were rolled at 4°C for 15
minutes to ensure complete lysis had occurred. The samples were prepared as follows;
different volumes of lysates were used to optimise the assay. A hepes buffer was used
in this assay (hepes 100mM, sucrose 10%, Chaps 0.1%, pH to 7.5, add DTT 10mM
before use). Human recombinant caspase-1 (Calbiochem) was used at 200 units (2ul) in
this assay. Caspase-1 inhibitor in this assay was used at 100uM.

Sample 1: HA Mal Ser180 10ul lysate, 10ul buffer

Sample 2 : HA Mal Ser180 10ul lysate, 10ul buffer, + recombinant caspase-1

Sample 3 : HA Mal Ser180 10ul lysate, 10ul buffer, + recombinant caspase-1, +
caspase-1 specific inhibitor

Sample 4 : HA Mal Leul80 10ul lysate, 10ul buffer

Sample 5 : HA Mal Leul80 10ul lysate, 10ul buffer, + recombinant caspase- 1

Sample 6 : HA Mal Leul80 10ul lysate, 10ul buffer, + recombinant caspase-1, +

caspase-1 specific inhibitor

The samples were incubated for 90 minutes at 30°C. After incubation the samples were
placed on ice. The reaction was stopped by adding 20ul 5X sample buffer to each
sample. The samples were boiled for 5 minutes and were resolved on a 12% SDS-
PAGE gel at 25mA. The gel was transferred to a nitrocellulose membrane for 1.5 hours
at 200mA. The membrane was blocked for 1 hour at room temperature in 5% marvel
and probed with anti-HA antibody (1:1000 dilution) for 2 hours at room temperature,
the blot was washed three times with TBS-Tween with 5 minute washes. Anti-mouse

HRP secondary antibody was added to the blot for 1 hour at room temperature. The
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blot was washed 3 times using 5 minute washes in TBS-Tween and the blot was

developed using enhanced chemiluminesence.

2.18 Generation of stable cell lines

HEK 293T cells were stably transfected with pDUO TLR2/6 vector and pDUO TLR2/6
Asn30 vector which has been generated using site directed mutagenesis (section 2.6.1).
The cells were seeded into 10cm dished at 1x10° cells/ml DMEM and were incubated
for 24 hours at 37°C with 5% CO, The plasmids were transfected into the cells using
Geneluice (section 2.7). The cells were incubated for three days at 37°C with 5% CO,
to allow transfection to occur. After 3 days incubation, the cells were trypsinized from
the plates and placed into 24 well plates to establish an antibiotic killing curve. The
pDUO vector possesses a blasticidin resistance gene and so any cell which took up the
plasmid was resistant to blasticidin. Blasticidin was added to the cells at concentrations
Opg/ml, 2pg/ml, 4pug/ml, 6pg/ml, 8ug/ml and 10pug/ml in DMEM. The cells with
10pg/ml Blasticidin-DMEM were allowed to divide and cells which were resistant to
blasticidin survived. The cells were grown for 2 weeks in antibiotic media. After two
weeks the cells were analysed by flow cytometry (section 2.19) using anti TLR2-FITC
antibody from Invivogen. The amount of TLR2 present was identified in control HEK
293T cells compared to HEK 293T pDUO TLR2/6 Asp30 and HEK 293T pDUO

TLR2/6 Asn 30 cells.

2.18.1 Generation of HEK 293T pDUO TLR2/6 Asp30 and pDUO TLR2/6
Asn 30 clonal cells
Pools of cells identified as having TLR2 present (section 2.19, section 2.18) were

diluted so as to have 100 cells in 20ml of DMEM. 200ul was placed into each well of a
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96 well plate, in the hope that 1 cell was present in each well. The cells were allowed to
grow for a week at 37°C 5%CO;. During the week the cells were inspected for growth
of a single cell colony. Any well that had growth from a single cell colony was marked
and grown until confluent. Each clone was moved to a 24 well plate with 10ug/ml
blasticidin 500 pl DMEM; then to a 6 well plate with 10pg/ml blasticidin in 3ml
DMEM. The cells were subsequently analysed for the presence of TLR2 and TLR6

using fluorescently labelled antibodies.

2.19 Analysis of stable cell lines using flow cytometry

2:19:1 Cell surface analysis of stable cell pools and clones using flow cytometry
HEK 293T, HEK 293T pDUO TLR2/6 Asp30 stable pool HEK 293T pDUO TLR2/6
Asn30 stable cell pool, HEK 293T pDUO TLR2/6 Asp30 clone 1. 6 and 11, HEK 293T
pDUO TLR2/6 Asn 30 clones 5.6 and 7 were cell surfaced analysed for the presence of
TLR2 and TLR6. Cells were trypsinized from T75 flasks and were counted (section
2.5.2). 1x10° cells were used per sample. The cells were blocked in 50% FCS PBS for
30 minutes at room temperature. Following this, the cells were placed in FACS tubes
(1x10° cells per tube) and were placed on ice. Monoclonal anti hTLR2-FITC (stock at
0.1mg/ml, working concentration at 2ug/ml) (Invivogen) was added to one sample of
each cell type, the cell and antibody mix was given a gentle swirl and incubated on ice
for 20 minutes. The second sample of each cell type was not incubated with antibody.
Following the incubation, the cells were washed with 3ml FACS wash buffer (2%BSA-
PBS) and centrifuged at 1000 x g for 3 minutes. The supernatant was discarded and the
cells were re-suspended in 500ul sheath fluid (PBS). The cells were now ready for

analysis using the Cyan ADP flow cytometer.
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The cells were also analysed for the presence of cell surface TLR6. The cells were
blocked with FACS blocking buffer (50% BSA-PBS) for 30 minutes at room
temperature. Each set of cells were divided in two, so as to have 1x10° cells per FACS
tube. Anti-TLR6 antibody (Santa Cruz) was added to the second tube nothing was
added to the first tube. After the antibody was added to the cells the tube was swirled
gently to ensure complete mixing. Both tubes were incubated on ice for 30 minutes.
Following the incubation the cells were washed with 3ml FACS buffer (2%BSA-PBS)
and were centrifuged at 1000 x g for 3 minutes. The supernatant was discarded and the
cells were re-suspended in FACS buffer. The secondary antibody was added to the cells
goat anti-mouse FITC for 20 minutes, the cells were incubated in the dark on ice. After
the incubation, the cells were washed with 3ml FACS buffer and centrifuged at 1000 x g
for 3 minutes. The cells were re-suspended in 500ul sheath fluid (PBS) and analysed on

a Cyan ADP flow cytometer.

2.19.2 Intracellular staining of stable cell line clones

HEK 293T, HEK 293T pDUO TLR2/6 clones 1, 6 and 11 and HEK 293T pDUO
TLR2/6 Asn30 clones 5, 6 and 7 were stained intracellularly for the presence of TLR6.
The cells were counted and 1x10° cells per 100ul FACS buffer (2% BSA-PBS) were
used per sample. The cells were blocked using 50% BSA-PBS for 30 minutes at room
temperature. The samples were fixed and permeabilized using a fix and perm kit from
ADG (An Der Grub, Germany). The blocking solution was washed from the cells by
adding 3ml FACS buffer and centrifuging the cells at 1000 x g for 3 minutes. The
supernatant was removed and the cells were re-suspended in FACS buffer. Solution A
from the fix and perm kit (containing methanol) was added to the cells so as to have 1:1

ratio of FACS buffer and fixing solution. The cells were incubated at room temperature

70



Chapter 2 Materials and Methods

for 15 minutes at room temperature. Following fixing the cells were washed with 3ml
FACS buffer and centrifuged as before. The supernatant was poured off carefully and
the cells were re-suspended in FACS buffer. Solution B (permeabilization solution)
was added to the cells in a 1:1 ratio (FACS buffer to solution B) and the cells were
incubated for a further 15 minutes at room temperature. The cells were subsequently
washed with 3ml FACS buffer. The supernatant was removed and the cells were once
again re-suspended in FACS buffer. The cells were now ready for the addition of
antibodies.  The cells of each cell type were divided up so that there was
1x10°cells/100ul FACS buffer. Sample 1 was untreated, sample 2 received primary and
secondary-FITC antibody while sample 3 received secondary-FITC antibody only. The
first sample was untreated while anti-human TLR6 N-terminal antibody (Santa Cruz)
was added to the second sample at 1:50 dilution (2ul in 100ul FACS buffer). The cells
were incubated on ice for 20 minutes. The cells were washed twice with 2ml cold
FACS buffer and the secondary antibody (anti-mouse FITC) was applied to the second
and third samples. The cells were incubated on ice for 20 minutes and then washed
twice with 2ml cold FACS buffer. The cells were centrifuged at 1000 x g for 3 minutes
and the cells were re-suspended in sheath fluid (PBS) awaiting analysis using the Cyan

ADP flow cytometer.

2.20 PCR of TLR6 from stable cell lines

HEK 293T, HEK 293T pDUO TLR2/6 and HEK 293T pDUO TLR2/6 Asn30 stable
pools seeded into 10 cm dishes with 10pg/ml blasticidin DMEM. When confluent the
cells were lysed and RNA was extracted from the cell lines using RNA extraction kit

from Qiagen.
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2.20.1 Reverse transcriptase — PCR of ¢cDNA librany
A cDNA library was constructed from the extracted RNA from section 2.20 using
random primers. mRNA from the cell lines was made using Improm II kit (Promega).
The concentration of mRNA per sample was established and it was found that the
concentration of each sample was approximately 500ng/pl.
Reverse Transcriptase- PCR (Step 1): mRNA 3ul

Random primers lul
The RT-PCR step 1 was then carried out on a thermocycler:

70°C 5 minutes

4°C 5 minutes

Reverse Transcriptase-PCR (Step 2), the following volumes were used per sample:

H,O 5.5ul
Reaction buffer 4.0ul
MgCl, 3.0ul
dNTP 1.0ul
RNAsin 0.5ul

Reverse Transciptase 1.0ul

RT-PCR Step 2 was then carried out on a thermocycler:

200 5 minutes

42°C 60 minutes

70°C 15 minutes
2.20.2 Generation of human TLR6 using specific primers

Following on from the generation of the cDNA library, TLR6 was generated from the
cDNA library using TLR6 specific primers.

Human TLR6 forward and reverse primers which made to generate a 350bp product.
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Forward  5°- atg acc aaa gac aaa gaa cc -3’

Reverse  5°- caatag gat ggc agg ata tc -3’

A PCR was carried out and the following volumes were used per sample:

10X buffer

dNTPs

Target (cDNA)

Taq polymerase
Sterile deionised water
Forward TLR6 primer

Reverse TLR6 primer

The samples were run on a thermocycler using the following cycles:

Step 1
Step 2
Step 3
Step 4
Step 5
Step 6

Step 7

94°C
94°C
55°C
72°C
Return to step 2 x 35 times
120

Hold at 4°C

Sul
Sul
2ul
0.4ul
35.6ul
Tul

1ul

3 minutes
45 seconds
45 seconds

1.5 minutes

5 minutes

Following the PCR the products were resolved on a 1% agarose (TE Buffer) gel (100ml

TE, 10ul ethidium bromide) using 100V constant current.

The PCR products were

visualised under UV light. The PCR products were cut from the gel and were purified

using a mini prep DNA isolation system from Promega.
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2.20.3 Insertion of TLR6 and TLR6 Asn30 into pGEM-T easy vector
The TLR6 and TLR6 Asn30 products were ligated into the pGEM-T easy vector so as
to allow for product sequencing.

The pGEM-T easy vector ligation for each sample was carried out as follows:

2X rapid ligation buffer Sul
pGEM-T easy vector lul
PCR product 10ul
T4 DNA ligase Tl

The reaction mixtures were incubated for 24 hours at room temperature.

The following day the reaction mixtures were transformed into competent DHS5a E.Coli
cells. The following day the bacterial cells were plated onto X-Gal (20mg/ml) plates
and were incubated for 24 hours at 37°C. After 24 hours the plates were observed for
growth of colonies. White colonies indicated the presence of the insert. The colonies
were picked from the agar plates and grew up in 3ml LB broth over night at 37°C with
shaking (200rpm). The DNA was isolated from the bacterial clones the following day

(section 2.6.3) and the DNA was sent to Eurofins MWG for sequencing.

2,21 Co-expression of IRAK4 with Mal L180 and Mal S180

HEK 293T cells were seeded at 1x10° cells/'ml DMEM into 6 well plates. The cells
were incubated at 37°C with 5% CO, for 24 hours. After 24 hours the cells were
transiently transfected with 125ng/well Mal L180 or Mal S180 and increasing
concentrations of IRAK4 (125ng, 250ng, 500ng, 1pg/well). Each set of cells were
normalised with empty vector control so as to have a total of 1125ng of DNA per well.
The cells were incubated for 24 hours, the cells were washed with 2ml cold PBS and

placed in 1.5ml eppendorf tubes. The cells were lysed in 80ul sample buffer with DTT
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(Iml sample buffer 50ul 1M DTT). The samples were sonicated for 3 seconds and
boiled for 5 minutes. The samples were resolved on a 12% SDS-PAGE gel using
constant current of 25mA per gel. Each protein gel was transferred to nitrocellulose
membrane for 1.5 hours at 200mA. The membrane was blocked for 1 hour at room
temperature in 5% marvel-TBST and probed for HA. The blot was developed by

enhanced chemiluminesence.
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Chapter 3 Introduction

Chapter 3
3.1 Introduction

At the outset of this project our collaborator Professor Adrian Hill and colleagues
carried out genotyping analysis on the Mal gene. Thirty three single nucleotide
polymorphisms (SNPs) were genotyped in a case controlled study of 6106 individuals
from Gambia, Kenya, United Kingdom and Vietnam. Importantly a SNP was found
which was predicted to convert a serine at position 180 to a leucine. The serine to
leucine variant was assessed and heterozygous carriage of this gene was found to be
independently associated with invasive pneumococcal disease (IPD), bacteraemia,

malaria and tuberculosis (TB).

Mal is a 256 amino acid long protein. There are seven non-synonymous or mis-sense
SNPs Ala9Pro, Argl3Trp, Ser55Asn, Asp96Asn, Ser180Leu, Vall97 Ile and
STOP222Trp associated with Mal.  Professor Hill found Ser55Asn and Ser180Leu
significantly associated with IPD in Caucasians but in the Gambian study only markers
Argl13Trp and Ser180Leu were associated with malaria. The Argl3Trp, Ser180Leu and
Val197lle were genotyped in the Kenyan bacteraemia studies. Argl3Trp was not
detected in 1000 individuals and Val197lle was not found to be associated with
bacteraemia. The variant Ser180Leu was found to be associated with general
bacteraemia. The Ser180Leu variant was shown to be independently associated with

each disease population studied.

Microbial ligands associated with malaria causing Plasmodium falciparum such as
glycoso-phosphatidyl inosotol (GPI) lipids have been shown to activate TLR2, TLR6
and TLR4. Similarly microbial lipopeptides from Mycobacterium tuberculosis and
Streptococcus pneumonia have been found to activate TLR2 and TLR6. Each of these
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TLRs utilizes Mal as its intracellular adaptor protein, allowing the TLRs to mediate

downstream pro-inflammatory signalling.

This chapter investigates a single variant of Mal which has been shown to half the risk

of malaria, TB bacteremia and IPD, with a four fold decreased risk of severe malaria.

It is scientifically important to attempt to identify variants at a genetic level which may

influence the immune system at a biochemical level.

In this chapter TLR2 signalling was hindered in the presence of the Mal Ser180Leu

variant compared to wild type Mal.
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3.2 Results

3.2.1 Identification of Mal variants reported on dbSNP and their location

within functional domains of Mal.

All single nucleotide polymorphisms (SNPs) associated with Mal were identified using
the on line SNP database dbSNP from NCBI. The Mal SNPs were arranged in the Mal
sequence to identify the functional regions that they are situated in. All Mal SNPs
Ala9Pro, Argl3Trp, Ser55Asn, Asp96Asn, Ser180Leu and Vall97lle are displayed in
figure 3.1 and are highlighted in red. The Argl3Trp mutant is situated in close
proximity to the SOCS-1 ubiquitination site which consists of two lysines. The SOCS-1
ubiquitination site becomes important for Mal in TLR signalling after TLR2 and TL.R4
stimulation when it becomes phosphorylated by BTK at Tyr86, Tyr106, Tyr159 and
Tyr187. Consequently Mal interacts with SOCS-1, this interaction causes the
polyubiquitination of Mal and its subsequent degradation (Mansell et al., 2006). The
Ser55Asn SNP is situated within the PEST domain (amino acids 40-56). Mansell and
colleagues have found that the ‘PEST’ domain present in Mal is rich in proline,
glutamate, serine and threonine residues. It was found that Mal is a short lived protein
which gets degraded 30 minutes after stimulation with various TLR ligands and that the
‘PEST’ domain is required in this process. A mutation in this region could hinder the
degradation process and result in an accumulation of Mal occurring within stimulated
cells.  The Asp96Asn SNP is situated in box 1 of the TIR domain (figure 1.8). The
Ser180Leu SNP also lies within the TIR domain. The Vall197Ile SNP is situated within
the caspase-1 cleavage site (D-198) of YXXD. Mal is cleaved at position 198 by the
cysteine protease caspase-1, releasing a 4kDa fragment from the C-terminus of Mal

(Miggin et al., 2007). A polymorphism in this region could hinder cleavage rendering
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Mal inactive. As stated above, of these SNPs only Ser180Leu has been shown to be

significantly associated with infectious disease.

322 Genotyping of a healthy Irish population

As Professor Adrian Hill had carried out genotyping analysis on an English population,
the identification of the presence of the Mal Ser180Leu variant in the Irish population
would be of interest. Genotyping analysis was conducted on 459 healthy individuals
(>18 years). The genotyping analysis revealed that the Ser180Leu SNP was present at
24.26% which is very similar to the UK Caucasian population which Adrian Hill found

to be present in 26% of the population (figure 3.2).

3.2.3 Investigating the structural significance of Mal L180 polymorphism

3.2.3.1 Secondary structure prediction

As it had been determined that the Mal polymorphism afforded some protection against
disease, a model of the secondary structure of the Mal Leul80 (Mal L180) variant was
compared to Mal Ser180 (Mal S180) wild type protein. This was carried out to assess if

there was a change in the structure of Mal that lead to an alteration in TLR signalling.

The amino acid change from serine (S) to leucine (L) causes the polarity of the amino
acid in position 180 to alter. The serine residue (molecular weight 105.09) has a
structural formula of HO-CH2-CH(NH2)-COOH which is smaller than the leucine
(CH3)2-CH-CH2-CH(NH2)-COOH (molecular weight 131.17). The serine to leucine
change caused a polar hydrophilic neutral residue to be changed to a non polar

hydrophobic residue.
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Figure 3.1 SNPs present in functional domains of Mal

The human Mal protein consists of 235 amino acids. It is an intracellular TLR
adaptor protein consisting of many functional domains as indicated. SNP Ala9Pro
and Argl3Trp are present at the N terminus of Mal. A phosphatidylinositol 4,5-
biphosphate (PIP2) binding domain which mediates Mal recruitment to the plasma
membrane is located from amino acids 15-35. Ser55Asn is present in the PEST
domain (purple) between amino acid 40-56. The TIR domain of Mal shown in pink
from amino acid 86to188 and contains the SNPs Asp96Asn and Ser180Leu. The SNP

Vall97lIle is present in the D198 caspase-1 cleavage site.
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Figure 3.2

Genotyping of a healthy Irish population revealed that the Irish
population have the same heterozygosity value as the UK

population.

Genotyping of the Mal Ser180Leu polymorphism was performed using TagMan pre-

designed SNP genotyping assay. Genotyping analysis was carried out in 495 healthy

Irish individuals aged =18 years. Genotyping reactions were verified using positive

sequenced controls. The Real Time - Polymerase Chain Reaction (RT-PCR) was set

up according to Applied Biosystem’s instructions.

70% (324 individuals) of the population were found to be homozygous for Ser/Ser.

25% (113 individuals) of the population were heterozygous for the Ser/Leu variant

and 5% (22 individuals) of the population were homozygous for Leu/Leu.
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The amino acid sequences of both forms of Mal S180 and Mal L180 were submitted
into an online secondary structure prediction programme called PSIPRED from
EMBL/Swiss Prot. Figure 3.3 displays the graphical output that was obtained. Amino
acid 180 was found to be present in the TIR domain of Mal, between amino acids 86
and 188. The position of the amino acid change is marked by a black square in figure

3.3. No change in secondary structure was observed comparing both forms of Mal.

3.2.3.2 Tertiary structure prediction

Using the computational utility - Molecular Operating Environment, tertiary models of
the Mal S180 and Mal L 180 were generated (figure 3.4). The Mal S180 structure shows
the protruding DD loop structure is composed of a random coil structure. When the
serine is changed to a leucine (shown in red) in the L180 Mal model, the protruding DD
loop structure changes slightly. The variant leucine form gives it an alpha helical
structure and causes the DD loop structure to become more solvently exposed and
protrude further out of the protein. This change in tertiary structure could limit Mal’s

ability to bind potential binding partners such as TLR2, TLR4, IRAK4 or MyDS§8.

3.2.4 Mal L180 variant is unable to mediate IxB degradation, p-38

phosphorylation or IL-6 production.

In order to elucidate whether the Mal L180 mutant affected TLR signalling,
reconstitution experiments were carried out. The experiments required reconstituting
Mal deficient murine embryonic fibroblasts (MEFs) with empty vector or plasmids

encoding Mal S180 and the variant 1.180.
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As shown in figure 3.5 wild type MEFs were tranfected with empty vector and were
found to show IkB degradation after 30 minutes stimulation with MALP-2. Mal
deficient MEFs were transfected with empty vector and showed impaired IxBa
degradation. The absence of degradation after 30 minutes indicates that without the
presence of Mal S180 the TLR2 signal transduction pathway is impaired. After
reconstitution with Mal S180 IkB degradation is restored. The Mal deficient MEFs
were transfected with Mal L180, stimulated with MALP-2 and were analysed for IxB
degradation. IxB degradation was not restored after reconstitution with the Mal L180

indicating that the TLR2 signalling pathway requires Mal Ser180.

The inability of the Mal L180 to restore signalling relative to Mal S180 was not due to

the difference in expression of each protein as shown in figure 3.6.

Analysis of p38 activation was then carried out. As shown in figure 3.7 wild type
MEFs were transfected with empty vector, p38 phosphorylation was demonstrated after
5 minutes stimulation with MALP-2. Mal-deficient MEFs were transfected with empty
vector and it was found that MALP-2 was unable to induce phosphorylation of p38.
Mal-deficient MEFs were reconstituted with Mal S180 and were shown to restore TLR2
signalling when ligated with MALP-2. When Mal-deficient MEFs were reconstituted

with Mal L180, stimulation with MALP-2 did not restore p-38 phosphorylation.

Induction of cytokine IL-6 production was tested using the reconstitution assay. Mal-
deficient MEFs were reconstituted with empty vector and plasmids encoding Mal S180
and Mal L180. WT Mal MEFs were also transfected with empty vector as a control.
After 24 hours the transfected Mal-deficient MEFs were stimulated with TLR4 ligand
LPS (100ng/ml) and TLR2/6 ligand MALP-2 (5nM). As shown in figure 3.8, after

stimulation the WT MEFs produced 120pg/ml L6 with the LPS signal and 140pg/ml
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Figure 3.3 Secondary structure prediction of Mal

The Predict Protein programme is a computer-based programme that predicts
the alpha helical (green cylinder), beta strand (yellow arrow) and random coil
(straight line) structure of protein sequences that have been input into the
software (bioinf.cs.uck.ac.uk/psipred/). The TIR domain of Mal is situated
between amino acids 86 to 188 and is predicted to have 5 alpha helices and 4
beta sheets present in its TIR domain. There are four alpha helices and two
beta sheets present outside the TIR domain. The Mal Leul80 (Mal L180)
polymorphism is indicated within a black square. The prediction programme
did not reveal any conformational change to the predicted secondary structure

when compared to the wild type Mal Ser180 (Mal S180) protein.
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Figure 3.4  Tertiary structure prediction of Mal

The computational utility Molecular Operating Environment Tertiary was used to
generate 3D models of the Mal Ser180 and Mal Leul80. The Mal S180 structure
revealed that the protruding DD loop structure is composed of a random coil structure.
A serine to leucine change at position 180 (shown in red in the Mal L180 model),
revealed a change in the structure, causing the protruding DD loop to change slightly.
Altering the serine to a leucine caused the DD loop to change its structure and become

more alpha helical, and thus caused it to become more solvently exposed.



Figure 3.5 Mal L180 was unable to restore IkB degradation in Mal
deficient MEFs
Wild type (WT) and Mal deficient MEFs were seeded in 6 well plates at 1x10°
cell/ml DMEM and were cultured overnight at 37°C with 5% CO,. Each well was
transfected with 2ug plasmid of either empty vector, Mal S180 or Mal L180 and
incubated for a further 24 hours. The cells were stimulated with 5SnM MALP-2 at
50, 30, 10 and 0 minute time points. The media was removed from the cells. The
cells were washed with 2ml cold PBS and 100ul sample buffer containing DTT
(1ml Sample Buffer, 50ul 1M DTT) was added to each well. The cells were
scraped from each well and put into 1.5ml eppendorf tubes. The cells were
sonicated for 3 seconds and boiled for 5 minutes. The samples were resolved on
12% Sodium Dodecylsulphate (SDS) polyacrylamide gels using constant current
of 25mA per gel. Each protein gel was transferred to nitrocellulose membrane for
1.5 hours at 200mA. The membrane was blocked for 1 hour at room temperature
with 5% Marvel and then probed for [kB. The membranes were also probed for (3-
Actin control to test for equal loading of samples. The blots were developed by

enhanced chemiluminesence. The results are representative of three experiments.
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Figure 3.6  Mal S180 and Mal L.180 were equally expressed.

Lysates from the kB experiment (figure 3.5) were resolved on 12% SDS-PAGE gel
using constant current of 25mA per gel. Each protein gel was transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1
hour at room temperature in 5% Marvel and then probed for HA tagged Mal S180 and
L180. A (3-Actin loading control shows equal loading. The blots were developed by

enhanced chemiluminesence.



Figure 3.7  Mal L180 was unable to reconstitute p-38 phosphorylation

Wild type (WT) and Mal-deficient MEFs were seeded in 6 well plates at 1x10°cell/ml
and were cultured overnight at 37°C with 5% CO,. The cells were transfected with
2ug plasmid of either empty vector, Mal S180 or Mal L180 and incubated at 37°C
with 5% CO, for 24 hours. The cells were stimulated with 5SnM MALP-2 at 60, 45,
30, 15, 10 and 0 minute time points. The medium was removed from the cells and the
cells were washed with 2ml cold PBS. Each sample was lysed in 100ul sample buffer
(1ml sample buffer 50ul 1M DTT). The cells were scraped from each well and placed
in 1.5ml eppendorf tubes. The cells were sonicated for 3 seconds and boiled for §
minutes. The samples were resolved on 12% SDS-PAGE gels using constant current
of 25mA per gel. Each protein gel was transferred to nitrocellulose membrane for 1.5
hours at 200mA. The membrane was blocked for 1 hour at room temperature with 5%
Marvel and probed over night with anti p-p38 at 4°C in 2% BSA-PBS. The
membranes were also probed for $-Actin control to test for equal loading of samples.
The blots were developed by enhanced chemiluminesence. The results are

representative of 3 experiments.
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Figure 3.8 Mal L180 could not mediate the production of human IL-6

in Mal-deficient MEFs
Wild type (WT) and Mal-deficient MEFs were seeded in 24 well plates at 1x10’
cell/ml DMEM and were cultured overnight at 37°C with 5% CO,. The cells were
transfected with 500ng plasmid per well as indicated and incubated at 37°C overnight.
After 24 hours, the cells were stimulated with LPS (100ng/ml) and MALP-2 (5nM).
The media was removed from the cells and 100ul plated onto a detection antibody
coated ELISA plate to measure hIL6 production. The results are representative of

four experiments. Results shown are the standard deviation of triplicate determinants.



Chapter 3 Results

with the MALP-2 stimulus. Mal deficient-MEFs reconstituted with empty vector did
not produce any signal indicating that TLR4 and the TLR2 pathways are impaired
without Mal present. Reconstitution with WT Mal restored a signal and IL-6 was
produced. Reconstitution of the Mal-deficient MEFs with Mal L180 did not restore a
signal and no IL-6 was produced with either an LPS or MALP-2 stimulus. A Western
blot shown in figure 3.9 shows the presence of HA Tagged Mal S180 and HA tagged
Mal 1180 transfected into the deficient MEFs. Indicating that the same concentration of

HA Mal S180 and Mal L180 were present in each sample.

3.2.5 Mal L180 GST does not interact with FLAG TLR2

In order to illucidate whether TLR2 could bind to Mal at the S180 region and to identify
whether a change to this binding area could hinder binding and hence prevent the
downstream signal, a GST pull-down assay was performed. Initially, a known
concentration of GST protein (1pg) was resolved on an SDS-PAGE gel along with 1:10
diluted proteins GST, Mal S180-GST and Mal L180-GST (figure 3.10). The
concentration of the proteins had now been approximated and these proteins were
subsequently used in GST pulldown experiments. Lysates prepared from HEK 293
cells transfected with FLAG-TLR2 plasmid were incubated with Mal S180 or Mal L180
bound to GST Beads. Figure 3.11 displays the results of the GST pulldown assay. GST
alone did not bind to FLAG-TLR2 (lane 1), Mal S180 did bind to TLR2 (lane2) but Mal
[.180 did not bind to FLAG TLR2 (lane 3). This result indicates that the L.180 variant
may be impacting TLR2 signalling by not binding to the receptor and hindering
signalling. This would explain the failure of the Mal L180 to restore signalling in the

Mal deficient MEFs.

82



Chapter 3 Results

3.2.6 Mal L180 possesses a dominant effect over Mal S180

Having demonstrated that Mal 1180 could not reconstitute signalling in Mal deficient
cells, the question arose as to whether Mal L180 could interfere with WT Mal S180
signalling in a dominant negative fashion (figure 3.12). Mal deficient MEFs were
transfected with various combinations of Mal S180 and [.180. Over-expression of Mal
S180 showed a two fold increase in activity over empty vector. The Mal L180 form did
not show any increase in NF-kB luciferase activity over empty vector. When the Mal
S180 and Mal L180 were transfected simultaneously the effect of the S180 was

inhibited, indicating a negative effect of the Mal L180.

3.2.7 A co-expression assay determined that co-expressing IRAK4 with Mal
S180 and Mal L180 causes the degradation of both.

TLR2 and TLR4 signalling recruits Mal to its TIR domain which in turn recruits
MyD88, mediating the MyD88 dependent pathway. These proteins form a complex
which recruits serine/threonine kinase, interleukin-1 receptor associated kinase-4
(IRAK4). The adaptor Mal is constitutively phosphorylated, possibly by BTK, and in
the presence of IRAK4 becomes degraded. Degradation of both forms of Mal was
examined. HEK 293T cells were seeded into 6 well plates the cells were transiently
transfected with 125ng/well Mal L180 or Mal S180 and increasing concentrations of
IRAK4 (125ng, 250ng, 500ng, 1pg/well). Figure 3.13 shows that both Mal S180 and
Mal L180 are degraded similarly; indicating that IRAK4 degradation does not impact on

the differential signalling between Mal L.180 and Mal S180.
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Figure 3.9  Over-expression of HA tagged Mal S180 and Mal L.180-HA

Lysates from the hIL6 ELISA (figure 3.8) were resolved on a 12% SDS-PAGE gel
using constant current of 25mA per gel. Each protein gel was transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1
hour at room temperature in 5% Marvel-TBST and then probed for HA tagged Mal

S180 and L180 overnight at 4°C in 5% Marvel-TBST.



Lanel 1 2 3 a5

GST lug [1:10

Mal S180-GST 1:10

Mal L180-GST 1:10

Figure 3.10 Quantification of GST proteins

To identify the approximate quantity of protein to be added during GST pulldown
experiments, a known quantity of GST protein was resolved along with Mal S180-
GST and Mal L180-GST. 1pg of GST protein alone was run in lane 1, this was then
diluted 1:10 and run in lane 2. Mal S180-GST and Mal L180-GST were also diluted
1:10 and were resolved on the gel and are displayed in lanes 3 and 5, giving an

indication of the concentration of protein present (approximately 0.1ug).
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Figure 3.11 Mal L180 GST did not interact with FLAG TLR2

HEK 293 cells were seeded at 1x 10° cells per ml DMEM into 10cm dishes. The cells
were incubated at 37°C with 5% CO,. After 24 hours, the cells were transfected with
6ug FLAG TLR2 plasmid. After 24 hours, the cells were washed with 10ml cold
PBS and the cells were lysed in high stringency buffer containing protease inhibitors.
The FLAG tagged TLR2 lysates were incubated over night at 4°C with GST, GST-
Mal S180 and GST- Mal L180. The samples were resolved on a 12% SDS-PAGE gel
using constant current of 25mA per gel. The protein from each gel was transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1
hour at room temperature with 5% Marvel and probed for FLAG tagged TLR2. The
blot was developed by enhanced chemiluminesence. GST alone did not bind to
FLAG-TLR2 (lane 1), Mal S180 did bind to TLR2 (lane2) but Mal L180 did not bind

to FLAG TLR2 (lane3). This blot is representative of three experiments.



Figure 3.12 Mal L180 possessed a dominant negative effect over Mal S180

Mal deficient MEFs were cultured overnight at 1x10° cells per ml in 96 well plates.
The cells were transfected with (a) 100ng EV alone, (b) 50ng Mal S180 and 50ng EV,
(c) 50ng Mal L180 and 50ng EV and (d) 50ng Mal S180 and 50ng Mal L180 mutant.
The cells were transfected with TK renilla, a control plasmid. The levels of TK
renilla should be constant in each well, and therefore all results were normalized to
the TK renilla values. The cells were co-transfected with NF-kB reporter plasmid.
After 24 hours, incubation the cells were lysed for 20 minutes at room temperature
with 50ul passive lysis buffer. The cells were observed microscopically to ensure
lysis had occurred. 20ul of the cell lysate was transferred into 96 well plates and
tested for firefly luciferase activity. 20ul of the cell lysate was tested for renilla
luciferase activity. Firefly luminescence readings were corrected for renilla activity
and were expressed as fold stimulation over un-stimulated empty (EV) control. Error
bars represent the standard deviation of the mean of triplicate determinants. This

result is representative of four experiments.
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3.13 Co-expression of IRAK4 with Mal L180 and Mal S180 causes degradation
of both proteins
HEK 293T cells were seeded at 1x10° cells/ml DMEM into 6 well plates. The cells
were incubated at 37°C with 5% CO, for 24 hours. After 24 hours, the cells were
transiently transfected with 125ng/well Mal L180 or Mal S180 and increasing
concentrations of IRAK4 (125ng, 250ng, 500ng, 1ug/well). Each set of cells were
normalised with empty vector control so as to have a total of 1.125ug of DNA per
well. The cells were incubated for 24 hours, the cells were washed with 2ml cold
PBS and placed in 1.5ml eppendorf tubes. The cells were lysed in 80ul sample buffer
with DTT (1ml sample buffer 50ul 1M DTT). The samples were sonicated for 3
seconds and boiled for 5 minutes. The samples were resolved on a 12% SDS-PAGE
gel using constant current of 25mA per gel. Each protein gel was transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1
hour at room temperature with 5% Marvel-TBST and probed for HA. The blot was
developed by enhanced chemiluminesence. This blot is representative of three

experiments.



Chapter 3 Results

3.2.8 Blocking Mal TLR2 interactions using in vitro blocking peptides

The inability of Mal L180 to bind TLR2 suggested that the region surrounding L.180 is
important for their interaction. Consequently a peptide was designed based on this
region, and experiments were carried out to determine its effect on both (a) TLR2’s
interaction with Mal and (b) TLR2 signalling. GST pulldown assays were first
performed to determine if a peptide (termed the DD loop peptide) designed to this
region of Mal could block interaction. Figure 3.14a shows GST- Mal S180 interacting
with FLAG-TLR2 (lane 2). After the addition of DD loop peptide the interaction of
GST-Mal S180 and TLR2 was hindered (lane 3). The control peptide (a scrambled
version) did not hinder the interaction (lane 4). This finding further emphasises the

importance of this region for the Mal/TLR2 interaction.

3.2.9 Blocking IL-6 production using peptides targeted to the region

surrounding S180 of Mal

To understand further the importance of the region surrounding the S180 amino acid
blocking peptides were used to disrupt the TLR2/Mal interaction were tested on
induction of IL-6 by TLR2/TLR6 ligands. Two blocking peptides were designed, one
that included the serine and one that included a leucine. They are called the S form DD
loop peptide and the L form DD loop peptide. A nine arginine repeat sequence was
tethered to the DD loop peptide to aid with internalisation of the peptide. Figure 3.15

displays the sequence of the peptides used in the peptide experiments.

84



Chapter 3 Results

3.29.1 Addition of S and L form peptides to human peripheral blood
mononuclear cells
To investigate whether these peptides could block IL-6 production in cell based assays,
the peptides were added to human peripheral blood mononuclear cells (PBMCs) before
stimulation with TLR2 ligands. The cells were set up in 96 well plates and various
concentrations of S and L form peptides were added to the cells (0-100uM). The cells
were subsequently analysed with and without TLR1/2 ligand Pam3;CSK,4 and TLR2/6
ligand MALP-2. When stimulated with SnM MALP-2 the S form peptides did not exert
a blocking effect on the production of IL-6 (figure 3.16). The L form peptide was then
added to the PBMCs and stimulated with 5SnM MALP-2 the sandwich ELISA revealed a
reduction in IL-6 production at 25uM, 50uM and 100uM peptide addition (figure 3.17).
However, in the same experiment the IL-6 production was also lowered when the
scrambled version of the peptide was added to the cell and so the reduction of the IL-6
cannot be attributed to the L form peptide. This indicates that the action of the L form
peptide is non-specific. Human PBMCs also were pre-incubated with S and L form
peptides and stimulated with 10pg/ml Pam;CSKy (figures 3.18 and 3.19). Upon
addition of increasing concentrations of S form peptide, there was no impact on
production of IL-6 compared to the scrambled S form. Upon addition of increasing
concentration of the L form of the peptide to the PBMC cells a decrease in IL-6
production is seen at the 25uM point. However, the error bar is high and so the result
could be open to misinterpretation. 100uM of L peptide was added to the cells and both

the scrambled and the L form were found to reduce signalling (figure 3.19).
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Figure 3.14 A blocking peptide designed to the Mal S180 region blocked
Mal/TLR2 binding

HEK 293 cells were seeded at 1x 10° cells per ml DMEM into 6 well plates. The
cells were transiently transfected with 2ug TLR2-FLAG per well. After 24hrs, a GST
pull-down assay was performed, cells were washed with 10ml cold PBS and the cells
lysed in high stringency buffer containing protease inhibitors. The FLAG tagged
TLR2 lysates were incubated over night at 4°C with GST alone, Mal S180 GST with
DD loop peptide and Mal S180 GST with the scrambled control peptide. The GST
samples were centrifuged at 2000 rpm for 5 minutes and the beads were washed with
Iml high stringency buffer three times and in 1ml PBS once. All buffer was removed
from the beads and 40ul sample buffer (Iml sample buffer 50ul DTT) was added to
each sample. The samples were resolved on a 12% SDS-PAGE gel using constant
current of 25mA per gel. The protein from each gel was transferred to nitrocellulose
membrane for 1.5 hours at 200mA. The membrane was blocked for 1 hour at room
temperature with 5% Marvel-TBST and the probed for FLAG tagged TLR2. This
blot is representative of two experiments

Part (a) represents the protein interactions;

lane 1 - GST alone

lane 2 - GST Mal S180 interacted with FLAG TLR2

lane 3 - GST Mal S180 interaction with FLAG TLR2 was hindered in
presence of DD loop peptide

Lane 4 - GST Mal S180 interaction with FLAG TLR2 was not hindered by the
presence of scrambled control peptide

Lane 5 - TLR2 lysate

(b) DD-Loop peptide and control peptide amino acid sequence.



(2)

<+«—TLR2

Lane 1 = GST alone

Lane 2 = GST Mal and FLAG TLR2

Lane 3 = GST Mal and FLAG TLR2
with DD loop peptide

Lane 4 = GST Mal and FLAG TLR2
with DD loop control peptide

Lane 5 = TLR2 Lysate

(b)

DD Loop Peptide
DD Loop Control Peptide

TIPLLSELSR
LSRGSPTLIL




PEP-052: acetyl-TIPLLSGLSRRRRRRRRR-amide 93.28% purity- S form
PEP-053: acetyl-LPSGLTILSRRRRRRRRR-amide 96.55% purity-Scrambled S form
PEP-054: acetyl-TIPLLLGLSRRRRRRRRR-amide 73.44% purity- L form

PEP-055: acetyl-LPIGLSLTLRRRRRRRR-amide 70.15% purity- Scrambled L form

Figure 3.15 Blocking peptide sequences

Blocking peptides were designed to the 9 amino acid sequence surrounding S180 of
Mal. Two sets of peptides were generated, one that contained the serine and a second
that contained the leucine. Scrambled forms of the peptides were also generated and
were used as controls. A nine arginine repeat sequence was tethered to the DD loop
peptide to aid with internalisation of the peptide. The S form peptide and the L form
peptide had a high purity value at 93.28% and 96.55% respectively; the amino acid
change in the second set of peptides lowered their purity values to 73.44 and 70.15%.
The reduced level of purity was due to the presence of a product that has one less

arginine residue than the original L form and scrambled L form peptides.
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Figure 3.16 DD loop peptide S form did not block IL-6 production in MALP-2
stimulated PBMCs

Human PBMCs were isolated from whole blood and were cultured in 96 well plates at
1x10° cell/ml DMEM. The cells were incubated overnight at 37°C with 5% CO,. S
form peptide and scrambled S form peptide were added to the cells at increasing
concentrations OuM, 3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The
cells were incubated for one hour before stimulating with SnM MALP-2. After 24
hours, the supernatants were removed from the cells and were analysed for IL-6
production by sandwich ELISA. Experimental points were carried out in biological

triplicate and the standard deviation is represented as error bars.
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Figure 3.17 DD loop peptide L form does not block IL-6 production in MALP-
2 stimulated PBMCs

Human PBMCs were isolated from whole blood and were cultured in 96 well plates at
1x10° cell/ml DMEM. The cells were incubated overnight at 37°C with 5% CO,. L
form peptide and scrambled L form peptide were added to the cells at increasing
concentrations OuM, 3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The
cells were incubated for one hour before stimulating with SnM MALP-2. After 24
hours, the supernatants were removed from the cells and was analysed for IL-6
production by sandwich ELISA. Experimental points were carried out in biological

triplicate and the standard deviation is represented as error bars.
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Figure 3.18 DD loop peptide S form does not block IL-6 production in
Pam;CSK, stimulated PBMCs

Human PBMCs were isolated from whole blood and were cultured in 96 well plates at
1x10° cell/ml DMEM. The cells were incubated overnight at 37°C with 5% CO,. S
form peptide and scrambled S form peptide were added to the cells at increasing
concentrations OpuM, 3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The
cells were incubated for one hour before stimulating with 10pug/ml Pam;CSKy. After
24 hours, the supernatants were removed from the cells and was analysed for hIL-6
production by sandwich ELISA. Experimental points were carried out in biological

triplicate and the standard deviation is represented as error bars.
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Figure 3.19 DD loop peptide L form does not block IL-6 production in
Pam;CSK, stimulated PBMCs

Human PBMCs were isolated from whole blood and were cultured in 96 well plates at
1x10° cell/ml. The cells were incubated overnight at 37°C with 5% COQ,. L form
peptide and scrambled L form peptide were added to the cells at increasing
concentrations OuM, 3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The
cells were incubated for one hour before stimulating with 10pug/ml Pam;CSKy. After
24 hours, the supernatants were removed from the cells and was analysed for IL-6
production by sandwich ELISA. Experimental points were carried out in triplicate

and the standard deviation is represented in the error bars.



Chapter 3 Results

3292 Addition of peptides to Polyl:C stimulated U373-CD14 cells

To assess whether the peptides could block IL-6 production using ligands to other
TLRs, the TLR3 ligand Polyl:C was used. U373-CD14 cells were treated with S form
and L form peptides and the cells were stimulated with 10pg/ml Polyl:C. A high
concentration of IL-6 (approximately 10ng/ml) is produced when U373-CD14 cells are
stimulated with Polyl:C. As shown in figures 3.20 the S form of the peptide or the
scrambled version of the peptide did not block IL-6 production at any concentration of
peptide. The L form of the peptide was also tested on U373-CD14 cells and it is shown
in figure 3.21 that the scrambled form of the L. peptide was able to inhibit TLR3
signalling. The L form was able to inhibit signalling while the S form was not,
indicating that the S form is not involved in TLR3 and the L form is operating non-
specifically.

The U373-CD14 cells were also stimulated with SnM MALP-2 (TLR2/6 ligand) to
investigate if the peptide could possibly block TLR2 signalling, unfortunately U373-
CD14 cells do not respond to MALP-2. Different cells lines would have to be used to
further investigate if the peptides could block TLR2 signalling.

This set of experiments did not reveal whether the S form could block TLR2/Mal
signalling. The issue may lie in the ability of the peptides to gain entry to the cells and
to block signalling. The quantity that gains access to the cell may be important also as
too much peptide may have a damaging effect on the viability of the cells and hinder
any production of cytokine that may occur as a result of ligation of ligand. The L form
of the peptide did not hinder TLR2/6 or TLR2/1 signalling but did play a non-specific
role in TLR3 signalling however this could also be attributed to a high concentration of

peptide being added.
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To identify whether the peptides were causing cell death, MTT cell viability assays
were carried out on HEK 293 cells. The tests indicated that upon addition of between 0-
SuM DD loop peptide S form a 20% decrease in cell viability was observed (data not
shown). This indicates that the reason for the decrease in cytokine production could be
due to a decrease in cell viability upon addition of both the S and L form and the S and
L scrambled peptides. As a result of this is difficult to interpret whether the S or L. form
DD loop peptides are having an effect in these cell based assays.

In the GST pull-down experiment the S form peptide was able to disrupt TLR2/Mal
interactions suggesting that this region may be important in the TLR2/Mal interface but
this could not be expanded upon using cell based assays. A summary of the actions of

the peptides is displayed in table 3.1.

3.2.10 Caspase-1 cleavage of Mal is not hindered in the Mal L.180 protein
During this project, collaborators from Cambridge University expressed an interest in
this study. Prof. Nick Gay and Dr. Joyce Wong carried out 3D crystallization studies of
the Mal S180 and Mal L.180 protein. They found that the structure of Mal S180 differs
from Mal L180 in the caspase-1 cleavage area of Mal at YYVD 195-198.

It was revealed through a personal communication that the caspase-1 cleavage site of
Mal is buried within the protein structure of Mal L180 and therefore may not be
cleaved.

A caspase-1 cleavage assay was carried out to identify if Mal S180 and Mal L180
differed in their ability to be cleaved by caspase-1. Figure 3.22 displays the ability of
caspase-1 to cleave Mal S180 and Mal L.180. The blots were probed with HA antibody.
The HA tag of Mal is on the C terminal end and so it is removed when caspase-1

cleaves Mal. Lane 1 shows Mal S180-HA without the presence of caspase-1 while lane
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Figure 3.20 DD loop peptide S form does not block I1L.-6 production in Poly:IC

stimulated U373s.

U373 human astrocytoma cell line cells were cultured in 96 well plates at 1x10°
cell/ml and were incubated overnight at 37°C with 5% CO,. S form peptide and
scrambled S form peptide were added to the cells at different concentrations O,
3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The cells were incubated for
one hour before stimulating with 10ug/ml Poly:IC. After 24 hours, the supernatants
were removed from the cells and was analysed for IL-6 production by sandwich
ELISA. Experimental points were carried out in biological triplicate and the standard

deviation is represented as error bars.
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Figure 3.21 DD loop peptide L form does not block IL-6 production in

Poly:IC stimulated U373s.

U373 human astrocytoma cell line cells were cultured in 96 well plates at 1x10°
cell/ml DMEM and were incubated overnight at 37°C with 5% CO,. L form peptide
and scrambled L form peptide were added to the cells at different concentrations Op,
3.125uM, 6.25uM, 12.5uM, 25uM, 50uM and 100uM. The cells were incubated for
one hour before stimulating with 10pg/ml Poly:IC. After 24 hours, the supernatants
were removed from the cells and was analysed for IL-6 production by sandwich
ELISA. Experimental points were carried out in biological triplicate and the standard

deviation is represented as error bars.



DD S form DD S DD L form Scrambled
Peptide scrambled Peptide
form
In Vitro Studies
TLR2/Mal Yes, caused No inhibition | Not tested Not rested
inhibition
Primary Cell
Based Studies
MALP-2 No inhibition No inhibition | Yes, caused Yes, caused
inhibiton inhibiton
Pam;CSK, no inhibition No inhibition | no inhibition no inhibition
Cell Based
Studies
Poly:IC No inhibition No inhibition | Yes, caused Yes, caused
inhibition inhibition

Table 3.1

Summary of action of DD loop blocking peptides on the production of

pro-inflammatory cytokine IL-6 in in vitro, cell based and primary cell

based studies.
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Figure 3.22 Mal S180 and Mal L180 are cleaved by caspase-1

HEK 293T cells were seeded into 10cm dishes at 1x10° cells/ml DMEM. The cells
were incubated at 37°C at 5% CO; for 24 hours. The following day the cells were
transiently transfected with 6ug/ml Mal S180-HA and Mal L180-HA. The cells were
incubated for a further 24 hours before harvesting. The cells were washed in 2ml cold
PBS and were lysed in 300ul low stringency buffer with protease inhibitors. The
samples were rolled at 4°C for 15 minutes. The samples were prepared; 2ul
(200Units) human recombinant caspase-1 was added to 10ul of lysed sample. 100uM
of caspase-1 inhibitor was added to Mal L180-HA and Mal S180-HA. The samples
were incubated for 90 minutes at 30°C and were resolved on a 12% SDS-PAGE gel
using constant current of 25mA per gel. The proteins on the gel were transferred to
nitrocellulose membrane for 1.5 hours at 200mA. The membrane was blocked for 1
hour at room temperature with 5% Marvel and probed for HA for 2 hours at room
temperature. The blot was developed by enhanced chemiluminesence. The results are

representative of three separate experiments.
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2 shows that Mal S180-HA incubated with caspase-1 and cleavage has occurred. Lane
3 shows the presence of Mal L180-HA and when caspase-1 is present, Mal LI180 is
cleaved at the YYVD caspase-1 cleavage site, removing the HA tag. The antibody
detects less protein. A caspase-1 specific inhibitor is used to ensure that the cleavage
that occurs is due to the presence of caspase-1 alone. Lanes 3 and 5 display the
inhibitory action of the caspase-1 inhibitor on the caspase-1 cleavage action on Mal
S180-HA and Mal L180-HA, thus revealing that the cleavage is specific for caspase-1.

Caspase-1 is capable of cleaving both Mal S180-HA and Mal L180-HA, as shown by
Miggin and colleagues (Miggin et al., 2007) the cleavage of Mal is required for
downstream signalling however in this project the inability of Mal-L180 to signal

downstream is not due to caspase-1 cleavage.

3.2:11 Confocal analysis — comparing the localisation of Mal S180-CFP and
Mal L180-CFP.
The cellular localisation of Mal S180 compared to Mal L180 was investigated using

confocal microscopy.

3.2.11.1 Mal S180-CFP and Mal L180-CFP are localised to the plasma
membrane in U373-CD14 cells

It was examined whether the differential signalling results that were observed between

Mal S180 and Mal L180 were studied to see if these differences were due to the mis-

localisation of Mal L180. Mal S180 and Mal L180 were both tagged with fluorescent

cyan fluorescent protein (CFP). These constructs were transfected into U373-CD14

cells. Figure 3.23 displays Mal S180 CFP and Mal LL180 CFP present in membrane

similar to the findings by Kagan and Medzhitov (Kagan and Medzhitov, 2006) who
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found Mal present in membrane ruffles of macrophages. They found that Mal binds to
PIP2 containing plasma membranes by its N terminal PIP2 binding domain to recruit
MyD88 to initiate TLR2 and TLR4 signalling. The ability of the Mal to localise to the
membrane is not dependent on its TIR domain and so the Mal L.180 variant should

localise to membranes similar to Mal S180.

3.2.11.2 Mal L180-CFP and Mal S180-CFP accumulate in the cytosol upon

stimulation with MALP-2 in HEK 293 TLR2 cells

To test if the observation found by Kagan et al., with TLR4 occurs within a TLR2
activated pathway, HEK 293 TLR2 cells were seeded into 6 well plates and transfected
with 2pug DNA per well, the cells were stimulated with SnM MALP-2 48 hours later.
The cells were stimulated at time points 0-45 minutes (figure 3.24). The cells were
fixed and permeabilized, and the nuclei were stained red with PI. It was observed that
Mal S180 CFP and Mal L180 CFP were present in the membrane at the zero time point
and that after 5 minutes stimulation with 5SnM MALP-2, Mal S180 CFP and Mal L180
CFP accumulate in the cytosol. At the later time points 30 and 45 minutes the Mal
S180 CFP and Mal L180 CFP has dissipated and no longer formed an accumulation.
Although the results did not indicate a difference between Mal S180 and Mal L180
distribution in the cell, the translocation of both forms was of interest as this was a
novel finding. Although previously in this project it was found that Mal L180 does not
interact with TLR2, in this confocal experiment the Mal L180 is able to translocate after
stimulation. A recent study by Kenny and colleagues (Kenny et al., 2009) have found
using yeast-two-hybrid that TLR2 interacts with MyD88 directly and that Mal acts to

increase efficacy of TLR2 signalling at lower concentration of TLR2 ligand. It has also
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Figure 3.23

Mal S180 CFP and Mal L180 CFP in U373-CD14

U373-CD14 human astrocytoma cells were seeded onto poly-L lysine coated cover-

slips and placed into 6 well plates at 1x10°cells/ml DMEM. The cells were incubated

overnight at 37°C with 5% CO,.

After 24 hours, the cells were transfected with 2ug

of Mal S180 CFP and Mal L180 CFP per well of 6 a well plate. The cells were

washed with 2ml PBS, fixed and permeabilized and mounted on microscope slides.

Panel (a) shows Mal S180 CFP in cyan and panel (b) shows Mal L180 in cyan. The

phase contrast image overlaid with the CFP image gives an indication as to the health

of the cell at the time of fixing.

All these images were taken with the same laser intensity.




Figure 3.24 HEK 293 TLR2 cells were transfected with Mal S180 CFP
and Mal L180 CFP and stimulated with MALP-2.

HEK 293 TLR2 cells were seeded onto poly-L lysine coated cover-slips and placed
into 6 well plates at 1x10°cells/ml. The cells were incubated overnight at 37°C with
5% CO,. After 24 hours, the cells were transfected with 2ug of Mal S180 CFP and
Mal L180 CFP per well of 6 well plate. After a further 24 hours the cells were
stimulated with 5SnM MALP-2 for 0, 5, 30 and 45 minutes. Following stimulation the
cells were washed with 2ml PBS, fixed and permeabilized. The cells were incubated
with RNAse A for 20 minutes at 37°C and subsequently nuclear stained with
propidium iodide (PI) for 3 minutes. The cells were washed three times with PBS and
mounted on microscope slides and analysed by confocal microscopy. Panel (a)
displays Mal S180 CFP in cyan and panel (b) shows Mal L180 in cyan. Nuclei are

stained red. All these images were taken with the same laser intensity.
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Figure 3.25 GFP transfected into HEK 293 TLR2 cells does not accumulate in
the cytosol after treatment with MALP-2.

1.5mm thick cover glass slides were coated in 500ul poly-L-lysine and rinsed with
Iml PBS. The slides were placed in 6 well tissue culture plates. HEK 293 TLR2
cells were cultured at 0.5x10°cells/ml. The cells were incubated for 24 hours at 37°C
with 5% CO,. The cells were transfected with 1.5ug/ml GFP per well and incubated
for 48 hours. After 48 hours, the cells were stimulated with 5SnM MALP-2 for 0 and
30 minutes. Following stimulation the cells were washed in 2ml PBS, fixed and

permeabilized and the nuclei were stained with PI.
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been found by a colleague that Mal L180 interaction with MyD88 is not hindered and so
it may be because of this that that Mal L180 accumulates in the cytosol. Studies by
Triantifilou and colleagues found that TLR2 and TLR6 are recruited to lipid rafts when
stimulated by ligand and that after stimulation they are internalized and are directed to
the Golgi apparatus. This action was found to occur in the absence of signalling to NF-
kB (Triantafilou et al., 2006). This suggests that Mal may be recruited along with
TLR2 into the Golgi apparatus; however this action does not automatically cause

signalling to NF-kB.

3.2.11.3  GFP alone does not accumulate in the cytosol of cells upon stimulation
with MALP-2

To ensure that it is the Mal protein that is causing the accumulation and it is not the CFP
forming aggregates when the cell is stimulated, HEK 293 TLR2 cells were transfected
with green fluoresecent protein (GFP). 24 hours after transfection the cells were
stimulated with 5SnM MALP-2. Figure 3.25 displays GFP transfected into HEK 293
TLR2 cells. Panel (a) shows GFP in green is found dispersed throughout the cell and
when stimulated with MALP-2 the GFP appears to move to the nucleus, it does not

form aggregates in the cytoplasm as observed by Mal L180.
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3.3 Discussion

This project was initiated by a study carried out by Professor Adrian Hill and colieagues
of the Centre for Human Genetics Oxford. They chose to look at some SNPs associated

with members of the TLR signalling pathway focusing on the TLR 2 and 4 adaptor Mal.

A case controlled genetic association study of 4510 individuals from Gambia, Kenya,
United Kingdom and Vietnam was carried out. Four major infectious diseases, invasive
pneumococcal disease (IPD), bacteraemia, malaria and tuberculosis were studied. The
presence of Mal SNPs, Ser5S5Asn, Ser180Leu, Argl3Trp and Vall97lle of the TLR
adaptor Mal was investigated in the four populations. It was found that the Mal SNP

Ser180Leu was independently associated with all four infectious diseases.

The presence of SNPs in the Mal gene was investigated using dbSNP from NCBI. It
was found that Mal was associated with seven non-synonymous SNPs. The location of
the SNPs within the Mal gene were noted and their presence in any functionally
significant regions of Mal were recognised. Ser180Leu was found to be present in the
functionally significant signalling region called the TIR domain. Ala9Pro and
Argl3Trp were located at the N terminus of Mal. The Argl3Trp mutant was situated in
close proximity to the SOCS-1 ubiquitination site as described by Mansell and
colleagues (Mansell et al., 2006). Following Mal phosphorylation by Bruton’s tyrosine
kinase (BTK), Mal is subsequently polyubiquitinated by SOCS-1 and degraded. The
change from a hydrophilic arginine to a hydrophobic tryptophan residue may have an
impact on the structure of the N terminal region of Mal hindering SOCS-1 associated
polyubiquitination. The Ser55Asn SNP is situated within the PEST domain (amino
acids 40-56). Mansell and colleagues found a ‘PEST’ domain present in Mal. They
found that Mal is a short lived protein which gets degraded 30 minutes after stimulation

with various TLR ligands and that the ‘PEST’ domain is required in this process
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(Kobayashi et al., 2006), a finding that was confirmed in this study. A mutation in the
‘PEST’ region could hinder the degradation process and result in an accumulation of
Mal occurring within stimulated cells. The Asp96Asn SNP was found to be situated
within the structurally conserved region of box 1 of the TIR domain. A recent study by
Nagpal and colleagues found that the Asp96Asn polymorphism hindered MyD88
binding to Mal and found that this polymorphism showed reduced signalling to MyD88
(Nagpal et al., 2009). The Val1971le SNP was found to be situated within the caspase-1
cleavage site (D-198) of YXXD. Mal is thought to be cleaved at position 198 by the
cysteine protease caspase-1, releasing a 4kDa fragment from the C-terminus of Mal.
The 4kDa cleaved fragment removes the EE loop and the last E a-helix of the TIR.
Miggin and colleagues found that cleavage of Mal was required at D198 before
signalling to downstream signalling partners could occur (Miggin et al., 2007). A
seventh SNP STOP222Trp was found on dbSNP however this SNP must be present on
a different isoform of the Mal gene as there is no stop codon at position 222 in the wild

type Mal gene.

Due to the disease associations of SNP Ser180Leu a functional reason for the protection
afforded by the Mal variant to individuals with this polymorphism was endeavoured to
be found.

It was hypothesised that the serine to leucine variant provided protection from the four
infections as the Mal variant would hinder signalling through TLR2 and TLR4. As a
result of this, the production of inflammatory cytokines would be muted in these
individuals resulting in a reduced disease pathology. When mortality rate is lower,
reproduction increases allowing the variant gene to become more prevalent in a

population.
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The Hill study did not examine an Irish population and so genotyping analysis of 415
healthy Irish individuals was assessed. It was found that the Irish population had the
same heterozygosity value as the UK Caucasian population. Irish population was found
to have Ser/Ser at 70%, Ser/Leu at 25% and Leu/Leu individuals at 5%. The presence
of the Ser180Leu variant in the Irish population indicates that the Irish population
would have the same degree of protection from the infectious diseases as the U.K.
population. A recent study by Ferwerda and colleagues carried out distribution analysis
of the Mal L180 in different populations (Ferwerda et al., 2009). Ferwerda and
colleagues found that by studying the mitochondrial DNA evidence from European
populations that Irish people are genetically descended from western European
populations,.and more directly that they are descended from predecessors of the Basque
region in northern Spain. Ferwerda looked at a Nederlands population and a UK
population which he found to have a S180L frequency of 25% and 26.3% respectively
similarly in this project it was found that the Irish population showed 25% heterozygous
carriage of the S180L variant. They also looked at a small Basque population to which
Irish people are thought to be most closely descended to as they belong to the same R1b
haplotype group (Campbell, 2007). The percentage of S180L in this population was
35%, which was quite high compared to what the Irish population was found to be in
this study, this however could be attributed to the small number of individuals

genotyped in the Ferwerda study (110 individuals).

The goal of this project was to determine differences between Mal Ser180 (S180) and

Mal Leul80 (L180) in order to gain insight into why heterozygous individuals would be

protected against the infectious diseases.
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Initially protein homology modelling was utilized to identify any possible change to the
protein structure upon changing a serine to leucine at position 180. The secondary
structure prediction programme (PSIPRED) from EMBL did not reveal any difterences.
However the tertiary structure prediction programme revealed differences in a region
known as the DD loop of Mal. Altering the serine to a leucine, a small hydrophilic
residue to a larger hydrophobic residue caused the DD loop of Mal to become more
exposed. A study by Nyman and colleagues which resolved the structure of the
cytoplasmic domain of TLR10 dimer found that residues surrounding the DD loop tip of
the TIR domain act to stabilize the TIR/TIR interactions (Nyman et al., 2008). Serine
180 lies upstream of the DD loop and could be acting as a stabilizing residue for the tip
of the DD loop.

Data presented in this chapter found that the Mal 180 variant influences signalling
though TLR2. Reconstitution assays were employed to ascertain the signalling potential
of both Mal S180 and Mal L180. When the Mal deficient MEFs were reconstituted
with Mal S180 TLR2, signalling was restored, and this was shown by the initiation of
IkB degradation, p38 activation and IL-6 production. When Mal deficient MEFs were
reconstituted with Mal L180 activation was not restored. Importantly in these
reconstitution experiments the transfected protein was shown to be equally over-
expressed, indicating that the difference in signalling was not due to differential
expression. The study by Ferwerda and colleagues also looked at the production of
cytokines in individuals with the serine to leucine polymorphism (Ferwerda et al.,
2009). They found that like the Khor and colleagues study the individuals were
protected from disease (Khor et al., 2007), Ferwerda and colleagues looked at
experimental endotoxemia and found that individuals with the S180L polymorphism

were protected. When doing cytokine analysis of the individuals they found that the
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individuals that were challenged with LPS and MALP-2 produced more TNF and IL-6
cytokines than S180S individual. This study also found that PBMCs for L180L
individuals produced more IFN than S180S individuals or heterozygotes. This may be
as a result of a small number of patients being assessed. Furthermore, the induction of
IFNa by TLR2 has not been shown to require Mal. However since there was a clear
association with severe sepsis in subjects carrying the 1180 variant, overall this study
reveals a role for Mal in susceptibility to infectious diseases. Furthermore, inefficient
Mal signalling could cause redundant pathways to compensate for Mal.

Using a GST pull-down assay to ascertain the binding capacity of Mal S180 to TLR2
was compared to Mal L180. It was found that Mal S180 bound readily to FLAG
tagged-TLR2 but Mal L180 was unable to bind. Further pull-down experiments were
carried out to investigate the binding potential of Mal S180 and Mal L180 to MyD88 by
colleague Dr. Aisling Dunne. It was found that Mal S180 and Mal L180 were found to
bind MyD88 equally. Mal L180 was also able to bind Mal S180. Therefore the defect
in signalling appears to be in the potential of the Mal L180 form to inefficiently bind

TLRZ.

As it was observed that Mal S180 had the potential to bind Mal L180, it led to the
question of whether Mal L.180 could hinder Mal S180 function in a dominant negative
fashion. This indeed appeared to be the case. Mal L180 when transfected into Mal
deficient cells did not activate NF-xB, unlike Mal S180, however when co-transfected
Mal L180 blocked the effect of Mal S180. These results suggest that Mal L180 might
have two effects: firstly, an inability to interact with TLR2 and secondly an ability to
block Mal S180 action. A complex of TLR2, Mal S180 and Mal L.180 may occur in the

heterozygotes which therefore inhibit TLR2 signalling.
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Blocking peptides were next designed to the region surrounding serine 180. A GST
pull-down assay found that Mal bound to TLR2 and that this interaction was blocked by
the peptide TIRILLSGLS. A scrambled version of the peptide did not hinder the
Mal/TLR2 interaction. A possible explanation for this is that the serine peptide form
(the same as the WT Mal) would bind to TLR2 in the same position that the Mal would

usually bind and hinder the interaction of TLR2 and wild type Mal.

Further cell based studies were carried out to test the ability of the peptide to block
TLR2 signalling.  This time an S form TIPLLSGLSRRRRRRRRR and L form
TIPLLLGLSRRRRRRRRR of the peptide was used to block TLLR2 signalling. The peptides
for the cell based assays had a nine arginine repeat sequence to aid their internalisation
into cells. The peptides were synthesized to the 9 base pair region surrounding the
Ser180. Scrambled versions of these peptides were also made. PBMCs were obtained
to investigate if a decrease in IL-6 production could be observed in primary cells. L and
S form peptides were added to the cells, and the cells were stimulated with TLR2/1
ligand Pam3CSKy4 and TLR2/6 ligand MALP-2. Addition of the L and S form peptides
did not block IL-6 production. In one example the L. form of the peptide was added to
the PBMCs and stimulated with Pam3;CSK, the production of LPS was lowered,
however this was mirrored by the scrambled version which caused a reduction in IL-6

production.

The putative blocking peptides did not have any effect on the primary PBMC cells and
the blocking of IL-6 production in cell lines is difficult to reproduce. It is unclear
whether the peptides are accessing the cells and it is not know if the peptides are being

degraded by resident peptidases within the PBMCs. The quantity of peptide that gains
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access to the cell may be important also as too much peptide may have a damaging
effect on the viability of the cells and hinder any production of cytokine that may occur
as a result of ligation of ligand.

Polyl:C stimulation of PBMCs found that the L. form was able to block TLR3
signalling, however it was found that both the L form and the scrambled version
blocked signalling. The S form of the peptide did not block TLR3 signalling indicating

that any blocking that did occur was non-specific.

Three dimensional structural modelling of the Mal structure was carried out by
colleagues from Cambridge University. The 3D crystalisation structure of Mal [.180
was compared to Mal S180. The location of the caspase-1 cleavage site within the Mal
180 form was more embedded within the protein compared to the Mal S180 form.
Previous studies by Miggin and colleagues found that Mal is specifically cleaved by
caspase-1 before it is fully functional (Miggin et al., 2007). The caspase-1 cleavage
assay in this chapter was carried out to determine if there was an inability of caspase-1
to cleave Mal L180 and consequently inhibit signallin. Caspase-1 was added to Mal
S180 and Mal L180 and it was found that caspase-1 was able to cleave both forms of
Mal. A specific caspase-1 inhibitor was added to the fifth sample and it was found that
it reduced the cleavage of the Mal L180 and Mal S180, indicating that cleavage was
specific for caspase-1. In this case the inability of Mal-L180 to signal downstream is

not due to caspase-1 cleavage.

To assess the sub-cellular localisation of Mal S180 CFP compared to Mal L.180 CFP

confocal microscopic analysis was carried. It was found that the Mal S180 and Mal
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L180 were both localised to the plasma membrane, as described by Kagan and
Medzhitov (Kagan and Medzhitov, 2006).

HEK 293 TLR2 cells were transiently transfected with Mal S180-CFP and Mal L180-
CFP and stimulated 5SnM MALP-2 to investigate further the localisation of the proteins
post stimulation. An accumulation of Mal S180 CFP and Mal L180 CFP was observed
after five minutes stimulation. As Kagan had discovered that TLR4 travels to early
endosomal membranes, Mal was similarly found to travel intracellularly upon
stimulation of TLR2 with MALP-2.

[t was necessary to clarify that it was not the CFP tag that was causing the accumulation
of the Mal protein. As no CFP plasmid was available in the laboratory transfected HEK
293 TLR2 cells were transiently transfected with GFP. (GFP and CFP only differ in a
few amino acids which only causes them to fluoresce a different colour) GFP
transiently transfected cells were stimulated for 30 minutes with SnM MALP-2. At time
zero the GFP was present in the cytosol and in the nucleus. Upon stimulation the GFP
appeared to become more concentrated in the nucleus. This finding clarifies that GFP
does not clump together post stimulation. A study published by Nishiya and colleagues
in 2007 found that MyD88-YFP was present in intracellular vesicles; they were
concerned that the MyD88 was clumping due to the presence of the tag. They carried
out gel filtration analysis and separated lysates based on their molecular size. They
found MyD88 was present at 67kDa and 132kDa corresponding to monomeric and
homodimeric forms of MyD88 (Nishiya et al., 2007).

It therefore appears that Mal translocates from the membrane upon stimulation by
MALP-2. Whether there is a serine or a leucine at position 180 does not affect this. A
study by Kenny and colleagues shows that MyD88 binds directly to TLR2 and that Mal

only functions to increase efficacy of signal when there is a low level of ligand.
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Therefore the movement of Mal into the membrane can be explained by its binding to
MyD88 as it has been shown by Dr. Aisling Dunne that both Mal-S180 and Mal-1.180
can bind to MyD88. Mal L180 does not signal in Mal deficient MEFs whereas Mal
S180 does. Mal L180 also has a dominant negative effect over the ability of Mal S180
to signal. Peptide blocking studies help to understand the region of the Mal S180 that is
being hindered by the presence of Mal L.180.

The current interpretation would therefore be that the Mal 1.180 will translocate but fails
in its ability to mediate signalling further down-stream as it is unable to form an active
signalling complex.

A large body of research has been carried out since the discovery that Mal Ser180Leu
provides protection from infectious disease. Many research groups have investigated
whether Mal 180 Leu provides protection in their sets of samples. A group from
Germany argued that the MyD88 and Mal did not play a role in the protection of
individuals from TB in a Russian population. They argued that Mal and MyD88 are
dispensable in sensing Mycobacteria tuberculosis in mice (Reiling et al., 2008).
However it has been counter-argued that the discrepant findings could be as a result of
heterogeneity of association in different populations which has been previously
described for many immunogenetic polymorphisms. Importantly it was noted that the
age of the individuals differed from the Khor study and that with a younger mean age it
is unclear how many of these control individuals have been exposed to M .tuberculosis
or will develop clinical TB in the future. Importantly another group found that Mal
Ser180Leu played a protective role against the development of systemic lupus
erthematosus (SLE) and TB (Castiblanco et al., 2008). A recent study by Nagpal and
colleagues analysed the ability of all the Mal polymorphisms to signal. They found that

Mal Leul80 was capable of mediating TLR2 and TLR4 signalling in HEK 293s and did
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not act as a dominant negative; however endogenous Mal in HEK 293 cells may be
mediating the signal instead. They also found that in Mal knock out cells that the Mal
Leul80 variant was able to signal. The reason for the difference is not clear, although
as Nagpal and colleagues state, it is possible that the Mal Ser180Leu mutation is
hypomorphic, indicating that there may be a blunting of activity which can be overcome
if Mal Ser180Leu is over-expressed. Furthermore they saw that kB degradation was
restored in Mal deficient MEFs when reconstituted with Mal Leul80; however, they
used double the concentration of ligand than used in this project. Investigative studies
by Kenny and colleagues have shown that Mal may not be required in signalling at
higher doses of ligand (Kenny et al., 2009). Since separate studies have found disease
associations associated with Mal Ser180Leu, it seems likely that Mal is important in the
pathogenesis of these diseases. Further studies confirming a role for Mal Ser180Leu in

infectious diseases can be anticipated.
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Chapter 4
4.1 Introduction

S. pneumonia causes an estimated death toll of one million children under five annually
(O'Brien et al., 2009). It commonly colonises the mucosal surface of the upper
respiratory tract and does not harm most individuals. However, invasive infection can
become established by the disruption of the respiratory epithelial membrane. Signalling
through TLR2 induces an inflammatory response which is thought to contribute to
decreased in trans-epithelial resistance to bacteria, allowing bacterial migration across
the epithelial barrier (Beisswenger et al., 2007). S. pneumonia is the most common
cause of community acquired pneumonia. The morbidity and mortality rate of with S.
prneumonia infection is associated with the occurrence of septic complications and
septic shock (Meister, 2000, Georges et al., 1999). It has been said, that most cases of
IPD remain genetically and immunologically unexplained (Ku et al., 2007). A study in
2003 investigated TNF-a and IL-10 and the role they may play in susceptibility to [PD
(Schaaf et al., 2003) The group was unable to show an association between acute phase
protein TNF-a and sepsis severity; however they found that a polymorphism in the
immuno-suppressive cytokine IL-10 which caused increase 1L-10 release, predisposing
individuals to severe pneumococcal disease. Overproduction of IL-10 also dampened
the pro-inflammatory response, allowing the S. pneumonia microbe to divide and
multiply causing severe pneumococcal infection and increasing the risk of development

of septic shock.

Mannose binding lectin (MBL) is a key mediator of innate host immunity. It is
produced in the liver during the acute phase response. MBL is a serum secreted PRR
belonging to the calcium-dependent lectin family. It recognises high mannose and N-

acyl-glucosamine oligosaccharides which are present on a range of microorganisms
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including S. pneumoniae. It activates the complement pathway and directly opsonises
some infectious pathogens (Turner, 1998). MBL is a heterogenous gene that is
associated with susceptibility to several infectious diseases. MBL is derived from the
gene MBL2 on chromosome 10, exon 1 contains three single-base substitutions which
independently cause low expression levels of serum MBL. There are also several
nucleotide substitutions in the promoter region which affect the MBL serum levels
(Madsen et al., 1998). Individuals who were homozygous for the MBL variant had less
than 2% of the MBL than controls and individuals who were heterozygous had
approximately 20% lower MBL levels than controls. Studies looking at heterogenous
MBL found that it had no effect on susceptibility to S. Pneumoniae associated disease
while the homozygotes had increased susceptibility to [PD (Kronborg et al., 2002, Roy

et al., 2002)

A recent study investigated a possible link between nitric oxide synthase 2A (NOS 2A)
polymorphisms and invasive pneumococcal disease (Payton et al., 2009). NOS2A is a
gene which is responsible for the production of nitric oxide in the defence against
bacterial infection. The group investigated nine polymorphisms within the NOS2A
gene and found that there was no association between polymorphic variation within

NOS2A and IPD susceptibility or protection.

In 2007 a study by Ku and colleagues looked at two patients with primary immuno-
deficiencies (PIDs). They were found to show poor antibody responses to
pneumococcal carbohydrates. They also showed decreased inflammatory responses to
IL-IR and TLR stimulants, suggesting genetic defects in TLR/NF-xB mediated
immunity. The investigation found that the first patient had two heterozygotic
mutations in an intron in /RAK4 located between exons 10 and 11. These two mutations

were not found in 60 healthy individuals tested. The second patient was found to have a
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mutation in NEMO ¢cDNA R173G was found in exon 4 and this mutation was not found

in 120 controls analysed (Ku et al., 2007).

A study by Chapman and colleagues found an association between genes in members of
the IkB family members, NFKBIA and NFKBIE. Mutations in these genes are quite rare
and are associated with susceptibility to IPD (Chapman et al., 2007).  Research into
variants of TLR2 and TLR4 by Moens and colleagues looked a possible link to
streptococcal disease. Ninety nine Caucasians with I[PD and 178 healthy controls were
genotyped. They found that SNPS in TLR2 (R579H, P631 and R753Q) and a SNP in
TLR4 (D299G) were not differentially distributed between the two groups, indicating
that in this study there was no association between TLR2 or TLR4 and IPD (Moens et

al., 2007).

Investigative studies into genetic associations in [PD seem to suggest that any
association that has been found is related to genes within the TLR and NF-kB pathways.
Several studies have revealed that both TLR2 and TLR4 play a role in the detection of

S. Pneumonia.

Dysregulation of TLRs plays a role in the susceptibility of the host to acute and chronic
inflammatory processes. Acute over-reactions to pathogens can manifest as sepsis
which is defined as a systemic inflammatory response syndrome (SIRS) and occurs
when the body as a whole over-reacts to infection whether it be bacterial, viral, fungal
or parasitic. Animals lacking TLR4 do not develop septic shock when challenged with

bacterial LPS (Hoshino et al., 1999, Brandtzaeg and van Deuren, 2002).
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Chapter 4 Introduction

A rare polymorphism in human TLR6 has been identified by Professor Adrian Hill and
his group. The presence of this TLR6 variant in individuals has been shown to be
associated with a 7 fold increased risk of contracting invasive pneumococcal disease
(IPD). Human TLR6 is a type 1 transmembrane pathogen receptor. It is found on the
surface of immune cells such as macrophages and dendritic cells and can recognise the
presence of microbial products by their extracellular leucine rich repeat (LRR) motifs.
More specifically TLR6 in combination with TLR2 recognise the presence of diacylated
lipopeptides and peptidoglycan both of which are present on the surface of
S.pneumonia. Activation of these TLRs by pneumococcal derived particles serves to
up-regulate downstream signals to activate pro-inflammatory NF-kB and mitogen

activated protein kinases (MAPKSs) (figure 1.2).

The polymorphism in question causes an amino acid change at position 30, causing the
replacement of aspartic acid (D) with an asparagine (N) residue (figure 4.1).
Individuals who possess the mutation are far more likely to succumb to IPD than the
individuals with the wild type gene. The amino acid change is located in the N terminal
region of TLR6 and more specifically may reside in the signal sequence of human

TLR6.

The aim of this project was to investigate any role that human TLR6 Asp30Asn may
play in TLR2/TLR6 signalling and its effect on TLR6 cellular localisation. A

biochemical link between this variant and IPD will also be explored.
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Figure 4.1 The functional sites of human TLR6.

Human TLR6 is a cell surface TLR containing 19 leucine rich repeats utilised in the
detection of pathogen associated molecular patterns. TLR6 functions in tandem with
TLR2 to recognise diacylated lipoproteins. TLR6 contains a transmembrane domain
and an intracellular TIR domain. Ligand induced dimerization of the TLRs is
thought to allow protein protein interactions of the TIR (Toll-interleukin-1 receptor)
domains creating a scaffold to allow the recruitment of TLR adaptor molecules.

Recruitment of the adaptor molecules activates the NF-«B signalling cascade.
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4.2 Results
4.2.1 Significance of polymorphism Asp30Asn in human TLR6 structure

The starting point in the TLR6 investigation was to address whether the Asp 30Asn
polymorphism in TLR6 lay in a position within the protein that was significant to its

structure and whether it was near any functionally relevant areas of TLR6.

In 1999 Takeuchi identified TLR6 as a novel member of the TLR family (Takeuchi,
1999). Takeuchi predicted that human TLR6 contained both an extracellular leucine-
rich repeat (LRR) domain and a cytoplasmic Toll/IL-1 receptor (IL-1R) like region
(TIR) domain. Takeuchi predicted that the N-terminal signal peptide of TLR6 was
from amino acid 1 to 29 that it contained 19 leucine rich repeats, and that it

possessed a transmembrane region from amino acids 583-606 (figure 4.1).

The TLR6 polymorphism under investigation in this thesis lies at position 30, in the
vicinity of the signal peptide region and so may affect the membrane localisation of

TLR6.

The N terminal signal peptide region of the proteins controls the proteins entry into
the secretory system of the cell. The signal peptide controls selective targeting,
translocation and/or insertion into the plasma membrane or the endomembrane

system.

Using signalP, an online computer signal peptide prediction programme, both TLR6
D30 and TLR6 N30 protein sequences were input into the database. SignalP was
developed in 1997 by Neilsen and colleagues. They compared 3379 different N-
terminal peptide regions from human, eukaryote, E. coli, gram negative and gram
positive bacteria. They only considered proteins sequences which had

experimentally pre-determined signal peptide cleavage sites. By aligning all these
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peptide sequences, they developed an algorithm to help predict the signal peptide
cleavage of all proteins (Nielsen et al., 1997). The signalP programme predicted that
the signal peptide cleavage site of TLR6 D30 was between position 31 and 32, the
predicted cleavage site of TLR6 N30 was at the same position between amino acid
31 and 32 (figure 4.2). C-scores (shown in red) were obtained for both proteins and
Y and S scores which are derived from the C-score were also identified. The Y value
determines the mean of the C scores and which results in a better cleavage prediction
value. The S value determines the length of the signal sequence and whether this is a
secretory or non-secretory protein. Both TLR6-N30 and TLR6-D30 were predicted

to be non-secretory proteins.

It has been previously shown that two mutants found at the N-terminus of TLR 2
affected its localisation (Nakao et al., 2005). TLR2 Cys30Ser and TLR2 Cys36Ser
were both found to be expressed intracellularly in HEK 293 cells and that they failed
to activate proinflammatory transcription factor NF-xB upon activation with TLR2/6
ligand MALP-2. The sequence of TLR2 was input into the signalP signal peptide
cleavage prediction programme, the signal peptide cleavage site was predicted to be
at position 19 (figure 4.2). This suggests that the inability of the TLLR2 Cys30Ser and

Cys36Ser to reach the plasma membrane is unrelated to its signal peptide.

The nascent polypeptide is targeted to the endoplasmic reticulum (ER) by the
ribosome, a signal recognition particle recognises the N terminal signal peptide and
directs it to the membrane bound translocon complex. The translocon complex is
normally closed and only when a protein possessing a fully functional signal peptide
is allowed to bind, will it open allowing the entry of the nascent polypeptide (Hegde
and Kang, 2008). The signal peptide is composed of three regions which are

displayed in figure 4.3 (Nielsen et al., 1997). They are commonly described as a
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Figure 4.2  Signal peptide cleavage site predictions.

The signal peptide cleavage site of human TLR6 D30, human TLR6 N30 and human
TLR2 are displayed. The predicted cleavage site of WT TLR6 was found between
positions 31-32; the predicted cleavage site of TLR6 N30 is also between positions
31-32. The predicted cleavage site of human was found at position 19 of TLR2. The
C score shown in red indicates the cleavage site score, the residue with the highest

score 1s the most favourable cleavage site.
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Figure 4.3  The N-terminal signal sequence of TLR6.

The N-terminal signal sequence of TLR6 is composed of three regions, a positively
charged N region shown in blue which contains the starting methionine, a
hydrophobic H region displayed in red, and a neutral polar C region shown in green.
The aspartic acid which becomes mutated is located at position -2 in relation to the

signal peptide cleavage site.
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positively charged N-region shown in blue a hydrophobic H-region (red) and a
neutral but polar C-region (green). The hydrophobic signai peptide binds to the
translocon and the remainder of the polypeptide is moved through the pore. A signal
protease cleaves the polypeptide at the signal peptide cleavage site, in the case of
TLR6 it is between amino acid 31 (glycine) and 32 (asparagine). A common
nomenclature has been devised which describes the amino acids either side of the
cleavage site as -1 and +1 (figure 4.3). The system describes the amino acids from
the cleavage site to the starting methionine as negative numbers, in the case of TLR6
from -1 to -31 and the amino acids which form the mature protein as positive
numbers. The aspartic acid at position 30 is described as -2 using this system (figure
4.3). It has been found that it is important that amino acids at position -1 and -3 are
small and neutral for cleavage to occur correctly. The aspartic acid at amino acid 30
resides in the -2 position and amino acids situated at position -2 are highly varied.
This may lead to the conclusion that an amino acid change at this position would not
lead to any great variability in the translocation of the protein. However, as the
amino acid change is in such near proximity to the cleavage site, further investigation

was carried out.

The cleavage of signal peptides depends heavily on the charge of the amino acids.
Alterations in the charge of amino acids in the translocon influences the orientation
and stability of the polypeptide chains that interact with it (Hegde, 2008): and so it
may be postulated that a change in the charges of the polypeptide chain may affect its
binding to the translocon. In the case of the TLR6 polymorphism, a negatively
charged hydrophilic aspartic acid is replaced by a hydrophobic neutral asparagine,

causing the loss of a charged amino acid to occur.
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4.2.2 Secondary structure prediction

All signal peptides are predicted to be composed of alpha helical hydrophobic
regions. To gain further insight into the secondary structure of wild type TLR6 D30
compared to the TLR6 N30, the sequence of human TLR6 was input into an online
secondary structure prediction programme (bioinf.cs.uck.ac.uk/psipred/).  The
graphical output is shown in figure 4.4. As can be seen in figure 4.4, the alpha-
helical hydrophobic core of the signal peptide region is shown in green. The
structure of the TLR6 D30 and TLR6 N30 are compared the secondary structure is
altered in the sequence with the mutation. The hydrophobic alpha helix remains the
same but then after two amino acids a second shorter alpha helix forms. This
structural change is located at the C region of the signal peptide and may influence

the cleavage of the peptide.

4.2.3 Investigating the cellular location of TLR6 D30 compared to TLR6
N30
4.2.3.1 Cellular localisation using membrane fractionation

As it was predicted that the TLR6 D30 and TLR6 N30 may have different
localisation properties due to their structural differences in the region close to the
peptide cleavage site TLR6 N30-FLAG and TLR6 N30-YFP variant were
synthesized using site directed mutagenesis. The FLAG tag of TLR6 is located
within the N terminal signal peptide of TLR6 (figure 4.5). The plasmid was used in
membrane fraction assays to identify the location of the TLR6 FLAG (figure 4.6). It

was found that the TLR6-D30 FLAG and TLR6-N30 FLAG were membrane bound
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Figure 4.4 Secondary structure prediction of human TLR6 revealed a
change in structure comparing TLR6 D30 to TLR6 N30.

The Predict Protein programme is a computer-based programme that predicts
the alpha helical (green cylinder), beta strand (yellow arrow) and random coil
(straight line) structure of protein sequences that have been input into the
software (bioinf.cs.ucl.ac.uk/psipred/). The aspartic acid was changed to an
asparagine at position 30, the structure of TLR6 N terminus became altered.
The asparagine at position 30 caused a longer alpha helix to form at the N

terminus. A second change to the secondary structure is indicated by a red box,

it is situated away from the area of interest.
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Figure 4.5 Generation of TLR6 N30-FLAG variant.

Site directed mutagenesis was carried out, which mutated the aspartate at position 30

to an asparagine. The FLAG tag is situated at the N terminus of TLR6.



Figure 4.6 Membrane fractionation studies revealed that TLR6 D30-FLAG and
TLR6 N30-FLLAG were found in the membrane and not the cytosol.

Stimulation with FSL-1 did not alter the location of the proteins.

HEK 293T cells were seeded at 1x10° cells/ml into 10cm dishes and incubated at
37°C with 5% CO, overnight in DMEM. After 24 hours, the 10cm dishes were
transiently transfected with 6ug EV-FLAG, TLR6 D30-FLAG or TLR6 N30-FLAG
and incubated for a further 24 hours. The cells were washed in 2ml cold PBS twice
and were lysed in 400ul membrane resuspension buffer. The cells were homogenised
with a dounce homogeniser using 35 strokes. The lysed cells were centrifuged in an
ultracentrifuge at 100,000g for 1 hour. The supernatant was removed from the pellet
and 80ul sample buffer with DTT was added to the supernatant/cytosol fraction. The
pellet was removed and 100ul sample buffer with DTT was added to the
pellet/membrane fraction. The samples were sonicated for 3 seconds and boiled for 5
minutes. The samples were resolved on a 12% sodium dodecylsulfate (SDS)
polyacrylamide gel using a constant current of 25mA per gel. Each protein gel was
transferred to PVDF membrane for 2 hours at 150mA. The membrane was blocked in
5% Marvel in TBST for 1 hour at room temperature. The membrane was probed with
anti GFP antibody 1:500 dilution in 5% Marvel in TBST and rolled overnight at 4°C.
The membrane was re-probed for 5-Actin loading control. The blot was developed by

enhanced chemiluminesence. The results are representative of two experiments.
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and none of the protein was mis-localised to the cytoplasm (figure 4.6). No bands
appeared in the empty vector lanes. These cells were treated with the TLR2/6 ligand
FSL-1 at 100ng/ml, it was found that stimulation did not alter the location of the
proteins (figure 4.6). The N-terminal sequence of the FLAG-TLR6 D30 and N30
were entered into the signalP signal peptide cleavage prediction program and it was
found that no cleavage site was identifiable in this sequence (figure 4.7). The C-
score shown in red shows the cleavage site prediction score, the score for this was
very low at 0.131, no Y or S score found either indicating that no cleavage would
occur. This was something that was found in the membrane fraction assay as the N-

terminal tag was still present on both forms of TLR6 (figure 4.6)

Site directed mutagenesis was also carried out on the TLR6-YFP plasmid changing
the aspartate at position 30 to asparagine. HEK 293T cells were transfected with
empty vector, TLR6 D30-YFP, TLR6 N30-YFP plasmid and cytosolic and
membrane fractions were extracted. Figure 4.8 compares membrane and cytosolic
fractions, TLR6 D30 is found in the membrane fraction and TLR6 N30 is found both

the membrane and cytosolic fractions.

To further confirm the presence of the variant in the cytosol, a control lane which
probed for a purely membrane bound protein in the cytosol should have been used
this would indicate that no contamination of the cytosolic fraction with the
membrane fraction occurred. A different method used in this project to further
understand the localisation of the protein, was to analyse the presence of the protein

by confocal microscopy.
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4.2.3.2 Cellular localisation of TLR6 using confocal microscopy

As it was found that the TLR6 N30 variant was found in both the membrane and the
cytosolic fraction, the location of the variant was analysed by confocal microscopy.
HEK 293T cells were transfected with both TLR6-D30 YFP and TLR6-N30 YFP.
The confocal imagery revealed that the TLR6 D30-YFP and TLR6 N30-YFP were
localised around the nucleus (figure 4.9). The membrane stained in red revealed that
most of the TLR6 was localised within the cell and not as prominent on the plasma
membrane. These images also suggest that although the TLR6 N30-YFP is found on
the endomembrane system, TLR6-N30 YFP is also found diffused throughout the
cytosol (figure 4.9), this follows from section 4.2.3.1 which displayed that TLR6

N30-YFP was found in the cytosolic fraction of the membrane fractionation assay.

Experiments were carried out to determine whether by stimulating the cells with
TLR2/6 ligand TLR6 D30-YFP or TLR6 N30-YFP would become more plasma
membrane localised. The images reveal on figure 4.9 that indeed upon stimulation
the TLR6 D30-YFP becomes plasma membrane localised as shown by the yellow
colour that appears when the green of the TLR6-YFP is localised with the red plasma

membrane stain.

To further understand the cellular location of TLR6 D30-YFP and TLR6 N30-YFP
co-localisation assays were performed (figure 4.10). Both TLR6 plasmids were
transfected together with ER-CFP marker into HEK-293T cells. The images reveal
that TLR6 D30-YFP and TLR6 N30-YFP were present on the endoplasmic reticulum

of HEK 293T cells.
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4.7 Signal peptide cleavage prediction of FLAG tagged TLR6 D30 and N30.

N-terminally FLAG tagged TLR6 was analysed using signal peptide cleavage
prediction programme signalP. It was found that no cleavage of the N-terminal region
of TLR6 occurs for either version of TLR6. A very low C score which determines the
cleavage site and the absence of a Y and S score which are determined from the C

score indicated that no apparent cleavage should occur.



Figure 4.8 Membrane fractionation revealed TLLR6 N30 was found in both
membrane and cytosolic fractions.

HEK 293T cells were seeded at 1x10° cells/ml into 10 cm dishes and were incubated
at 37°C with 5% CO; overnight in DMEM. After 24 hours, the 10cm dishes were
transiently transfected with 6ug EV, TLR6 D30-YFP or TLR6 N30-YFP and
incubated for a further 24 hours. The cells were washed in 2ml cold PBS twice and
were lysed in 400ul of membrane resuspension buffer. The cells were homogenised
with a dounce homogeniser using 35 strokes. The lysed cells were centrifuged in an
ultracentrifuge at 100,000g for 1 hour. The supernatant was removed from the pellet
and 80ul sample buffer with DTT was added to the supernatant/cytosol fraction. The
pellet was removed and 100ul sample buffer with DTT added to the pellet/membrane
fraction. The samples were sonicated for 3 seconds and boiled for 5 minutes. The
samples were resolved on a 12% SDS-PAGE gel using a constant current of 25mA
per gel. Each protein gel was transferred to PVDF membrane for 2 hours at 150mA.
The membrane was blocked in 5% Marvel in TBST for 1 hour at room temperature.
The membrane was probed with anti GFP antibody 1:500 dilution in 5% Marvel in
TBST and rolled over night at 4°C. TLR6-YFP is indicated by the black arrow. The
membrane was re-probed for $-Actin loading control. The blot was developed by

enhanced chemiluminesence. The results are representative of three experiments.
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Figure 4.9 Confocal microscopy revealed TLR6 D30-YFP and TLR6 N30-YFP
were found in the endomembrane system. TLR6 N30-YFP was found

to be more diffuse.

HEK 293T cells were seeded at 1x10° cells/ml in tissue culture dishes containing
coverglass slides attached to the base. The cells were incubated over night at 37°C
with 5% CO, The following day the cells were transiently transfected with 2ug
TLR6 D30-YFP and TLR6 N30-YFP. The cells were incubated for a further 24 hours
and were analysed using a confocal microscope. Images of the cell were taken before
stimulation and after 30 minute stimulation with 5nM MALP-2. TLR6 D30-YFP and

TLR6 N30-YFP are displayed in green and the membrane is shown in red.




Figure 4.10 TLR6 D30-YFP co-localised with the endoplasmic reticulum.

HEK 293T cells were seeded at 1x10° cells/ml in tissue culture dishes containing
coverglass slides attached to the base. The cells were incubated over night at 37°C
with 5% CO,. The following day the cells were transiently transfected with 2ug TLR6
D30-YFP, 2pug TLR6 N30-YFP and 0.25ug ER-CFP. The cells were incubated for a
further 24 hours and were analysed using a confocal microscope. Images of the cell
were taken before stimulation and after 30 minute stimulation with 5nM MALP-2.
TLR6 D30-YFP is displayed in green, endoplasmic reticulum is displayed in cyan and
the membrane is shown in red. Phase images are shown in gray. White arrows
indicate the presence of TLR6-YFP and ER-CFP, arrows also indicate the presence of

co-localisation.
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4.2.4 Investigating the role of TLR6 N30 in TLR functional assays

To address whether TLR6 N30 signalled similarly to wild type TLR6 D30, NF-xkB
luciferase assays were carried out. HEK 293 cells were transfected with EV and
increasing concentrations of TLR6 D30-YFP and TLR6 N30-YFP (figure 4.11).
TLR6 wild type or variant did not up-regulate NF-xB luciferase activity when over-
expressed. As TLR6 and TLR2 operate as a heterodimer when responding to ligand,
HEK 293 cells where transfected with TLR2-FLAG along with TLR6 D30-YFP and
TLR6 N30-YFP. TLR2 alone highly activates the NF-xB luciferase activity. An
increase in luciferase activity was seen by adding over-expressed 10ng TLR6 D30-
YFP over TLR2 activity (figure 4.12a), TLR6 N30 was unable to enhance the effect
of TLR2. This experiment was also carried out with the addition of TLR2/6 ligand
(4.12b); however no increase in activity was seen over untreated cells possibly due to

saturation of activation of the NF-xB luciferase reporter system.

4.2.5 Development of HEK 293T pDUO TLR2/6 stable cell lines

4.2.5.1 Establishing HEK 293T pDUO TLR2/6 D30 and HEK 293T pDUO

TLR2/6 N30 stable cell lines

In order to achieve a greater understanding of the role of the TLR6 polymorphism
N30 in TLR signalling it was important to have TLR2 present at a constant
concentration as they both signal as a dimer upon ligand recognition. HEK 293T
cells were stably transfected with pDUO TLR2/6 plasmid and pDUO TLR2/6 N30
plasmid which was obtained by site directed mutagenesis. The stably transfected

cells were selected for by growing in the antibiotic blasticidin to which they
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possessed a resistance gene to. The cells were analysed by FACS for the presence of
TLR2 using a FITC conjugated antibody to human TLR2. The stable cells were
compared to their parent cell HEK 293T cells (figure 4.13). As can be seen in figure
4.13 two peaks appear in the plot. In panels b and ¢ region 2 (R2) show the presence
of TLR2 on the cell surface of both the HEK 293T pDUO TLR2/6 D30 and the HEK
293T pDUO TLR2/6 N30 cells respectively. The mean fluorescent intervals (MFI)
of region 2 (R2) of both D30 and N30 cells were obtained. The mean fluorescence
interval (MFI) of D30 cells was 28.19 and the MFI of the N30 cells was 30.41
indicating that both pool have the same level of TLR2 present on the surface of the
cells. The presence of the TLR2 indicates that the cells were transfected and that the
pDUO plasmid is expressing TLR2 and hence should be expressing TLLR6 as they are

both on the same expression plasmid.

4.2.5.2 TLR signalling assays reveal that HEK 293T pDUO TLR2/6 N30
pool of stable cells is activated to a greater extent than TLR2/6 D30

cells in response to TLR2/6 ligand

Taking the cells from section 4.2.5.1, an NF-xB luciferase assay was performed.
HEK 293T, HEK 293T pDUO TLR2/6 D30 and HEK 293T pDUO TLR2/6 N30
cells were transiently transfected with 150ng and 75ng NF-kB luciferase reporter
plasmid and with 75 and 37ng TK renilla control plasmid. Each sample was
normalized using an empty vector control. Figure 4.14 displays that none of the cells
were capable of activating NF-kB solely by being over-expressed. However when
stimulated with 5nM and 10nM MALP-2 (TLR2/6 ligand), the HEK 293T pDUO

TLR2/6 N30 cells responded 6 fold in the 150ng NF-kB samples and 5 fold in the
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Figure4.11 TLRG6 alone did not activate NF-k B

HEK 293 cells were seeded at 1x10° cells per 1ml into 24 well plates. After 24 hours,
each well was transfected with at total of 300ng DNA. Each well was transfected
with 150ng NF-kB luciferase construct 60ng TK Renilla internal control construct, the
remaining 90ng of DNA transfected into each well consisted of 20ng TLR2 co
transfected with varying concentrations of TLR6 D30 of TLR6 N30. Each sample
was normalized to 300ng DNA per well with empty vector.

The cells were incubated for 24 hours at 37°C at 5% CO,. Subsequently some
samples were treated with 200ng/ml FSL-1 for 5 hours. The samples were then lysed
in 70ul passive lysis buffer and were vigorously shaken for 15 minutes. 30ul of each
sample was placed into two 96well plates conducive for luminescent readings. 60ul
of luciferase substrate solution was added to one plate and 60pl of colentrazine was
added to the second plate. Both plates were read using a luminometer and the

readings were normalized.



Figure 4.12 TLR6 D30 increased NF-kB luciferase activity when over-expressed
with TLR2-FLAG. TLR6 N30 did not cause an increase in NF-kB

activity.

(a) HEK 293T cells were seeded at 1x10° cells per 1ml into 24 well plates.
After 24 hours, each well was transfected with at total of 300ng DNA. Each well
was transfected with 150ng NF-kB luciferase construct 60ng TK Renilla internal
control construct, the remaining 90ng of DNA transfected into each well consisted of
0.1ng, TLR2-FLAG co-transfected with varying concentrations (Ong, 10ng) of TLR6
D30-YFP or TLR6 N30-YFP. Each sample was normalized to 300ng DNA per well
with empty vector. The cells were incubated for 24 hoﬁrs at 37°C at 5% CO:..

(b) A second set of samples were treated with 300ng/ml FSL-1 for 5 hours.
The samples were then lysed in 70ul passive lysis buffer and were vigorously shaken
for 15 minutes. 30ul of each sample was placed into two 96well plates conducive for
luminescent readings. 60ul of luciferase substrate solution was added to one plate
and 60ul of colentrazine was added to the second plate. Both plates were read using a

luminometer and the readings were normalized.
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Figure 4.13 TLR2 was found on cell surface of stably transfected cells.
HEK 293T cells were transfected with pDUO TLR2/6 D30 from Invivogen and
TLR2/6 N30 which was generated by site directed mutagenesis. The cells were
incubated for three days during which they were passaged. An antibiotic killing curve
was established to remove non-transfected cells. The cells were then grown for two
weeks in 10pg/ml blasticidin in DMEM. HEK 293T, HEK 293T TLR2/6 D30 and
HEK 293T TLR2/6 N30 cells were incubated on ice and were cell surface stained
with anti-TLR2-FITC from Invivogen at 1:50 dilution (stock 0.1mg/ml, working
concentration 0.2pg/100ul). The cells were analysed using a Cyan-ADP flow
cytometer the same day.
Each panel a displays a forward versus side scatter plot of each cell type analysed,
indicating the health of the cells and showing that a homogenous population of cells
were analysed for the presence of TLR2.
(a) Panel (a) displays HEK 293T cells cell surface stained for the presence of
hTLR2. This plot shows no positive staining for the presence of hTLR2.
(b) Panel (b) displays HEK 293T TLR2/6 D30 cells cell surface stained for the
presence of hTLR2. The peak in R2 shows the presence of cell surface TLR2
and has a FITC log mean of 28.19.
(c) Panel (c) displays HEK 293T TLR2/6 N30 cells cell surface stained for the
presence of hTLR2. The peak in R2 shows the presence of cell surface TLR2

and has a FITC log mean of 30.41.
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Figure 4.14 NF-«B luciferase assay revealed HEK 293T pDUO TLR2/6 D30N
cells strongly stimulated NF-k B luciferase.

The HEK 293T stable cell lines were seeded at 1x10° cells per 1ml into 24 well
plates. After 24 hours, each well was transfected with 150ng NF-kB luciferase
construct and 75ng TK Renilla internal control construct. The cells were also
transfected with 75ng NF-kB luciferase construct and 35ng TK renilla internal
control, and 115ng empty vector control. The cells were incubated for 24 hours at
37°C at 5% CO,. The cells were stimulated with 5nM or 10nM MALP-2 for 24
hours. The samples were then lysed in 70ul passive lysis buffer and were vigorously
shaken for 15 minutes. Thirty microlitres of each sample was placed into two 96 well
luminometer plates. Luciferase substrate solution (60ul) was added to one plate and
60ul of colentrazine was added to the second plate. Both plates were read using a
luminometer and the readings were normalized. This graph is representative of three

experiments. Error bars show the standard deviation of three biological replicates.



Chapter 4 Results

75ng NF-xB samples. The HEK 293T cells or the HEK 293T pDUO TLR2/6 D30
cells did not respond to the stimulus. The same pools of cells were analysed using
Western blotting technique to investigate the extent of p38 phosphorylation. The
pools of cells were seeded into 6 well plates and were stimulated with 5SnM MALP-2
over a 60 minute time period. As can be seen in figure 4.15, HEK 293T cells were
incapable of producing phosphorylated P38. HEK 293T pDUO TLR2/6 D30 cells
slightly responded to the MALP-2 at the 30 minute time point while HEK 293T
pDUO TLR2/6 N30 cells strongly responded to the stimulus at 15 and 30 minutes,
with the effect diminishing at 45 and 60 minutes. A similar experiment was
performed on the pools of cells (HEK 293T pDUO TLR2/6 D30 and N30) as in
figure 4.15 the cells were stimulated with 5nM MALP-2 for 60 minutes. The
samples were analysed for the degradation of IkBa. IkBa is an inhibitory protein
which binds to the heterodimer NF-kB to sequester it to the cytosol. Upon
stimulation of the TLR2/6 pathway, IkB kinase (IKK) proteins phosphorylate kB
and target it for proteasomal degradation. Figure 4.16 looks at the potential of the
stable cell lines to degrade IkBa, HEK 293T cells were unable to degrade IkBa
similar to the pDUO TLR2/6 D30 pool of cells. HEK293T pDUO TLR2/6 N30 cells
were capable of degrading IkBa after 15 minutes stimulation with MALP-2 and the
degradation continues up to the 60 minutes time point. A human IL-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>