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Abstract

Our currentunderstanding of the host response to pathogenic insult is in constant flux. The

long term goal is to better understand the host response so as to design better therapeutics
with higher efficacies and less side effects. Thhe current work sought to increase our
understanding the immune response to viral and bacterial perturbatioostoSignalling

pathways. TheTIR-domain containing adaptafRAM is a relatively understudied protein

with regard to TLR signalling, particularly with respect to typeferferon production. A re

evaluation ofthe role of TRAM in TLR7 signalling showed thhalTlRAM is required for

ma x i mal |l evels of TLR7 mediated RANTES, CXCI
TNFU production. TLR7 signalling was shown
marrow derived macrophagddowever while TLR7 mediated IRF3 aetation was TRAM
dependentNFa B act i vaTRAMmwasvalscs showm tb mediate signalling via a
physiological activator of TLR7, humatinovirus 16(HRV16). TRAM6és rol e in T
hypothesised to be dependent on itsigbiio membrane localise as oegpression of a

TRAM myriostoylation mutant which is incapable of membrane localisation dose
dependently inhibited TLR7 mediated activa
reportergenes.Furthermore, TRAM was shown to -c@mmunoprecipitate withthe TLR7

adaptor molecule MyD88 upon TLR7 activation. This is first time e¢ftaerIRF3 or TRAM

has been shown to play role in TLR7 signalling. The second part of this piagased on

the chaacterisation ofthe proteomic response to two respirgtpathogns, HRV16and

Bordetella pertussigB. pertussi$ in a lung epithelial cell linausing mass spectrometry.
Significant alternations were observed in the host proteome in response to both pathogens
with proteins involved in the immune response, redox diggalcancer related pathwgy
metabolism and DNA binding being particularly well represented. There was also a

significant overlap between proteins identified in respdoskoth infections with immune

10



response proteins being responsible for a third efdherlap. Supression of endogenous

levels of a number of protein hits prior toewetion with either HRV16 oB. pertussisdid not

affect levels of cytokine secretion. However, suppression of two proteingithetubule

regulator stathmirl and the prééi n phosphatase PPP1CU | ed to
TLR4 mediated IE6 production. Thus the current work has indicated novel roles for a
number of proteins in the host response to pathogen challenge. TRAM is required for
maximal TLR7 mediated antiiral cytokne secretion and both stathmin and PPP1CU

required for maximal TLR4 mediated-& production.
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Tul/2 Helper type 1/2 T cell

TICAM Toll-IL-1 receptor (TIR)ontaining adaptor molecule
TIR Toll/IL -1 receptor

TIRAP TIR domainrcontaining adaptor protein

TLR Toll-like receptor

TMED7 Transmembrane emp24 domaontaining protein 7
TNFU Tumour necrosis factor U
TPI Triose phosphate isomerase

TRADD TNFR1 associated death domain protein

TRAF TNF receptor associated factor
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Chapter 1

Introduction
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1.1Innate Immunity and Toll-like receptors
The innate immune system encompasses an array of systemic defences whose principle role

is to clear an infection or, failing that, to keep it in check until the pathogen can be recognised

and cleared by the adaptive immune res@o These defences range from relatively simple

yet effective physical barriers such as the
those at the moleculdevel such as the productionm nitric oxideby macrophage® degrade
phagocytosed phabgens[1]. It is at this molecular level of innate immunity where an
explosion of reseahchas occurred over the past fiftegrars allowing for the discoveryd
characterisation of several intrinsic classes of proteins and their associated signalling
pathways in exquisite detd®]. Toll-like receptors (TLRs) are ersuch class. Belonging to

an evolutionary ancient molecular recognition and dlgma system, these type 1
transmembrane glycoproteins represent a link between the innate and adaptive immune

responseg3).

1.1.1TLRs
The transmembrane Toll protein was first discovered in the frurbgsophila melanogaster

and was originally known only for its function in embryogeng4jsit took over a decade for
proof of its role in defence against fungal and bacterial infections in the fruit fly to become
apparenf5, 6]. A similar role in the mouse was also discovestere defecte thebacterial

cell wall componentipopolysaccharidéLPS), mediated immune responsegre attributed

to mutations in thélr4 gene[7]. TLRs hae since been describediimsects and vertebrates
including humans and the chick¢&10]. Structurally similar proteins which include the
functionally crucial toll/interlekin-1 receptor (TIR) domain anducinerich repeats (LRR)
(Figure 11A) have also been reported in plafitd], emphasising their broad conservation

throughout evolution and thus their fundamental irtgooze in defence against pathogens.
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TLRs function by recognizing conserved structural motifs, or pathogen associalt=liiar
patterns (PAMPSs) which are inherentitdectious organisis and rarely found in the host
These are unique to pathogens afidw the host immune system to distinguish 1seif
from self and thus initiatean intracellular signang cascade which can bring about the

appropriate innate and adaptive immune resp(figere 11B).

There are 10 furional human TLRs, each with thawn particular ligan¢s) specificity and
effector function.For example, TLR2can heterodimerise with either TLR1 or TLR6 to
recognise triacylated or diacylated lipopeptides respectji@ly TLR4 recogniss thegram
negative bacterial cell wall componed®S, whereasTLR3 and TLR9 recognise signature
double stranded RNA (dsRNA) and unmethylateytosne-phosphategguanine (CpG)
motifs respectivel\j13]. TLR5 senses flagellin, a component of bacterial flagel¥d and
TLR 7 and TLR8 sense viral single stranded RNA (ssRNA). Mysteries remain however,
as the ligand for IR10 has yet to be discover¢dl6]. TLRs are also activated kyost
derived, sterile inflammatory mediators known as dangssociated molecular pattern
(DAMPSs), for example hyaluronan an extracellular matrix fragmertl7]. Thus @ch
member of the TLR family sensd#ferent PAMPs and DAMPs, leadirig the activation of

TLR signalling
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Figure 1.1: Basic TLR structure and signalling. (A) The divergent ligand binding
ectodomain of all TLRs consists ofultiple leucne rich repeats (LRRs) interspersed with
cysteinerich regions. There is a short transmembrane domain linking the ectodomain to the
highly conserved intracellular TIR domain which bears close resemblance to-tfe IL
intracellular domain. (B) Bcognition of a conservgohthogen associated molecular pattern
(PAMP) by TLR4 causes TLR activation, typically by dimerisation and subsequeniTRR
domain interactions and autophosphorylation. This induces a downstream signalling process
involving a MyD88 dependent or MyD88 independent pathway wlgahminates in the
transcription of inflammatory and antiral cytokines Adapted fron{15, 18§].

1.1.2 TLR adaptor proteins

The downstream disseminatioof TLR signalling involves the recruitment of appropriate
adapter proteins which bind to the cytoplasmic -@ii®nain of the TLRs via their own
intrinsic TIR-domains. There are four activating TLR adaptor proteinswyeloid
differentiation factor 88 (MyD88), MyD88 adaptike (MAL); also known as TolL-1
adaptormprotein (TIRAP), TIRdomaircontaining adaptor inducing IFBl  ( TR F; al so
as TICAM1) and TRIF related adaptor molecule (TRAM; also known as TI€AkNhd
TIRP)[12]. These adapteproteinscouple to downstream protein kinases that ultimately lead

to the activation of transcription factors such as nuclear facNF-eB) and members of

the interferon (IFNYyegulatory factor (IRF) family. Theritical domain common to all five of

the TLR adaptors as well as teetTLRs themselves is tAéR domain. This is located on the

cytoplasmicportion of all TLRs andallows binding to the reciprocal THdomain on the
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exposed surface of the adaptor molecilee IL-1 receptor(IL-1R) also containsa TIR-
domain hence the existee of the TLR/IE1R superfamily{13]. Despitethe TLRs having
somewhat similar signal transduction pathways, ehier specificity with regat to their
adaptor usagérigurel1.6) [19]. MyD88 is the common downstream adaptwat is recruited
by all TLRs, except TLR320]. MAL is required for TLR4, and to a lessettent, TLR2
signalling[21, 22]. TRIF mediates TLR3 and TLR4 sighag [23]. Finally, TRAM mediates
TLR4 signdling exclusively acting as a bridging adep to recruit TRIF to the TLR4
complex[23, 24]. In addition, an inhibitory TLR adaptor protein cdllsterile alpha and TIR
motif-containing protein (SARM) has al®een identifiedvhich negatively regulates TRIF

mediatedsignalling(Figure 1.6)25].

TLR4 is the only TLR whose activation utilises all five TLR adaptor proteins and as a result,
its signalling is split into two b categories according to iise ofthe MyD88 adaptor

The 6 MyeDBeSn d e ntidusad dyalhTivRsyexcept TLR3. TLR3 utilisesTRIF

only (Figure 1.6)[12]. However, loss of MyD88 does not completely abolish TLR4
signalling & is the case with other TLR.he 6 My D88 i ndepernhgent 6
adapterSTRAM and TRIFin the case of TLR4 signallintp activate antviral and latestage
inflammatory response$hus, the function of the adaptor proteins is to provide specifiwity
TLR signalling in order to tailor the resulting cytokine profile to best defend against the
infectious agent. To summarise, TLR engagement in response to a PAMP or DAMP
instigates the recruitment of the relevant TLR adaptor protein(s) which providieskimg
platform fa downstream effector signallingolecules. This culminates in the production of
proinflammatory cytolnes, chemokines, and antimicrobtgpe | IFNs (IFNb  andl | F N
which serve to triggean inflammatory and/or antimicrobiaghmune response tiimit the
infectious agent. The remainder of this sectigh provide a more detailediscussion of the

functionality of each of the TLR adaptors.
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1.1.3 MyD88

MyD88 1-110 = Death domain
110-155 = Intermediate domain

1 110 155 296 155-296 = TIR domain

Figure 1.2: Schematic illustrating domain segmentation of MyD88MyD88 is 296 amino
acids(aa) in length and contains two domains. At the C terminus {d4.Q) is the death
domain (DD) and at the N terminus (aa 1396) is the TIR domain. dapted fron{26].

Human myeloid differentiation factor §81yD88) wasfirst identified in 1990 as the 8®
gene that was induced during the terminal diffesgittn of myeloid precursor cells in
response to H6 [27]. It is 296 amino acid¢aa)in length and contains three domains:Na
terminal death domaiDD) which enables interactions with downstream DD containing
proteins an interdomain, and a-@rminal TIR domain which facilitates homotypic
interaction withother TIRcontaining proteingFigure 1.2)[28]. Ealy studies indicated that
its 56 upstream sequences cont-a)ibindngsiteaand | nt er
in 1997, it was identified as an adaptor in thelR complexthatwas requiredor IL-1 and
IL-18 signalling [29-32]. Almost immediately after these discoverighe fundamental
importance ofMyD88 in an immunological settinggas becoming evident as mice deficient
in the proteinvere shown tde unresponsivi the bacterial cell wall componemndotoxin

a critical mediator of septic sho¢R3, 34]. It was evatually shown to be the mastaedaptor
molecule in mediating TLR2 signalling and subsequeatbo in TLR4, TLR5, TLR78,

TLRY, TLR13 but nofTLR3 [35-42].
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1.1.31 MyD88 mediated signalling
MyD88 exists primarily in the cytoplasm of resting cellerein itis thoughtto exist in a

weak and reversible oligomeriséarm [43, 44]. UponTLR activation and consequent FIR
dimerisation, MyD88binds to the TLR complexia its TIR-domain, thus stabilising its

oligomeric formto provide a platform for downst@m molecules to bind via DDD
interactions. Interleukiil receptorassodited kinase 4 (IRAK4), is the critical molecule
downstream of MyD88, being absolutely required for MyD88 dependent signalling and for

the recruitment of further downstream molecul€AK1 and IRAK2 (Figure 1.3)[45]. A

crystal structure has been generated of the MyD88, IRAK4, IRBR2complex which has

shown thata lefthanded helical oligmer is formed consisting of 6 MyD88, 4 IRAK4 and 4

IRAK2 molecules[43]. Complex formation is hierarchical whereby MyD88 first recruits

IRAK4. This complex, but not its individual parts, is required to recruitdR or the related

IRAK1. The resulting structure has been termed Nheldosome andserves to bring the

kinase domains of the IRAK molecules into close proximity to drive their
autophosphorylatiofd3, 44]. Phosphorylation of the IRAKs recruitse E3 ubiquitin ligase,
TNFR-associated factot6 (TRAF6) which ubquitinates itself46]. TRAF6 utilises its E3

ubiquitin ligase activity toubiquitnatea s caf f ol di ng protei n, NF a
((NEMO) [47] (Figure 1.3) The combingon of TRAF6 mediatedibiquitin chain formation

and NEMO functions to recruit TG acti vated kinase 1 (TAK1)
TAK-1 binding proteins 1 (TAB1) and TAB2. T /
initiating a MAP kinase cascade leadimgt act i vati on of the transcr
phosphorylates the ihéaBiiatdomg dfo NFo@Bl aR) el
translocation to bind the promoter regions of-pro f | ammat ory cytokines ¢

IL-12 (Figure 1.3.
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Figure 1.3 MyD88 dependentTLR signalling pathway. MyD88 binds to the intracellular

protion of a TLR via TIRTIR domain interactions. Upon TLR activation, IRAK IRAK-4

and TRAF6 are recruited to the receptor causing MyBDRBK-1 interactions via death

domain (DD) interactions. IRAK4 phosphorylates IRAKL which phosphorylates TRAG.

TRAF-6 then dissociates and interacts with TAK1, TAB1, and TAB2 which in turn recruits
Ubcl3 and UevlA. This induced TAK1 activation which in turn activates the IKK complex
consi sting of | KKU, | KKb and | KKoa/ NEMO. The
then activate the tr an slcrespeptively ovhich finducet pa s NF
inflammatory gene expression. Adapted frigig].

TABZ
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114 MAL

15-35 = PIP-2 binding domain

86 180 187 198

86 & 187 = Bruton’s tyrosine kinase
Phosphorylation sites

180 = serine/leucine site
86-188 = TIR domain

1 15 35 86 188 193 256 198 = Aspartic acid cleaved by
caspase-1

188-193 = TRAF-6 binding domain

Figure 1.4 Schematicillustrating domain structure of MAL. Mal is 256 adong. At the N
terminus, there is a P#inding domain (aa I85). This is followed by th&IR domain (aa

861 188) and a TRAF6 domain (aa 1836). There are two phosphorylation sites at positions
86 and 187. Located at position 180 is the serine/leucine site linked to the genetic
susceptibility to several diseases including TB and malaria.o8itipn 198 is the aspartic

acid indicating the presence of the casghsteavage site. Adapted frdr26].

MAL, or TIRAP,the second TLR adaptor to be idéetl, was simultaneously discoeef by
two independent lakis 2001[22, 49]. Having observed late stab--oB and Jun Nerminal
kinase (JNK) activation in MyD88eficientmice, Fitzgerald and colleagug2?], speculated
that another, as yet unidentified TtRmaincontaining adaptor protein was mediating this
effect. Highthroughput sequencing of a human B&pressed sequence taQNA library
identified MAL 7 a TIR domaincontaining protein, 23%aain length (Figure 1.4) that was
capable of activatingyF-aB (via IRAK2) and JNK as well as extracellular signegulated
kinase (ERK)1 and-2. MAL was shown tdhhomodimeriseand heterodimerize withlyD88.

It was also shown that a dominarggative form of Mal inhibited TLR4 (but not{1R or IL-
18R) mediatedNF-aB activation[22, 49]. It is generally accepted that MAdcts a bridging

adaptor between M388 and TLR4 andLR2 [15].
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1.1.41 MAL Localization
MAL is localised primarily to he plasma membrane, although Mfibsitive, actirnegative

vesicles ca be found throughout the c¢B0]. MAL is concentrated at the leading edge of
murine embryonic fibroblast (MEFs) and in macrophages, MAL is localiseddiscrete
regions of the plasma membrane called fmeme ruffles which are biochemically similar to
the leading edge oflfroblastg50]. MAL interacts with the TIR domain of TLR2 and TLR4.
This association is féttated by the phosphatidylinositol 4fsphosphate (PHrbinding
domain contained whin the Nterminal region of MAL. This allows MALlto target to PIR

rich regions of the plasma membrane which contain high levels of TLR2 and TLR4, thus
facilitating their association with MAL[12, 50]. Notably, MAL is not involved in the
recruitment of MyD88 to other comparents, including endosomal compartments dwod

PIP,. Further, in MALMyD88 doubledeficient cells,transfection of a mutant construct
which incorporates a Pjpbinding site tothe Gterminus of MyD88 directdyD88 to the
plasma membrane and restorgmfiolysaccharide (LPS) sidliag via TLR4 [50]. Surface
charge distribution models of MALMyD88, and TLR4 have shown that the TIR domains of
TLR4 and MyD88 arelectropositive’ and would thus be expected to repel each other under
normal circumstancedHowever, the TIR domain of MAIls electronegative which would
facilitate binding of TLR4 to MyD88 in order to transduce RA signdling [12, 51].
Moreover, molecular docking egpments have suggested that MAInds toa homodimer

of TLR4 and that MALbinds to the sameegion of the TLR4 dimer interfagé2].

1.1.42 Mal and TLR4 Signalling
Ligand engagement of TLR4, for exampleinding of LPS via MB2 and cluster of

differentiation14 (CD14) causes TLR4 dimersion and onexclusive interaction with MAL
Docking experinents have predicted that the MA&nd TRAM) interaction surfaces on the

TLR4 dimer interface are at either side of the structure rather than at theerégpon that
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would be sterically hindered by ¢hmembraneg[52]. The TLR4 dimer:MAL complex
provides a platform allowing MyD88 to bind which then faaiis the recruitment of IRAK1
and IRAK4. Tumour necrosis factor (TNF}receptorassociated factor 6 (TRAF6) is
subsequently recruited and activated via an oligomerisatiorddaitination event.
Activated TRAF6 then recruits traiesming growth factor aevated kinase 1 (TAK1) and
TAK1 binding protein 2 (TAB2). This complex interacts with the inhibitoNé¥+oB kinase
(IKKyYcompl ex, which consi s (alsokmoivnas KBVQD), leadikgkob ,
the activation oNF-eB and subsequent activation Nf-aB-dependent gengscluding the

proinflammatorycytokines I-:1 b ,-6 | & n d (FIgiNE1WB)Y53].

1.14.3MAL and TLR2 Signdling
The role of MALin TLR2 signaling is complicated by the fact that TLR2cheterodimeris

with both TLR1 and TLR6 to recognize triand diacylated lipopeptides, respectively.
Overexpression stlies have shown that MAinteracts with TLR1 and OR2, but not TLR6
[21]. Although MAL was originally suspected to be essential for TLR2 signta more
recent aidies have shown that MAplays a lesser role here wheampared to TLR421,
49]. Specificaly, whilst MAL is required for TLR2 sigriang when exposed to low lexebf
Salmonella typhimuriun(S. typhimuriun), MAL is redundant at high concentrations of
ligand or in response to high leveld &. typhimurium[21]. This suggests #t the
physiological role of MALin the context of TLR2 sighiéng is to prime or amplify low

strength bacterial signals.
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1.1.44 Modulators of MAL Functionality
Additional levet of specificity and control are added to TLR signg by virtue of the fact

that the TLRadaptors themselves are subject to a myriad of regulatory mechanigths. M
contains a proline, glutamiacid, serine, and threonine (PEST) domain, located at amino
acids 3272 in human MAL[54]. PEST domains around in shordived proteins which
undergo phosphorylation, polyubiquitination of lysine residues, and subsequent degradation
via the 26S proteasome. The presence of a PE&main in MAL would thereforesuggest
that it may be a target for degradatidnterestingly, suppressor of cytokine signalling 1
(SOCS1), has been shown to inhibit LPS signalling by ubiquitinating MAL and thus
targding it for proteosomal degradatigb5] . The ubiquitination of MALIs facilitated by
Brutonds t yr osproten wkich i aghe ese(ofBVIAkerbrms two important
functions. Specifically, Btk inducesyrosine phosphorylation of MALthus potentiating
TLR2/4-driven NF-aB signdling [56]. However, the same phosphorylation event provides a
platform for theaforementione®OCS1 mediatedibiquitinatioridegradation of MAL' thus
serving to limit the oveactivation of the inflammatory immune resse[12]. IRAK1 and
IRAK4 have alsobeen shown to phosphorylate MAthereby facilitating its TLR4igand
mediated ubiquitination and degradation; IRAK1 and IRAK4 inhibitoccked this effect
[57]. MAL has also been shown to interact withspasel, with cleavage of MALby
caspasd being required to modulate MAunctionality[58]. A number of sidies have been
carried out on a variant of MAthat contains a leucine at position 180 instefa serind59

61]. It has been reported that MARer180Leu doesab associate with TLR2 and confers a
protective phenotype in malaria and tuberculosis by inhibiting the inflaompna¢sponse
Other groups disputehis claim [28]. Overall, the studies to date indieaan associain

between heterozygosity at MARer180Leu and protection against multiple infections.
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115TRIF
Initially, MAL was thought to mediate the MyD8B8dependent pathway following TLR4

engagement, leading to IRF3 activation and delayed activati NF-a B[12]. However,
given that MAL was instead shown to act as a bridging adaptor in the Mg&8hdent
pathway which was activated following TLR4/TLR2 engagement, it remained unclear how
TLR4 might medite the MyD88 independent production of HBN12]. In 2003, a third TLR
adaptor, TRIF, also knowmas TICAM-1, was identified by two separate groups. One
employed a database screen to identify novelddRain containing proteins with the other
employing a yeast twhybrid screen using TLR3 as bdi#l, 62]. It was found that
overexpression of TRIF, 2laain length(Figure 1.5) leads to the induction of the IFN
promoter. In TRIFdeficient mice, whilstmpaired TLR3 and TLR4 mediated IRF3 activation
and concomitant IFb i nducti on was observed, TLR2Z2, TL
unaffected 63]. Notably, TLR4 mediatedNF-a Bactivation is completely abolished in cells
deficient in both MyD88 and TRIF and a germline TRIF mutation in mice termed Lps2

confirmed TRIFO0s essend ndepeolde 2863 6gjlatd hawaiyng

230-235 = TRAF-6 binding
domain

_— H - 380-530 = TIR domain
o TIR | ] [
661-699 = Receptor-
interacting protein
(RIP) homotypic

1 230 235 380 530 661 699 712 interaction motif
(RHIM)

Figure 1.5 Schematic illustrating domain segmentation of TRIF TRIF is 712aain
length. It consists of a TRAHGInding domain (aa 23@35), the TIR domain (aa 38530)
and a recepteainteracting protein (RIP) homotypic interaction motif (RHIM) (aa i6&19).
Adapted fron26].
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1.1.51 TRIF Localisation
TRIF is expressed at low levels in most tissues eslls and is diffusely locaksl in the

cytoplasm of resting cell§65]. When endosomal TLR3 is activated dgRNA TRIF
transiently colocalises with TLR3 and then dissociates from the receptor fospéagled
structures that locakswith downstream signalling moleculddpon stimiation of TLR4

with LPS, TRIF is activated by endosomal TRAM, which associates with the internalised
TLR4 complex[65]. Thus, TRIF is indirectly recruited tdLR4 via TRAM (Figure 1.6)

Also, overexpression of TRIF leads to howlmomerisation through the THomain and the

C-terminus, forming a complex called the TRIF signalosg28:65).

1.1.52 TRIF and TLR3/4 Signalling
TRIF has onsensus TRAI and TRAF2 binding motifs in the NMerminal region as well as

a Gterminal receptemteracting protein (RIPhomotypic interaction motif (RHIM) domain
[12, 65]. The TIR domain of TRIF is essential for binding ke tTIR domain of TLR362].
These domains serve to facilitate TRifediated signalling, with each domain playing a
distinct role. The Nerminal region of TRIFparticipates in IRF3/7 activation by recruiting
the IRF3activating kinases, TANKiinding kinase 1 (TBK1), and inhibitor &fF-aB kinase

U (1 KKU, al s o[12k MAK wassociated prot&irKl (NAP) forms part a kinase
complex activating IRF3 and also serving to facilitéie association of TRIF with TBK1 and

| K KFigure 1.6)66].Up o n T B Krhediatéd hdsphorylation of the IRF3/7 complex,
the IRFs homo and heterodimerise daled by their translocation to the nucleus. Here, they
bind to both the IFN0 e n h an c e o s o wstenulaed desponkbeeelerheRtd (ISRES) to
induce the transcription of respsive genes including the typelFN and RANTES
otherwise known as CCLgenes[67]. TRAF3 plays a crucial role in TLR3 signalling as
various independent studies show that TRAF3 forms a complex with-INARd TRIF

(Figure 1.6) [68, 69]. Two separatdNF-a Bactivation pathways bifurcate from TRIF, and
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these map to distinct sgeat the N and Gtermini. The binding motifs in the #&rminal
region of TRIF serve to recruit TRAF6, although its role in TRIF signalling remains
controversia[12]. Studies suggest that the participation of TRAF6 in TREdiated\F-a2 B
induction is cell type specific as TRAF6 is essential Kff-a Bactivation in mouse
embryonic fibroblasts (MEFsyhereas TLR3 inducedF-a Bactivation is not impaired in
TRAF6-deficient macrophage§70, 71]. There is a sepate route toN F a Bctivation
involving the RHIM domain of TRIF which facilitates the recruitment of both RIP1 and RIP3
through this domaifFigure 1.6)[72]. Adding credence to the importance of RIP1 and RIP3
in TRIF signalling is the fact that poly(l:@ducedNF-a Bactivation is completely blocked

in RIP-1-deficient MEFs[73]. In contrast, RIP3 has been shown to negatively regulate the
TRIF RIPZi NF-a Bpathway[72]. TRIF also mediates the induction of apoptosis ugio
TLR3 and TLR4. This is facilitated by direct recruitment of RIP1 to tHer@inal RHIM
domain of TRIF, and involves activation of a complex contaififg-R1 associated death
domain proteifTRADD), Fasassociated protein with death dom@#ADD), andcaspase
(Figure 1.6 [74]. This apoptotic pathway is believed to be responsible for bactedated

apoptosis of infectedCs[12].

1.1.53 TRIF and TLRS5 Signalling
Although it was thought that TRIF mediated TLR3 and TLR4 signalling only, a number of

recent studies have shown that TRIF also plays an important role in TLR5 sign®imge

1.6) [75, 76]. Stimulaton of human colonic epithelial cells with the TLR5 ligand flagellin,
allows TLR5 and TRIF, but not TRAM, to interact and mediate THiftlbicedNF-a Band
mitogenactivated protein kinase (MAPK) activation in intestinal epithelial cells (IEC).
TRIF-deficient IECs stimulated with flagellin exhibit decreased inflammatory cytokine
expression compared to their wildtype counterparts. Furthermore, Tdfilftedt mice are

resistant to flagelliimediated exacerbation of colonic inflammation and dextran sulphate
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sodiuni induced experimental colit{F’5]. In contraststudies by the same group have shown
that TRIFinduced caspase activity causes the degradation of TLR5 indicating that TRIF can
participate in the proteolytic modification of TLR functionality at the posttranslational level
[76]. These recent findings therefore suggest that TRIF plays an important role in regulating

hostmicrobial communication via TLR5 in the gut epithelium

1.1.54 TRIF and Cytosolic dsRNA Detection
A further role for TRIF in innate immune signallingdiependent of the TLRs, has recently

been identified whereby TRIF appears to be an essential component of a novel dsRNA
sensing pathway in DJg37]. Specifically, the RNA helicasd3EAD box heicase 1 DDX1),
DDX21, and DEAH box helicase 36 OHX36) form a complex which enables the
sequestration of cytosolic dsRNA. This complex then binds to TRIF to initiate the production
of type | IFN and inflammatory cytokines. It has been shown that DDXIsldeBNA via its
helicase A domain, with DHX36 and DDX21 binding to TRIR #eir HA2DUF and PRK

domaingrespectively. The resulting cohe triggers the innate antimicrobiasponsg77].

1.1.55 Negative Regulation of TRIF
Numerous strategies exist to curtail TRIF signalling, either directly, or via inhibition of

downstream signalling molecules. A number of molecules have been identified that directly
inhibit TRIF. For example, the inhiloty TLR adaptor protein SARM contains a TIR domain

and serves to inhibit TRIF mediated signalling. SARM has been shown to interact with TRIF
and both the TIR and SAM domains of SARM ar
regard. While the exact mecham of inhibition has not been elucidated, it is suspected that

SARM and TRIF interact via their TIR domains, thus preventing the binding of downstream
effector molecules such as RIFRigure 1.6)[25]. Alternatively, the SAM domain of SARM

may facilitate recruitment of an as yet unidentified inhibitory molec@dmsistent with a role
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for TRIF in restricting viral replication through type | IFN induction, at Iéastviruses have
been shown to contain proteins that antagonize TRH€cinia virus YACV) encoded
proteins, A46R and A52R, differentially affect TRIF signalling. A46R interacts directly with
TRIF and inhibits TRIF mediated TLR3 signalling. Notably, A48Ro interacts with the
other TLR adaptors and also inhibits TLR4 signallifig8]. In contrast, A52R acts
downstream of the adaptors by targeting TRAF6 and IRA&®aining complexes to inhibit
TLR4, TLR2 and TLR5 signalling79]. Hepatitis C virugHCV) contains a serine protease
NS34A that causes the proteolysis of TRIFe cleavage of TRIF by NSBA inhibits both
NF-a Band IRF3 activation by TLR3, thus disabling the innatewune response to the virus
[80]. These examples illustrate the importance of TRIF in mediating tiieadtsignalling
pathway such that specific inhibition by VACV and HCV confers an advantage to the viruses

in vivo.
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Figure 1.6 Overview of TLR signalling the role of the TIR-domain containing adaptors MyD88 is the central adaptor in TL&tgndling,
capable of transducing signals mediated by all TLRs except TLR3. MyD88 does however negatively regulatel0tdRBIRF3 activation.
Regarding TLR1/2, TLR2/6, TLR4, and TLRS5 sidiray, MyD88 interacts with theachTLR though their TIR domasi(red). IRAK4 is then
recruited to the complex which in turn recruits IRAK1 and/or IRAK2 via death domain (DD) interactions. TRAF6 is thendrézraidtivate
TAK1, leading to subsequent activation of MAPK dxig-a B . Il n t he c as bkng,thé MyD88 Rompléx/ceh alsoiregruaital RAF3
which activates IRF7. TRIF is the sole adaptor involved in TLRBaHing and recruits NAP1 and TRAF3 to activate the noncanonical IKKs,
TBK1, and IKKU These in turn phosphorylate IRF3 and IRF7 causing theirldGai®n into the nucleus where they bitadthe type | IFN

( | FaNridd ) genk promoter TRIF is also required to mediate maximal TeRBucedNF-s B &ARK activation by binding directly to
TLR5. As part of a suspected negative feedback loop, TRIRlsanmediate caspasependent TLRBlegradation. MALacts as a bridge to
allow TLR4 and to a lesser extent TLR2, to sigmal the MyD88 pathway. MAlalso negatively regulates TLRBediated IRF7 activation.
TRAM, like MAL, is another bridging adaptor ahdks TLR4 to the TRIFpathway. The MaMyD88 andTRAM-TRIF complexes facilitate

bifurcation of the TLR4 pathway to allow for the synthesis of both inflammatory cytokines and type | IFN, respectivelfth Tdgaptor
SARM interacts with TRIF and impaifisRIF signaling
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1.1.6TRAM
In 2003, the fourth TIRlomaincontaining adaptor, TRAM, 23&ain length, was identified

following a bioinformatic search of the human genome datafz%e81]. It was initially
thought that TRAM was involved in both TLR and1R mediatedNF-eB activation, but not
IFN-b i n d [81.tSubsequently, a more definitive description of TRAM showed that it
interacts with TLR4 and TRIF to regulate TLR#ediaed IRF3 and IRF7 activatiof23].
TRAM deficient cells have impaired TLR#ediated cytokine production and B cell
activation, as was observed with TRIH]. It is now accepted that TRAM acts as bridging

adaptor between TLR4-i acedpdmRdéEne]l.d paehvwadMy D88

1.1.61 TRAM localisation and involvement in TLR4 dgnalling
TRAM exclusively mediates TLRdAdepenl gntad | paghwa

by facilitating the association of TRIF with TLR4similar to the way in which MAL links

TLR4 and MyD88(Figure 1.6) To date, it serves no other known role in TLR signaljitt.

Regarding localisation, the-términal region of TRAM is constitutively myristoylated on its

glycine at position two, which facilitates its association with the plasma membrane. Indeed,
mut ation of TRAMGs myr i s tlityyol smnai[&2n A distncti f abo
requirement for TRAM signalling to occur is its phosphorylation on serine 16 by protein

ki nase C e p83. TRAM hat BI40 ®ékh shown tontain a bipartite sorting

signal that modulates its trafficking between the plasma membrane and the endosomes. In
fact, TRAM must be delivered to the endosomes in a complex with TLR4 to facilitate the
activation of IRF3[84]. Thus, activation of TLR4 sequentially induces two signalling

pat hways from two differedheperdemut @rpdtoltwmdy c
from the plasma mevyb3Biamee p evhceea retadducgtdrtem wéay |

endosomes (Figure 1.6
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1.1.62 Negative Regulation of TRAM
VACV is capable of modulating TRAM functionality. An Healong peptide derived from

the VACV protein A46R, termed viral inhibitor peptide of TLR4 (VIRE has been shown

to interact with TRAM (and MAL), towards inhibiting TLR4 signalling. Mechanistically, it
has been postulated that masking of the critical binding sites on MAL and TRAM by VIPER
specifically inhibits their ability to interact with the oglasmic TIRdomain of TLR4- thus
inhibiting its signalling[85]. A splice variant of TRAM, termed TRAM adaptor wi@olgi
dynamics GOLD) domain (TAG) has been shown to competitively bind TRAM and
displace TRIF during LPS signalling, leading to decreases in RANTES cytokine production
without affectingNF-a Bactivation[86]. A second related proteittansmembrane emp24
domaircontaining protein 7 (TMED7), which sits next to TRAM and TAG on chrom@som
five, is also a TRAM inhibitor and thus a negative regulator of TLR4 signalling. Is it is
believed that TMED7 interacts with both TAG

to displace TRIF from TRAM87].
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1.1.7SARM

375-440 = SAM motif
SARM | SAM | SAM | TIR 440-515 = SAM motif
515-660 = TIR domain

1 375 440 515 660 690

Figure 1.7. Schematic illustrating domain segmentation of SARM.SARM is 690aain
length and is made up of several domains. There are two SAM motifs between amino acid
375 and 515 follewed by the TIR domain between 515 and 660. Adapted f&&in

SARM was initially identified in 2001 as a humgane conserved across multiple t§38).
Structurally, SARM is 69@ain length and contains two sterile alpha motifs (SAM) domains
as well as a HEAT/Armadillo repeat mofARM) domain. Both the SAM and ARM
domains are known to be involved in the formation of protein compl@B&slit was initially
shown that theCaenorhabditis eleganSARM homologue, TIR1, was importain the
efficient immune response against fungal and bacterial infef@8n Howe\er, in human
cells, it wasshown that unlike the other Ti&®main adapts, overexpression of SARM
failed to induceNF-oB or activate IRF3lependent reporter genes and in fact inhibited their
activation and expressiof25]. In contrast, a later study showed that macrophages fro
SARM knockout mice responded normally to TLR3, TLR4, and TLR9 ligands, suggesting
that mouse SARM has a redundant role in regulating macrophage responses td_fhese T
ligands[28]. Further researcmust be undertaken to definitively assign a role for SARM in

TLR signdling.

1.1.71 SARM and TLR3/4 Signdling
Although disputed, it appears that in humans, SARM inhibits TiRédiated TLR3 and

TLR4 signdling by selectively targeting TRIF. In unstimwgal cells, SARM and TRIF are
weak interactors, but stimulation with LPS or poly(I:C) induces SARM protein expression
and enhances the interaction beém SARM and TRIF25. SARM overexpression serves to

inhibit TRIF-dependent, but not MyD8&®r MAL dependeniNF-eB activation. SARM also
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inhibits poly(I:C)-mediated RANTESand IFNb promoter activity(Figure 1.6) The exact
mechanism utilized by SARM to impair TRIF functionality requires further investigation,
however it is speculated that SARM may use its TIRado to bind TRIF and use its SAM
domains to recruit an agtunidentified inhibitor. Alternatively, SARM may competitively
block the ability of TRIF to directly interact with downstream signal transducers such as

TBK1, RIP1, and TRAF§25].

1.1.7.2 SARM in the central nervous system
A studyconducted in SARM deficient mideasindicated a role for SARM in protection from

death after central nervous system (Chk&gction with vesicular stomatitis virl SV) [90].

This was associated with reduced CNS injury and significantly reduced inflammatory
cytokine production which wuld suggest that at least in the murine CNS, SARM fact a

positive regulator of the innate immune response. Moreover, a seperate study conducted in
SARM -/- mice also indicated its requirement for inflammatory cytokine production in the
reponse to ifection with West Nile virus (WNV)[91]. WNV replication was increased
specifically within the brain stem of SRAM deficient mice compared to WT and this was
associated with decreased levels of TNF decreaeed microglia act

neuronal deatf91].

1.1.8Negative Regulation of TLR Signding by TLR Adaptors
A number of recent studies V& highlighted the role of the TLR adaptors themselves in the

curtailment of TLR signléing. For example, MyD88 has been shown to negatively regulate
TLR3-TRIF-induced corneal inflammation through a mechanism involving JNK
phosphorylation, but not p38, IRFor NF-aB and to inhibit TLR3dependat IL-6 induction

[21, 92]. MyD88 has also been shown to inhibit TL-B8penént phosphorylation of IRF3

and thus curtail TLR3mediated IFNb and RANTES production[93]. Furthermore, MAL
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has been shown to inhibit TLR3 dependent 4idroduction through a mechanism that is
distinct from MyD88 insteadinhibiting TLR3 mediated IRF activation[94]. As already

stated, SARM has been shown tbimt TRIF-dependent TLR3 and TLR4 sidhiag (Figure

1.6)[25).
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1.2 Proteomics and its applications in immunology
The ability to comparé¢he different functional states of a biological system has led to many

major biological discoveries, a prime example beifgquitination having resulted from
comparisons between stressed and normal [@]s Comparative genomics has fulfilled this

need for the past decade and indeed led to many seminal discoveries particularly in genomic
medicine[96]. However, proteins are typically the effector entities in biological systems and
transcript analysis often pdg predicts the level of mature, activated protgi]. A typical

example is the inflammatory protelh-1 b whos e f u rdent upanm bphasic d e p e n
regulatory processAn initial signal, termed signal 1, induces initiil-1 b mRNA
transcription and subsequent translation to produce a zymogenic form caHlddIpfo . A
second signal is required to alee prelL-1 b i nt o it s ad9d8i Rekaply secr e
defining the levels of thisecretedbioactiveform of IL-1 fwould be impossible to detect by
monitoring transcription levels alon&herefore, proteomics can provide insights into key

biological processes from a different and ultimately more functional perspective.

By definition, poteomics is theglobal study of organismal proteins and can inclutheir
structure, isoforms, modificationmteractions, ordering and in essenameythingrelating to
proteins that is posienomic.Genomics is however, of central importance in proteomics as it
providesthe blueprint of possible gene products from which we can readily identify and

comprehend the proteor@9].

1.21 Technigueand Evolution
Mass spectrometry is an analytical technique that measures ionised molecules in a gas phase

in order to qualitatively and quantitatively study proteins and their modifications. At its core,
a massspectrometer (MS) consists firstly of an inlet system, for example, liquid or gas
chromatography which perfosran initial separation of complex protein mixtures prior to

injection into the MSImmediately prior to their entry into the MS, the samplesi@nesed
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by what is known as ailon sourceSample ionisatioms critical for analysis abS mediated
protein identification essentially occurs by measuringhe mass:charge ratio (m/z) of
incoming molecules and teesamplemoleculesmust therefore be chged or ionised for this

to occur. Biological samples such as proteins and peptides are thermolabile and are thus best
suited to soft ionisation techniques suchekectrospray ionisatiorES]) and matrix-assisted

laser desorption/ionisation (MALDI)Non thermolabile samples can be ionised using
electron impact or chemical ionisation. ESI ionises the proteins from solution and is therefore
easily combined with liquid chromatography for complex sample analysis. MALDI uses laser
pulses to first sublimate antlen ionise samples from a dry crystalline matrix and is more
suited to analysis of less colap sample mixturesThe contribution ofsample ionisation
techniques such ESI and MALDd mass spectrometry is illustrated by the awardinthef

2002 Nobel Prizen Chemistry for their developmenESI was used exclusively ithe

currentproject

There are many diffent types of mass analyser witle most usecdeingion trap, timeof-
flight, quadrupole and-ourier transform ion cyclotron and orbitrapn-trap and orbitrap

were used in the current study.

1.2.1.12D PAGE and 2D DIGE
The study of proteomics was originally based upon-dimeensional polyacrylamide gel

electrophoresis whereby protein lysates, solubilised from a cell populdissue or
biologicd fluid, are separated first according to their isoelectric point (first dimension) and
secondly according to their molecular mass by $I2&E (second dnension). Resolved
proteins areéhen visualised by silver staining and fheteinspot sizebetween dierent gels
(representing different biological conditiorg)uld be visually, or as the technology matured,

electronically compared. Protein spotsith significant variations in expression between
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biological conditions @ then excised, destained, fragneehinto peptides and analysed by
mass spectrometry (MS) to identify the parent proteins based on pppitden databases
(Figure 1.8. Problems with this technique included the large volumes of protein required (a
particular drawback when analysing atial samples), integel variability which plagued
reliability and most pressingly, the relatively limited crggstion of proteins visualised
typically consisting of only highlyabundant proteins. d®olution was increased by
fractionating the proteingver a narrower pH range in the first dimension thereby increasing
resolution, albeit at the expense of proteins outside ktheThis advance was aided by the
introduction of precast immobilised pH gradient (IPG) strips for the first dimension
seperationin which the pH gradient is fixed within the acrylamide matrix. A further
innovation was the development of a technique termed differentigeli electrophoresis
(DIGE) which utilised highly sensitive, fluorescent labelling of protein samples with up to
three independent dyes to enable multigd®logical samples to be subjected to
electrophores on a single gel (Figure 3.9 his effectively eliminated the problem of inter
gel variability and greatly reduced the amount of sample requid-DIGE was usd

extensively in the current work.
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Figure 1.8 Schematic outlining 2-dimensional gel electrophoresis (DE). Protein is
solubilized in rehydration buffefhe proteins arthenimmobilized on IPG strips of different

pH ranges depending on the requieh of the experiment. In the firdimension, the
proteins are separated on the basis of their isoelectric points (pl) and are further resolved
according to their molecular weight in the secalmiension. Finally, protein spots of interest

are excised ansubjected to tryptic digestion followed by MS. Adapted fidi®d .
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Figure 1.9 Schematicoutlining 2D-DIGE experimental procedure.Whole cell lysategre
from unstimulated and stimulated sampleslabelled with diferent fluorophoresQy 3 for
sample 1, Cy 5 for sang 2, and Cy 2 for the pooled internal standaill samples are
resolved orthe same 2D gdlhis eliminating geto-gel variation)followed by protein spot
pattern detection bgcanning the gel at th@avelength corresponding to each Cy .djke
imagesare analyzed for significantly up or down regulated proteihkh are then excised
from the gel, trypsin digested and identified by M8apted fron{10(.
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1.2.1.2SILAC and label-free quantitation

In the past 120 years, major advances have occurred in mass spetgransgrumentation,
sample preparation and computational analysis that have rapidly enabled proteomics to
realise at least part of its potential and put it on a more equal footing with genomics in terms
of scientific impact. Novel protocols have emergedlding the use of much smaller amounts

of biological samples whilst extracting more information and this, combined with the
entwining of MS fragmentation spectra and sequence databases has greatly atcelerate
protein identification[97]. Quantitatively spaking, both labelled and labeée protein
guantitation have allowed for the measurement and thus paoison of protein levels
between samplegl0(. Labetlbased gelfree protein quantitation involves the differential
labelling ofseparatdiological conditions with stable isotopes. The most widely used method
incorporating this strategy is termed stable isotope lalgeby amino ads in cell culture
(SILAC) [101]]. Proliferating cells in culture, representing different biological states, are
metabolically labelled with eitherdht or heavy isotope versions of essential, stable amino
acids. Labelled cells are then lysed, combined in a 1:1 stoichiometric ratio and trypsin
digested followed ¥ MS analysis. Assuming that isotopes are incorporated with equal
efficiency across the ddrent biological states, differences in isotopic incorpororation into
particular proteins, again measured by the m/z ratios, must be due to differnces in abundance
of these proteins between different biological stékégure 1.10. In vivo labelling is do
possible by feeding mouse populations with either natural or light isbtsipe labelled

food over four generations. Benefits of quantitative labelling such as SILAC include high
accuracy and low error rate. However, it cannot be applied to hunsae asd reagents are

expensivg 100

Labelree quantitatior{LFQ) is based on the assumption that the area of a peptide peak on a

MS chromatogram is proportional to its concentrati@?]. LFQ MS can ke applied in
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different forms: spectral counting and signal intensity. Spectral counting logs the number of
spectra obtained between biological samples for a given peptide and integrates these into the
total numbers of peptides detected for a given proiteirach sample. Signal intensity
determines the relative intensities of the extracted ion chromatograms to generate correlating
protein intensities which can then be statistically compared betweegibalsamplesThe
advantages dfFQ are many. It is @ansiderably less cumbersome than |dimeded techniques

and can provide obust and highly sensitiv@rotein quantitation at a very low cost.
Limitations include redundancy in detection as some peptides are shared between proteins.
Moreover, this approachsinot as accurate and therefore measurements of protein fold
changesn lower with lower valuesre not as reliable and thus require repeat analys(3.

MS was used in the current study.
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Figure 1.10 Schematic overview of SILAC.Cells are grown in medm containing light

and heavy versions of essential aminoids for 6 generations to achieve maximal
incorporation. Protein is extracted from both populations of cells and mixed in equal
proportion and subjected to eithergel or insolution digestion. Rative abundance of the
digested peptides is determined from the ratio of héaviight peptide signals as obtained

by MS. Adapted fronj10Q.
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1.22 Applications to immunology and disease
Historically, the application of proteomics has been directed rregriently towards the

identification of disease biomarkers rather than pure immunology. appiach primarily

relied on the combination of 2IPAGE with MS andlater, on 2D-DIGE with MS. Despite

the aforementioned riitations of these technologiesome successesere achieved for
example, in the classification of leukaemia subf&@s. Online data troves of myocardial
proteins associated with human heart failure similarly allowed researchers to establish
standards to classify the myriad pathological conditions associated with heart disease,
particularly regarding onsdtl04-10€6. 2D-DIGE has identified potential biomarkers of
oesophageal carmma[107]. Proteomicshasalso ben applied to the study of infectious
pathogens. The arrival of increasing numbers of antibiotic resistant strains of bhageria
hastening research into prophylactic and remedial thefap. Again, the genome
sequencing of gparticular pathogenis key to providing the blueprint forsubsequent
proteomic analysis an example beinghe nmalaria parasite,Plasmodium dlciparum
Comparati ve proteomic s tinnatdé peoteome and bf®ytlen t he
proteome have produced a number of novel drug and vaccine trget11]. Indeed, the

applications of proteomics to pathogen study are varieslnamatsedin table 11.

Table 11: Proteomic approaches to the study gbathogenic organisms. Adapted from
[104].

Targeted proteomic approaches to microbial pathogens

e Characterization of submicrobial proteomes (for example, secreted proteins,
surface proteins and immunogenic proteins)

Comparative analysis of different strains

Comparative analysis of different physiological states

Identification of proteins related to pathogenicity

Identification of proteins involved in host-pathogen interactions

Evaluation of mechanisms of action of antimicrobials

Despite these suesses proteomics has, until very recently, consistently remained in a

distant second place when compared to the -sfdafee-art advances and measurable
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achievements associated with genonjits2-115. Only in the past % years have radical

new technologies encompassing both loend label free quantitation combined WIS
become available to pusimmunologicallybasedproteomics into the teper scientific
journals [97, 116, 117]. Notably, a recent study anagg the protein secretome of LPS
stimulated, primary wildype (WT), MyD88 deficient () and TRIF™ macrophages using

LFQ on an OrbitragMS [117]. The timeresolved release of 775 proteins was detected with
low picogram sensitivity from only 1.5xi@ells per condition. Fold changes in protein
abundance upon stimulation rangguta 10,000. A separate study utilised a similar approach

to characterise differences in the proteome between different subsets of conventional
dendritic cells (cDCs). Newly develoge quantitative algorithmgermitted proteomic
sequencing across subsets an average depth of 5000 proteins with 99 % certainty in
identification. Identification was also reliable across biological replicates with carnsat
between normalised proteintensities between 0.84 and 0[94.6. This study assigned key

viral recognition abilities to CD4and CD4, CD8 double negative cDC subsets but not to

C D 8§ tklls. Moreoverrelativelyfew cells were required to achieve accurate reliable results
(approximately 1.5x1%condition), equivalent to a-& micrograms of protein. Studies such as
these foretelthe potential application of proteomics towards the expansion of our knowledge
base in areas such as immunology, disease pathologies, drug development and many other

fields.
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1.3.1Bordetella genus
B. pertussisis a gram negative coccobacillus from Berdetellagenus of proteobacteria. It

is the best known member of tBerdetellagenus which consists of eight other membBrs:
ansorpii B. avium B. bronchisepticaB. hinzii B. holmesiiB. parapertussisB. petriiandB.

trematum([118].

B. parapertussisB. bronchiespticandB. pertussier e known as the o6cl
species as they were the first to be successfully isolated and were thenefatefihing
members of theBordetella family. They are also closely relatethorphologically,
physiologically and antigenically and as such are referred to as a subspecies or as a strain of
one species, known as tlge bronchiespticacluster[118. There are several similarities
between the thrednfection occurs in the respiratory tract of humans, the resulting disease is
whooping cough, or a variation of, with pathology resultingnfrmfection and killing of

ciliated tracheal epithelial cel[419. Their genome contains ad&ontent of approximately

67 % with optimal growth for each occurring at a temperature betweetC3&nd 37°C

(Table1.2) [11§.

1.32 B. pertussis initial isolation and description
B. pertussisis aerobic, nommotile and is the cause of pertussis or whooping cough in humans.

It is not known to infect any other species and as a result, humans are its sole reservoir
[12]. It was first isolated in 1900 by Jules Bordet and Octave Gengou franidaupon

which it wasdescri bed it as a fnsmal | [128.vTbairdrst gr a m
publication on the method of isolation was published six years later in[1226 Indeed

the genus namBordetellais derived fom its cofounder, Jules Bordett23. The bacterium,

whilst difficult to isolatefrom patietts, (possible only within a very short timeframe during

the initial period of infection called the catarrhal phase) was found to grow well on a medium
consisting of blood, potato extract and glycerol, created by Bordet and Gengou and since
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termed Bordet GQegou BG) medium[12]]. Transfer and subculture of the bacterium causes
it to change both morphologically and physiologically turning from a bright yellow colour

(Figure 1.1A) to white (Figure 111B) whilst also caising it to lose its haemolytic ability

[121, 124.
Feature B. pertussis B. parapertussis B. bronchiseptica B. holmesii B. hinzii B. avium B. trematum
Host humans humans, sheep mammals humans?  birds, humans birds, reptiles humans?
Disease whooping mild various respi-  septicaemia, septicaemia turkey coryza  unknown
cough whooping cough ratory diseases: respiratory  in patients
atrophic rhinitis illness with under-
in piglets, lying disease:
kennel cough asymptomatic
in dogs etc
Site of isolation respiratory respiratory respiratory respiratory  respiratory - wounds. ear
in humans tract tract tract, blood tract, blood tract. blood infections
G+C content 66—68 66—68 66—68 61.5-62.3 6567 62 64-65
(mol%)
Genome size 3 880—4 060 > 4400 > 4400 ND ND ND ND
(kbp)*
Growth on - + i —/+ e ar +
MacConkey agar
Catalase ar e & + + + +
Oxidase + - & - i a5 =
Citrate i+ & <2 iF tE 25 +
assimilation

# Reference [70], The Sanger Centre; ND: not determined.

Table 1.2: Individual characteristics of members of theBordetella family. Adapted
from[11§.

Figure 1.11: Bordetella pertussison Bordet-Gengou medium.(A) Freshly isolatedB.
pertussissolate. (B) Subcultured isolate. Adapted frii@1].
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1.3.3 Pathogenesis oB. pertussis
Initially, B. pertussis was considered arexclusively extracellular pathogen whose

pathogenesis was derived from its secretion of several potent toxins. Local cytotoxic effects
helped derive systemic metabolic disturbanedsch combine to generate characteristic
symptoms[125 12€. However, bllowing several hints thaB. pertusss could reside
intracellularly[127-129 it was definitively shown that it could infect HeLa cedisd that this

was dependenb varying degrees on the gemce of virulence factors such fdamentous
hemagglutinin(FHA) and cell bound pertussis toxin (PTx) in the bacterium as well as host
microfilament mediated phagocyto$is3q. It is generally accepted that there are four main
factors pertaining tdB. pertussisinfection and disease which are: attachment, host defence
evasion, local damage and systemic danjag4]. B. pertussisbacteria attach to cilia of the
upper respiratory tract via adherence factors such as fidlvjae PTx andpertactin PRN)
[132135. FHA is the major adhesin expressed on the cell surface and its role in megliating
pertussisbinding is believed to involve host upregulation of intracellular adhesion molecule

1 (ICAM-1) [13€]. It initiates host phagocytosis by binding to and activating leukocyte
integrin complement receptor 3 on multiple cell tydé87. Once inside the cell, the
majority of bacteria are destroyed by the cells defence mechanisms, particularly by
endosomal acidificatiofl13§. However, approximately 2% of bacteria taken up into the

cell survive by residig in norracidic compartments and begin to replicate. It is believed that
this process occurs by inhibiting endosomal maturation and thus acidifi¢a88h The
ability of B. pertussist o0 exi st within the hostés cells is

t o evade miuneresponse fordextended peripd3d.

1.34 Immune Response t@. pertussis
Respiratory infectiorof mice with B. pertussisdrives a large inflammatory cell infiltration

into the lungs and particularly to the alveolar spaces with large numbers of macrophage,

neutrophils and lymphocytes taking up resideftegure 112) [14(. Resident macrophages
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and DCs are first to arrive, followed by neutrophils, naturiérkcells and T cells (Figure

1.12) [139. Lymphogte populations are compospdmarily of CD4+ T cells with a smaller
number of CD8+ cell§141]. I nf il tration of small popul ati
also been noted in both animal models and in the very early stages of infection in children

(Figure 112) [14]].

Innate Adaptive

Inflam cytokines

Mac/ neutrophils cD4a T cells

Relative level

o L= 10 15 20 25 30 35

Day of infection

Figure 1.12: Time dependent kinetics of innate and adaptive immune cell recruitment to

lungs following B. pertussisinfection. Relative cell numbers are indicated by hypothetical

curves. CD4 T dé& recruitment of CD4 T cells to lungs and response Bo pertussis

antigens. IgG: amB. pertussisimmunoglobulin G in serum. IgA: anrB. pertussis
immunoglobulin A in in lungs. Bp CFUWB. pertussidburden in lungs. DC: dendritic cells.

Mac: macrophag . NK: natur al -HeitaTicalls. Adapted frofi3%h. 0 : ga mma

Macrophages, whilst interngllharbouring populations of bacteriare also required for
protection as depletion of resident airway macrophages enh@npeussisinfection. They
can be induced to kill intracellular bacteria bydll derived cytokines suchasIFN and | L
17 [142 143. Neutrophils reach the lungd infected mice amoximately five days post
infection (Figure 112). Like macrophges, neutrophils are capable mliagocytosing and

killing of intracellular bacteria but are considered unlikely reservoirs due to their relatively
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short halflife [139. NK cells are the early providers of the crucial cytokine-tFEN wh i ¢ h
ensures macrophage mediated bacteria killing and prormgliesesponses. Depletion of NK
cells results in bactefi@scape from the lungs to the lij@#4]. Specific antibody responses
take much longer to develop in eei after B. pertussis challenge, only appearing in
significant amounts when most bacteria have been cleared approximately five weeks post
infection. This would indicate that they are not of major importance the clearance of a
primary infection however aftodies are important in vacciireduced adaptive immunity to

B. pertussig139.

1.35 Vaccination
Vaccines using inactivated wholB. pertussisorganismsfollowed by acellularpertussis

vaccines have been in use since the 1940s and have led to a marked decline in resulting
disease[145. Being an exclusively huam pathogen, the introduction of widpread
vaccination programs have besvinned with the expectation of disease eradication, at least
in industrialised countries. However, despite significant investment and high uptake, many
first world countries havexperienced a striking resurgence in the past decade, particularly
amongst older children and adujisA6 147]. In Europe, a surveillance programme termed
EUVAC-NET recorded a 115% increase in incidence rates in children over 14 between 1998
and 2002[148. An gproximate doubling in incidence has also been reported in the US
between 2001 and 200345. Possible explanations for the current epidemiologys of
pertussisinfection include:
1. Waning immunity and shortemprotection following vaccination: Duration of
protection resulting from whole cell pertusgisP) vaccination rangefrom 4-14
years and between® years for acellulaB. pertusss (aP)vaccination.
2. Strain polymorphism: Studies have indicated that cedaains ofB. pertussishave

adapted to express PT and PRN different from that contained within current vaccine

55



preparations with suspected links to observed reductions in vaccine effectiveness in
The Netherlands arféinland[145 149.

3. Increased diagnosis and reporting: It is generally accepted that improved awareness
and diagnostic methodology are responsiblesfune, but not all of the increases in
incidences. For example, a significant increase in observed disease Canada in 2006

was associated with a similarly significant increase in the number of tests carried out

[145.

1.36 Application of proteomics to the study oB. pertussis
Several proteomic studies have been carried out o thgertussisbacterium in order to

monitor its response to various infection relevant scenarios as well as to characterise potential
novel antigens for future vaccine design. For example, one study utilised 2D gel
electrophoresis combined with MALBIOF MS to profile protein expression in both whole
cell lysates and outer membrane fractions of bacteria grown in either iron starvatiom or
excess conditiongl5(. Iron starvation i® common obstacle to overcome by many bacteria
including B. pertussisduring an infection and protein signatures linked to its ability to
scavenge host iromre believed to be criticab its survival and therefore a source of potential
therapeutic target The study identified multiple iron dependent proteins, four otchvhi
reacted stronglwith sera from infected individuals and one which was highly immunogenic
in vivo thus providing a potential vaccine tar§Eb(. A further 2D gel electrophoresis study
examined the protein signature Bf pertussisbacteria upon biofilm formatiorf151].
Biofilms allow pathogens to exhibit phenotypic traits that allow for increased resistance to
host defences and antibiotidsis also believed that adults carryiBg pertussisbiofilms act

as infection reservoirs by periodically shedding active bacféBa]. The study identified

significant alternations in proteins involved in cell attachment and bacterial virulence
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indicating the impact biofilm formation likely has &n pertussispathogenesigl5]]. Clinical

isolates have also been examined using similar proteomic techiidgi#gsTo date however,
despite a slew of proteomic studies hgvimeen conducted on th& pertussisbacterium

itself, a proteomic study as yet to be conducted which examines the response of host cells to
B. pertussisinfection. Evaluation of this host proteomiesponse to infection is important for

a number of reasen One is that studying the proteome itself, as opposed to the genome is a
more reliable method of detecting cial host effector mechanisms engaged to fight the
infection asproteins, not genesire responsible for this. Another is that novel host prstei
subverted by the bacterium to acquire resources, for example transferrin for iron scavenging
[150Q], could be identified and whose expression again, may not be detected by genetic studies.
Identification of host protein signatures specific to certain functions or even cellular
compartments could shexkw light onB. pertussisinfection and resilience strategies and in

turn uncover multiple new targets for perturbation of the host immune response when the

need to treat pathogenesis resulting from an acute inflammatory response arises.

To this end, it vas decided to conduct a comparison of the proteafB. pertussisinfected

and uninfected lungpithelial cdls (BEAS-2B cells) 2D-DIGE combined with LC/MS as

well as LFQ MS were used to identify and quantify dynamic regulation of proteins resulting
from whole cell lysates from different cell treatments. Protein hits of interest were selected,
verified by western blot and subjected to further analysis of their role in the host immune

response t@. pertussisinfection.
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1.4.1 Human rhinovirus
Human rhinoviruses (HRVs) were first discovered in 1956 and were immediately associated

with clinical disease in humans with symptoms almost identical to that of the common cold
[153. They are a member of the gerergeroviruswithin the picornavirusfamily and as

such, exhibit characteristics synonymous witbronavirusesuch as being neenveloped,
positivesensed and singlranded RNA viruses. To date, 102 serotypes have been
documented and they are believed to be the majssecof common cold symptoms in adult
humang154,155. The serotypes canebéeoorgaonupsd bas
cellular receptor they bind to. These are classified as the major group, which bind to
intracellular adhesion molecule (ICAM-1) and account for 91 of the serotypes; the minor
group, which bind to members of the low density fipmiein receptor (LDLR) family and
account for 10 serotypesndfinally, the remaining serotype, HRV, which does not attach

to receptors of the major or minor group and attaches to an unknown glycoprotein that unlike

any other serotype, requires thegaece of sialic acifiL5q.

1.4.2 Structure of HRV
Rhinoviruses are composed of sixty copies of each of four viral capsid proteins (VPs) which

are arranged such that they form an icosahedral shell surrounding a single stridAdet R

the centre(Figure 113). VP1-3 are external whilst VP4 lines the internal surface and is
therefore thought to contact the packaged RNiyure 113) [157]. Amino acid differences

across these capsid proteins confer the antigenic differences between the HRV serotypes with
VP1 exhibiting the greatest sequence variability and VP4 responsible for thd1/8gst

VP1 contains a hydrophobic pocket, often referred to as a canyon which serves as the binding
site for ICAM-1 in the case of the major group of HR{Fgure1.13) [159. Whilst still not
completely understood, it is believed that during the initial stages of viral infection, HRV

binds ICAM-1 followed by a loss of the viral capsid with VP4 first being externalaseti
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VP1 being lost next. This process ultimately leads to viral RNA internalisation via

endocytosis or macropinocytosi $160t16dr ough t he

Figure 1.13: HRV structure. RV is a norenveloped virus consisting of a protein shell
surrounding the naked RNA genome. The protein capsid is composed of four polypeptides,
viral capsid protein 1 (VP1), VP2, VP3 and VP4 in an icosahedralsteud hydrophobic
canyon exists withitP1 which is believed to contain the ICAMbinding site. VP4, unlike

the other VPs, is contained within the viral internal surface. Adapted[fr6&

1.4.3 HRV Replication
The picnoravirus genome is comprised of a single stranded RNA which itsel§tsoofsiB

di stinct regions. At the 56 end is a single
reading frame (ORF) encoding the structural VP4 dnd norstructural proteins such as
proteases and finall y (Fgurehldfléd. BongirRintathed p ol vy
cell, HRVs Dllow a similar replication strategy to other picornaviruses. The previously
packaged RNA functions as an mRNA and is tr
into a large polypeptide which is cleaved to yield mature viral pro{gilgare 1.1%. The

viral RNA is then transcribed into a negative sense complementary RNA which in turn serves

as a template to transcribe complementary positive sense RNA and thus complete one cycle

of replication(Figure1.15.
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Virions are packaged prior to export via cell lysis. LDLR, low density lipoprotein receptor;

ICAM1, intracellular adhesion molecule 1. Adapted fridié2].
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1.44 HRV Pathogenesis
HRYV is believed to preferentially infect and replicate in the upper @spy tract of non

asthmatic individuals[163. Although other respiratory viruses such as influenza and
respiratory synthetical viruare associated with the destruction of airway epithelial cells,
HRYV is not, with nasal biopsies from patients both naturally and experimentally infected
showing intat epithelial cell liningg165 166. However, HRV has been shown to disrupt
epithelial cell tighfjunctions thus reducing barrier function and allowing transmigration of
bacterig[167]. Lower respiratory infections typically occur in those with-pxésting astma

or chronic lung diseas¢l63 and are kown to exacerbate asthma symptofd$§.
Rhinorrea (nasal filling with mucous) and consequent nasal obstruction are common
symptoms of upgr respiratory tract fections and are associated with a neutrophilic

inflammatory response causing increased vascular permeability and mucus sg8&ion

1.45 Immune Response to HRV
HRV ssRNA , once internalised is known to be endosomally recognised by TLR7 and TLR8

[162. During its replication cycle, dsRNA is genaatwhich can then be recognised by
cytosolic RIGI and MDAS (Figure 1.16[169 17(. The engagemémf these PRRs leads to
secretion of IFNb , - FNRA N T& BNFU | B n-8 (Fidute 1.18 [167. Levels of

IL-8 have been shown to correlate with HRV induced rhinorrea and nasal obstruction in
experimentally inoculated individual$71]. The vasodilators bradykinin and lysylbradykinin

are also released in significant quaai upon HRV infection howevédristamines are npt

which would suggest that basophils and mast cells play no role in HRV pathodéiésis

The humoral response is also important as evidenced by the observation that those with
hypogammaglobulinemia, a condition in which levels of immunoglobulins are abnormally
low, suffer from increased recurrence and seveasft\HRV infections[173. Infection of

patients with HRV is followed by generation of serotype specific neutralising IgG and IgA
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antibodies with 12 weeks[174]. T cell infiltration of the airway epithelium

has also been observgl/g.
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and IRF activation. This increased production of-ipftammaory and antviral cytokines.
TLR3 activation also upregulates expression of cytosolic PRRs| Rt MDAS5 which

sense cytosolic HRV ssRNA and dsRNA respectively. These PRRs also drive pro

inflammatory and amviral cytokine production. These cytokineancfurther act on T and B
cells to activate the adaptive immune response. Adapted 1/6zh

1.4.6 Application of proteomics to HRV infectionstudies
Similar to B. pertussis there has been no previous attempt to characterise the changes in a

cel

consi

6s

der abl

e

gap in our

knowl edge

ypono infectiom avith any serotype of HRV. This therefore leaves a

about

by

ho

environment and also how the host itself responds to infection. It was therefore decided to

conduct a pr@omic study examining the changes induced in the host cellular proteome in

response to HRV infection. To achieve this aim, HRV serotype 16 (HRV16) was usesl as

a member of the major group of ICAMsensing HRVs and thus a good indicator of how the

majority of known HRV serotypes modulatke cell. Also, as HRV16, likeB. pertussiss

primarily a respiratory pathogethe same cell line, BEA2B, was used for the infection.
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These cells have been used previously as an in vitro model for studying HRYomfim
respiratory cell$93, 176, 177 but al® carry the additional advantage in this case of allowing
a comparison between the proteomes of a virally infected cell (l8R¥nd abacterially
infected cell B. pertussis As in our opinion, the 2EDIGE i B. pertussisstudy produced
more hits that wreof interest to an immunologicaktting compared to the LFQ MS, it was

decided to also analyse the HRdinfection proteome by 2iDIGE also.
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1.3 Project Aims

1.31 Project Aim 1
The current state of our knowledge of TLR signalling icamstant flux with systems that

seemed impressively simple less than a decade ago, becoming increasingly complex. Taking
the TIRdomain containing adaptors as an example, the cuaergpted dogma ithat

MyD88 is involved in signalling from all TLRs egpt TLR3, that TRIF is required for only

TLR3 and TLR4 sigalling or that MAL mediated only TLR2 and TLR3 signallifig5].

These claims, whilst once true, have been shown to beethafaupdating. MAL and MyD88
negatively regulate TLR3 mediated typ&-N production, whilst TRIF is required for TLR5
signalling[21, 75, 76, 93, 94]. TRAM, whose only known cellular function was to diete

TLR4 signalling, has been shown to also mediat&8R signalling and is believed to play a

role in TLR2 signalling[178 179. With this is mind, we questioned whether there were
additional unknown roles for the adaptor molecules in TLR signallvith a focus on
TRAM. A factor in the dissemination of the initieharacterisation data frokmockou mice

specific to TRAM is a lack of strenuouscontrols that eliminate the role GfRAM in
alternative TLR pathwayd-or example, whilst cells from TRAM deficient mice have had
NFeaB dependent pat hways from multiple TLRs
cytokines been examined apamrfr those mediated by TLR3 and TLRZ3, 24]. A major

aim of the curret work was therefort:

Charaterise the role of the adaptoRAM in bot h NFaB and | RF medi

derived from multiple TLRs.
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1.32 Project Aim 2
The advances in proteomics technology discussed herewith have made the direct study of the

proteomepre andpost infection faster and cheaper as well as bringing increased protein
identification accuracy, reliability and ded®7]. Characterisation of the proteome following
infection with humarrelevant pathogens remains an understudied field of study. Whilst there
have beemeports of the application of transcriptomics to fileéd [180, 181], the application

of proteomics is still lacking. Two pathogens of relevance to human health, both currently
and hstorically, are the human rhinoviruses and the gram negative bactdnnaetella
pertussis(B. pertussis Proteomic profiling of the cellular response to infection with these
two respiratory pathogens has never been completed and therefore represisstscalink

in our knowledge of what proteins are involved in tailoring and modulating the immune

response to these significant human health pathogens.

Therefore, the second major aim of the project is to define the proteome of lung epithelial
cells folowing infection with two pathogens of significance to human health, nanuehan

rhinovirus16 andB. pertussis
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Chapter 2

Materials and Methods
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2.1 General methods:

2.11 Mamalian cell culture techniques
All mammalian cells werenaintained in a humidified atmosphgewth 5 % CG, at 37°C.

Wild-type (WT), TRAM  and MAL 7~ immartalised bone marrow derived macrophage
(iIBMDM) cell lines,human embryonic kidney 29BHEK293) cells stably transfected with
humanTLR3 (HEK293TLR3), HEK293 TLR4, HEK293TLR7, HEK-B| ue E and R4
bronchial epithelial cells, straiAS-2B (BEAS-2B) were grown inDulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FB®)(\MVv)
penicillin/streptomycin  solution and 1%¢(v/v) sodium pyruvate. Difficulties were
experienced using the iBMDM cell lines with differing growth rates and unreliable
phenotypes often observed. Efforts were made to source primary cells direct from WT and
TRAM ” mice however the cells did not sivre the international shipping procesfEK293
TLR3 and HEKBl ueE TLR4 <cells were additionally
e g/ ml ) .-THRE && KEK293TLR7 cells were additionally supplemented with G418
(250¢ g / nHEK-BlueE IFN-U / cells andthe human leukemic monocyte cell ljieHP-1

were grown inRoswell Park Memorial Institute 164&RPMI 1640 mediumsupplemented

with 10 % (v/v) FBS 1% (v/v) penicillin/streptomycin solution and 1%/(y sodium
pyruvate.HEK-BlueE IFN-U / cells were additionally supplemented with Norméci100

e g/ and Yeocift (50& g / .rAdhgrent cell monolayers were detached from tissue culture
flasks usingrypsin/ ethylenediaminetetraacetic acid (EDTA) upon 90% confluesogre-
culturedat a 1:5 or 1:1Oilution depending upon growth rate. Nadherent cells were

similarly re-culturedupon 90% confluency at a 1.5 or 1:diution.

2.12 Cell stock freezirg and resuscitation
Adherent cells were trypsinised-saspended in complete growth medium, and centrifuged

at 306 gforce (g)for 5 min. Pelleted cells were-suspended in freezing medium (90 % (v/v)
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growth medium, 10 % (v/v) DMSO) and aliquoted intyasrals. Typically, a confluent
T175 flask would be split into 3 cyrovials with 1ml per vi@lyovials were stored a80 °C
inaNAL GENEE &xFyeezind Container to achievela®C/min rate of cooling for a

minimum of4 hours before longerm storag in liquid nitrogen.

To resuscitate cellgryovials weraemowed from liquid nitrogen storage anapidly thawed
in a water bath heated & °C. Cells were immediatelye-suspended in completgowth
medium before centrifugation 806 gfor 5 min. Medum containing DMSO was remed
and the cell pellet wase-suspended in complete grdwimedium and transferred to &9

culture flaskin the appropriate incubation conditions (see section 2.2.1).

2.1.3 Transformation of competent cells

Plasmid DNA (32 ¢ | corresp-800mdg)ngwdas ddded dir &ctly t

coiDH5U competent cell s (1l nvitr olheeafler, elsd
were heat shocked for 2@cat 37°C before being immediately returned to ice for a further
min. Cells werae-suspended in 0.5 ml lysogeny broth (L&8)d agitated in a shaker & ¢
and at37AC for 1 hour. Approximately 100 ¢l
onto LB-agar plates supplemented with antibiotic to select for plasontaming bacteria.

Plates were inverted and incubated at@bvernight.

2.1.4 Preparation of plasmid DNA
Note: All centrifugations carried out chilled 45503 g Single colonies were inoculated into

100ml of LB (preheated to 37C) supplemented withppropriate antibiotic and incubated at
37 °C with gentle shaking for approximately b6 Bacterial cells were subsequently peltet

by centrifugation for 30 minDNA was extracted from the cells using a QIAGEN Plasmid

Midi Kit as described by the manwatarer. Briefly, the bacterial pellet was resuspended in 4
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ml Buffer P1, followed immediately by #hl Buffer P2, inversion %imes and incubation for

5 minat RT. Chilled buffer P3 waadded, the bacteria inverted 5 ting=l incubated on ice

for 15 min followed by centrifugation for 30 minSupernatat containing plasmid was
removed, transferred to a fresh tube amdentrifuged chilled for 15 min The supernatant

was then applied to an equilibrated QIAGHp 100 and atbwed to empty by gravity flow.

The tip waswashed twice with 10mls of Buffer QC before elution into a fresh falcon with

5mlis Buffer QF. DNA was precipitated using 3Bl 100% isopropanol, med and
centrifuged for 30 minThe supernatd was discarded and the DNA pellet washed withl 2

70 % ethano) before centrifugationof 10 min

TheDNA concentration determined in ng/ ¢l usi

(Thermo Scientific)Note that centrifugations were carried ou# &03 gat 4 °C.

2.15Plasmid glycerol stock preparaton
A500¢ | aliquot of transf ote me 0% glyéefol and stoedat mi x e c

-80AC. A 6stabdé of this secondary culture wa

necessary.

2.16 Transfection of cells with dasmid DNA:
On dayl, confluent cells were plated in complete growth medium inrvaeb plate at a

density of 0.4x1®cells/ml (3 mlwell) andincubated for 24 hat 37°C. On day 2,a solution

of plasmid DNA was prepared contenig DNA in a maximum of 25C |Opt-MEM®
Redwced SerumMedium (hereafter referred to as OPMIEM®). Separately, a solution
containing e | | i pof ect ami ne inattalDdlie o308 | p Mg r e d
Solutions werdghe incubated for 5 miat RT before combining, mixing and incubating &r

further 20min at RT. At this point, Inl of medium was removed from each well ne tcells
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plated previously. After 20 mjrnthe DNAlipofectamineOpti-MEM® solution was added

drop-wise to thecells andhe tissue culture plate wasubated for 24r at37 °C.

2.17 Transfection of cells withsiRNA:

On day 1, onfluentTHP1 monocyeswere plated in complete growth medium in awéll

plate at a density of 0.7x1@ells/ml (2 n/well) containing 40nM Phorbol 12myristate 13

acetate PMA)/well and incubged for 48hr at 37°C. On day 3,separatesolutiors of human

TRAM (200nM) or scrambled siRNA200 nM) were preparedn total volumeof 125¢ | of
Opti-Mem®. In a fresh eppendorf, aolution containing 4¢ | | 1 p odammetwasmi n e/
preparedo a total volme of125¢ IOpti-MEM®. Solutions were incubated for 5 mat RT

before adding 125¢ | |l i pofectamine sol uti ofollowedbyeach i
incubation for20 min at RT.At this point, 25CI| of medium was removed from each well in

the cells platd previously.After 20 min the individual siRNAlipofectamineOpti-MEM®

solutiors were added drewiseto thecells andthe tissue culture plate wascubated for 48

hrat 37°C.

2.1.8 Transfection of cells with esiRNA:

On day 1, onfluent BEAS2B cellswere plated in complete growth medium in-avéll plate

at a density of 0.4xfocells/ml (1 ml/well) and incubated foR4 hr at 37°C. On day 2,

separate solutions of target specifeiRNA (200 ng) or negative controGFP esiRNA (200

ng) were preparedh a totalvolume of 2® ¢ [Opti-Mem®. In a fresh eppendorf, a solution
containing3.5 ¢ | | i pof ect ami neihastatahpolume oRDs | pwephr ©gt |
MEM®. Solutions were incubated for 5 miat RT beforeadding 250 ¢ | l i pofectan

solution to eak individual esiRNA mix followed by incubation for 20 min at RT. After 20
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min, the individualesiRNA-lipofectamineOpti-MEM® solutions were added drapise to

the cells andhe tissue culture plate wascubated fo24 hr at 37°C.

2.19B. pertussisculture and infection
Prewarmed, BordeGengou(BG) agar plateg3 % (w/v) BG agar base, % (v/v) glycerol,

17 % (v/v) defibrinated horse bloodrontaining 10 g / ml streptomyci n, w
with a streptomycin resistarB, pertussisTohama | derivative strain (BPSM) using a sterile
spreader and incubat@avertedat 37°C for 72hr. Using a sterile inoculation loop, colonies
were harvested and transferreda sterile, 200nl conical flask containing 10t of pre
warmed Stainer and Scholte (S&S) medi(par 500 ml: 10.72 g4Glutamic acid, 0.24 gL
Proline, 2.5 g NaCl, 0.5 g KIRQ,, 0.2 g KCI, 0.1 g MgGl6H,0O, CaC}.2H,0) and 1 ml
supplement medium (pef9dml: 0.1 g iron sulphate, 0.2 g ascorbic acid, 0.04 g nicotinic acid,
1 g glutathione and 0.4 g-Cysteine) The flask was then placed in a 37 shaker for a 36r

at9 g 100¢ Iof the liquid culture wasemoved, placed in a quartz cuvette and the reurab
colony forming units (CFYmI| wasestimated by spectrophotometry at 58b. Typically, an

OD of 1 equalled approximately 2xf0CFU/mI. BEAS2B cells were infected by dirdyt
pipetting therequired volumeof bacterial liquid culture into thenammaliancell culture

media b achieve an MOI c200. Cells werancubated for 1r before harvesting.

2.1L10HRV 16 infection
Human hinovirus 16 (HRV16) containing stock solutiowas removed from:80 °C storage

and rapidly thawed in a 37C incubator.Mammaliancells wereinfected by pipettinghe
HRV16 containing solution directly into th@mammaliancell culture medium(MOI of 3).

Cells wereincubated at 33C for 72 hr to permitinfection and viral replication to occur.
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2.111 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SEFAGE)
SDSPAGE was performed based tre Laemmli method 182 and carried out using the

mini-gel system (BieRad). Polyacrylamide gels were cast in two layers with a lower,
resolving layer containing 10 % acrylamide and an uppeackstg layer containing 5 %
acrylamide. After solidification, gel plates weré&ransferred fromthe casting rig to the
electrophoresis chamber (BRad) which wadilled with 1x SDS running buffer(25 mM
Tris-Base, 192nM Glycine, 0.1% SDS (w/v)) Samplesto beanalysed were mixed with 5x
Laemmli samplebuffer (300mM Tris-HCI, 50 % (v/v) Glycerol, 10% (w/v) SDS, 0.026
(w/v) Bromophenol Blue, 18 ( v /Merraptdethanol, 20%6), followed by boiling at
100 °C for 5 min Samples and standard protein markBro-Rad) were loaded into
individual wells and kectrophores was perforred at 90V for the first 30 minfollowed by

100 V for approximately r.

2.112Western blot
Proteins were transferred to polyvinylidene difide membrane (PVDF; Santa Cruaing

a wet transfeapparatu§Owl VEP-2, Thermo Scientific) Briefly, PVDF membranes were
cut tothe requiredsize and activated by soakiimg 100 % methanol forl min followed by
washing in 1xtransfer buffe25 mM TrisHCI (pH 7.6),192 mM glycine,20% methanol)
for a further 1 minA transfer sandwich was assembédfollows: onespongefwo pieces of
Wh a t madmrBmatography paper, gel containing electrophoresedhples PVDF
membranea f urt her t wo pcéhematgraphy fpapdtl aftnahsponge
The tansfer sandwiches wethen clamped,placed in the transfer chambeontaining 1x
transfer bufferand transferred at 100 for 70 min at 4 °C. At this point, he PVDF
membrane wablocked ineither5 % (w/v) fat free dry milkor 5% (w/v) baine serum
albumin (BSA)in 1x TBST for a minimun of 50 minat RT. Primary antibodies against the

target proteinwere appropriatelydiluted in 5 % (w/v) fat free dry milk idx TBST or 5 %
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(w/v) BSA in 1XTBST andincubatedon the membrane overnight at°€ with gentle

agitation Following this, membranes weweashed three timesith 1x TBST, before addition

with a horseradish peroxidase (HRf®njugated secondary antibody raised against the
appropriate species, diluted 1:2500 5 % (w/v) fat free dry milkin 1x TBST for 1 .

Unbound antibody wasemovedby washing the membrane thraether timeswith TBST

before visualisation of immunoreactive bands protemdsby electrochemilminesence

(ECL). Visuali®ed bands were recorded using autoradiography(fdemta Cruzwhich was

exposed in developer solutigevalexME , Champi on P washedrcH@ mi st ry
fixed( Fi xapl us E, C h a mp and washed agdinopcidn ® ralecsrdnic ynpge

scanning.

2.1.13RNA isolation
The nmedium wasremoved from gperimental cells followed by washing in iceld

phosphate buffered salin®BS and centrifugatiorat 161 gfor 5 min Supernatat free
pellets were lysed in 0.5 ml of TRI Reagésigmg and left for 5 mimat RT. Next, 100¢l of
100 % chloroformwas adled,followed by mixing and incubation for 3 mat RT. Samples
were centrifugedat 16,464 gfor 15 min at 4°C to separate the lysatedo three phases: an
upper, agueous phase containing the RNA, a DNA containing interphasdcavet arganic
phasecorntaining proteinsThe upper aqueous phase was pipeited a fresh eppendorf, to
which 250¢ lof 100 % isopropyl alcoholwas added and incubated for 10 mah RT to
precipitate the RNASamples wereentrifuged atl6,464 gfor 10 mn at 4°C at which point
the supernatant was removadd 500 € lof 70 % ethanoladdedto the RNA pellet The
sampls weresubjected to centrifugatioat 16,464 gfor 5 min at 4°C, after which the
ethanolwas removed and the pelleir dried for 10min at RT. The RNApellet was
resuspended in 250 ¢ | RNAas e 1), depending aporethie or{giRal mbbr efr

cells. Samples werbeated at 59C for 10 minto aid RNA resuspensioand immediately
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placed on ice. e RNA concentration wagdeterminedusing a NanoDrop NE1000
spectrophotometer (Thermo Sciéin). Samples were stored &80 °C until required for first

strand cDNA synthesis.

2.114First-strand cDNA synthesis
Total cellular RNA was used as a template for first stand cDNA synthesis. Additional

reagents and volumesed are summarised in Table.2All samples and reagents were kept

on ice unless othetws e i ndi cat ed. Final reaction vol uil
eppendorfs (Corning)Upon preparation, the samples were placed in a thermocycler
(Eppendorf) and cDNA synthesis was performed accgrttirthe cycling conditions inable

2.2

Table 2.1:Reagents and volumes required for firsistrand cDNA synthesis

Component Volume( € | )
RNA X ¢ kquivalentto £ ¢
Random hexamer prime(sO0ng/e ) 3
H,O Make to 17
70°C for 5 min followed bypulse centrifuge
5x Buffer 5
dNTP (10 mM) 1.3
Reverse Tanscriptas€200u ni t s / 0.5
RNase Inhibitol4 0 uni t s/ 0.5
Gentle mix and centrifuge

Table 2.2: Thermal cycler conditions for firststrand cDNA synthesis

Temperature (°C) Time (min)
85°Ci Lid
37 40
42 40
80 10
4 b
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2.1.15Polymerasechain reaction (PCR)
Template ®NA was diluted 1:5in nucleasdree HO (Fisher) To 0.2ml PCR grade

eppendorfs (Corning), additionalagents were added as per Table 3@mples were gently
mixed, pulse centrifuged and loading into a thermal cycler (Emp&rahd ran according to

the conditionsn Table2.4.

Table 2.3: Reagents for PCR

Component Vol ume (egl)
cDNA 1
Forward prime(4pM) 1
Reverse primef4pM) 1
dNTP (10nM) 2
Tag DNA Polymerasé 5 uni t 4 0.2
10x Buffer A 5
Nucleasdree HO 15.8
Table 2.4: Thermal cycler conditions for PCR
Step Temperature (°C) Time (min)
Lid 100
1 95 3
2 94 1
3 60 0.5
4 72 1
Repeat steps-2 for 35 cycles
5 72 7
6 80 10
7 4 b
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2.116 Quantitative real time-PCR (qRT-PCR)
Template cDNA waghawed, diluted 1:25in nuclease free ¥ (Fisher) and set aside

Additional reagentsvere aliquotted ito eppendorfs to make mastaix solutions as pehe

requiredtarget geneaccording to able 2.5

Table 2.5: gRT-PCR reagents and volumes.

Component Volume per sample( € | )
Nuclease free pD 1.25
Forward primei(4pM) 1.25
Reverse prime{dpM) 1.25
SYBRE Green JTagfe&dwnm 5
Template cDNA (1:25) 1.25

Samples were loaded in duplicate intdca a me St a r &kirtéd(6 Wwell pldte and
sealed with aroptically clear adhesive cové€Rainin Instrument, LLC)Plates were pulse
centrifugedto ensurecompletesample collection within wellsQRT-PCR was performed

using a Roche Lightcycler® 480 systaecording tqparameters specified irable 2.6

Table 2.6: Cycler conditions for gRT-PCR

Step Temperature (°C) Time (min)
1 94 2
2 94 0.25
3 60 1

Repeat steps-2 for 40 cycles

4 6595 10
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Table 2.7 Primer sequences for gRTPCR

Primer

Sequence

Murine TNFU For war d

5 &CATCTTCTCAAAATTCGAGTGACAA-3 6

Murine TNFU Rever se

5 dGGGAGTAGACAAGGTACAACCG3 6

Murine RANTES Forward

5 6SGAGATGAGCTAGCATAGAGGG-3 6

Murine RANTES Reverse

5 JGCCCATTTTCCCAGGACCG3 6

Murine GAPDH Forward

5 65CACAGTCAAGGCCGAGAAT3 0

Murine GAPDH Reverse

5 &CCTTCTCCATGGTGGTGAA3 6

Human IFNb offward

5 AACTGCAACCTTTCGAAGCG3 6

Human IFNb eferse

5 JGTCGCCTACTACCTGTTGTGE3 0

Human TNFU Forward

5 &€CACCACTTCGAAACCTGGGA3 6

Human TNFU efRerse

5 &€CACTTCACTGTGCAGGCCAG3 0

Human RANTES Forward

5 JGCCTGTTTCTGCTTGCTCTTGTE3 6

Human RANTES Reverse

5 dGTGGTAGAATCTGGGCCCTTCAA3 6

Human TPI Forward

5 JGGTTTGTGCTCCCCCTACT3 6

Human TPIReverse

5 &€CACAGCAATCTTGGGATCTAGCT3 6

Human SODXorward

5 6GTGTGGCCGATGTGTCTAT3 6

Human SODIReverse

5 &€CTTTGCCCAAGTCATCTGE3 6

Human NME2Forward

5 &€CATGGCCAACCTGGAG3 6

Human NMEZ2Reverse

5 &TTCAGGTGTTCTTCAGAGGE3 6

Human TRAMForward

5 AAGGAAGACAGAAAAGCCGC3 0

Human TRAMReverse

5 ATCCAAGGCAGAAGAGGAAAACT-3 6

Human Ferritin HO~orward

5 ©5CCAGAACTACCACCAGGACT3 6

Human Ferritin HReverse

5 €65CCACATCATCGCGGTCAAA3 6

HumanFerritin LC Forward

5 &€AACCTCCGGGACCATCTTG3 6

Human Ferritin LC Reerse

5 dGGGAGCTCATGGTTGGTTG3 0

Human IL-6 Forward

5 AGCCACTCACCTCTTCAGAAGGAA-3 0

Human IL-6 Reverse

5 &€AGTGCCTCTTTGCTGCTTT@CA-3 6

Human | FNU For wa

5 GAAATACTTCCAAAGAATCACTCT-3 6

Hu man Revisd

5 GATCTCATGATTTCTGCTCTGRCA-3 6

Human CXCL10 Forwal

5 ATTATTCCTGCAAGCCAATTTTG-3 6

Human CXCL10Reverse

5 JCACCCTTCTTTTTCATTGTAGCA3 6

HumanNLRP12 Forward

5 JGTTGGTGCAGCTCAGACCAG3 6

Human NLRP12 Reverse

5 ATCAGTGTGAGAATCCAGCA-3 6

Human DJ1 Forward

5 &TGTTGGCTATGAAATAGG3 6

Human DJ1 Reverse

5 GTGTAATGACCTCCATTCATGS3 6

Human STMN1 Forward

5 AGATGTACTTCTGGACTCAG3 6

Human STMN1 Reverse

5 ®SATCAGACCAGGTAATCAATG-3 0

Human GSTO1 Forward

5 &GGTGGCAATTCTATCTCTATG3 6

Human GSTO1 Reverse

5 GTGGTCTACACACTCATTTACA3 0

Human PPP18 For war d

5 dGCTGGCCATAAGATCAAG3 0

Human PPP1CU Rev

5 &TTGCACTCATCGTAGAAAG3 6
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2.117 Reporter assays
HEK293 TLR7 cells wae seeded into 96 well plates (2R1@lls/mli 200 | / wAsterl4g

hr, cells wererandected with vectors encoding eporter gene for eitherh e | FNU pr o mo
(pl25), NFa B, NRANTES promotes (80 ng/well) and co-transfected witheither

empty vectoEV) or increasing amountd an expression vector encodingtated versions

of the humanTLR adaptorsTRAM (TRAM GZ2A), TRIF (TRIF qoC qpNor MAL (MAL

P12@H) using Lipofectamine 2000 (Invitrogenda c cor di ng t o t hwectonsanuf ac
A total of 2 ng/well Renillaluciferase reporter gene was transfected simultanedasly
noramlisetransfection efficiencyAfter 24 tr, cells were stimulated with & g / ahCLO97

for an additional 24r. Thereafter, cell lysates were prepared and reporter gene activity was
measured using the Duhliciferase Assay system (PromegRpata were expressed as the

mean fold induction retave to the control.

2.118Enzyme-Linked Immunosorbent Assay (ELISA)
Appropriate capture antibody was plated onto Maxisorwél plates (NUNG( 1 ¢ g/ ml f o

TNFU and RANTEIS -6) @&ernightlatRT. The following day,plates were
washedfour times with wash buffersterile 1xPBS containing 0.05 % (v/v) Twe&D)
followed by blocking with blocking buffer (PBS containing 1(9v) BSA) for minimum 2

hr. The plates were then washfmlir times with wash buffer. Next, serial dilutions of the
standards (raging from 0 to 4000 pg/ml; 10€l/well) andsamples were added (1601 /l)w e
followed by incubation at 4C overnight.Plateswere washedgain four times wittwash
buffer followed by the addition of the appropri&tetinylateddetection antibody (0.2 gnl
for IL-6, 0.25¢ g / ml fTES andROAGNGg / ml f or 2 IfT &ART Pateb were
washed fourtimes with wash buffer followed by the adibn of Avidin-HRP conjugate
(1: 2000 f or RAING) BIS30 mif. NHeldadraplatds were washed fitenes
with wash buffer followed ¥ addition of citric acid substratebuffer (100 | / we |l | )

supplemented with -@henylenediamindSigma) and 30% hydrogen peroxide (Sigma)
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Plates were incubatenh the darkwith gentle shaking withhie absorbanceneasured at

various intervals a490 nm usig aspectrophotometer (BioTek)

2.119Nuclear Extraction
Cellul ar nuclear extracts were prepared acco

Extraction Kit, Cayman Chemical). Brieflyxperimental cells were washed in-celd PBS,
harvestedand pelleted by chilled centrifugation in PBSell pellets were resuspended in
PBS/Phosphatase Inhibitor Solution aeetentrifuged This was repeated oncafter which,
250 ¢ | Hypotoni c Buf f d&a thespelletanixed gentlywley gipetirdyd e d
transferred to a frestthilled eppendorf and incubated fon ice for15 min Next, 50 ¢ |
Nonidet P40 Assay Reagent was added to lyse the plasmabraem and the samples nee
pulse centrifugeat 16,464 gfor 30 secThe supernatant was discarded dmenuclear pellet
was resuspended in Complete Nuclear ExwacBuffer, vortexed for 15 se&nd incubated
on icewith gentle shaking for 15 mirsamples were vortexedjainfor 30 secand incubated

on ice with gentle shaking for an additiori& min Samples wereentifuged at16,464 gfor

a final 10 min and the nuclear fractiecontaining supernatant was removed to a fresh

eppendorf and stored &0 °C.
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2.2Methodsin Proteomics 2D-DIGE and LC/MS

2.21 Samplelysis

Experimental cell culture samples were washedl@ ml ice-cold PBS, harvested and
subjected to centrifyation at 4°C for 5 min at 161 Belleted samples werthenlysed in 2D
lysis buffer(7 M Urea,2 M Thiourea, 100 mM DTT, 4% (w/v) CHAPS, 1% (v/v) Triton X
100, 0.06 % (v/v) ampholytes pH4 0.06 % (v/v) bromophenol blugjith repeated pipetting
until all cell clumps were solubilised. Samples were intedban ice for a further 30 min
with frequentpipetting to aid lysis beforehilled centrifugation at16,464 gfor 10 min
Whole cell lysatecontaining supernatés were remowe to fresh, chilled eppendafand

frozen at-80 °C prior toa &leanupdstepto remove impurities

2.22 Sample Cleanup
Sample ckanup was undertaken using2® CleanrUp Kit according to th

instructions General Electric GE) Healthcare)Briefly, to each sample, 309 | preci pite
was added, followed by vortexingné incubation on ice for 15 mim further 300¢ | ef <co
precipitant was then adde)lowed by mixing Samples wereentifuged at16,464 gfor 8

min followed by removabf the supernatd (Note: all centifugation steps were carried out at

4 °C.) Next, 40¢ | epfecipitamt was addei the sample followed by incubation on ice

for 5 min and centrifugation atl6,464 gfor 5 min Supernatantsvere removed an®5 ¢ |
distilled H,O was addedbllowed by samplevortexing to disperse the pellet. Nextml ice-

cold wash buffer, containing &8 wash buffer additive, waaddedfollowed by vortexing for

30 sec every 10 min for a total of 40 mBamples were then ceiftiged atl6,464 gfor 5

min after whichthe syernatantvas removed. Theampés were allowed to air dry for 5 min

on ice.Approximately 10& Px DIGE labelling buffer8 M urea, 30 mM Tris, 4% CHAPS,

pH 9) wasthenaddedfollowed bypipettingandwater bathsonicationto aid resuspension.

80



2.2.3 Protein Quantification
Proteins were quantified using a Bradford ad4a#. Protein standardsanging from O 2

mg/ml were prepared by dilutinga BSA stock (5mg/ml)in 0.1 M HCI, 2D lysis bufferand
dH,O in 4ml polystyrenecuvettes (Sarstedthn separate cuvettesarapleswere prepared by
mixing 10e |  whol e c¢ d0ell | OHEIPUMBO eWwdHiOhTo both samplesna
standards3.5 ml of Protein Assay solution (Bi®ad)(diluted 1:4 with dHO) was addednd
incubated at room temperature fordn. The potein content oboth standards and sgles
was measured by spemphotometric analysigt 595 nm A standard curve was plotted
according to the known standards and the line equation calcul8&dple protein
concentrations were calculatég inputting their spectrophotometric readings inte fine

equation.

2.24 DIGE Labelling
Quantified protein samples were labelled with CyDye DIGE Fluor minimal dyes according to

t he manufacturer ds i nst ICycQy3 anchQ5s IGEEyeslveesel t h c a
recorstituted to a concentration of iM in fresh dimethylformamide (DMHSigma)and

stored at20 °C when not in useStock dye solutions wetben further diluted to a working
concentration of 40@M using DMFimmediately prior to labellingNext,50e g of pr ot ei
from eachunstimulatedand stiulatedbiological replicatewas quantifed and minimally

labelled with 400 pmobf Cy3 and Cy5working solutionrespectively A further25¢ g o f

protein fromunstimulated and stimulated sangtrresponding to each biological replicate

were pooled ad minimally labelled with 400 pmol Cy2 as the internal stand&amples

were immediately mixedpulse centrifuged and incubdten ice in the dark for 30 min

Labelling wasquenchediy addingl ¢ | oniM lykife with mixing ad incubation for 10

min in the dak on ice. At this point, labelled samples corresponding to each biological

replicate were pooled in single eppendolfist example, Cy2, Cy3 and Cyé&belled labelled
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samplesfrom biological replicate one were pooleto one eppendorf followed byegtle

mixing and centrifugationTo this mix, an equal volume of 2ysis buffer(7 M urea, 2 M

thiourea, 4 % CHAPS, 0.04 % bromophenol blweas added and made to 4501

wi t h

rehydration buffe{8 M urea, 2 % CHAPS, 0.5 % IPG7buffer, 0.002% bromophenol blue)

2.251PG strip rehydration

Each samplevaspipetted into a reswelling tray (Amersham Biosciencahd overlaidwith

individual, 24cm linearpH 4-7 IPG strigs (GE Healthcare)The IPG strips were overthi

with 3 ml of mineral oil (Sigma) per sri The reswelling tray washenplaced in darkness at

RT for a minimum of 14r to allow passive strip rehydration to occur.

2.2.6 1% Dimensionisoelectric focusirg (IEF)
RehydratedPG strips werdoaded gekide up on an wersham Ettan IPghor manifold

andoverlaidin mineral oil in ordetto keepthe IPG gel matrix moist and aid conductiar

dimension IEF was performedn darknessusing the Amersham IP@hor EF system

according tdable 2.8

Table 2.8 1% dimension |IEF running conditions.

Step Voltage (V) Time
1 Hold 250 3 hr
2 Gradient 8,000 4 hr
3 Hold 8,000 80,000 Vhr
4 Hold 500 24 hr

2.27 Gel Casting

Acrylamide gels 250 x 200 x 1milimetre (mm), 10 % acrylamide)for 2™ dimension SDS

Page wee prepared 24r prior to running to allow time for complete gel polymerisation. Gel

composition was as follows: 10% Acrylamide, 0)@8Tris-HCI pH 88, 0.1% SDS (v/v),

APS 0.05% (v/v) and TEMED 0.0%8% (v/v). Gels were poured to 9% capacity, overlaid
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with 30 % isopropanobnd allowed to set &T overnight Immediately prior to IPG strip

loading, the 30% isopropanol was removed.

2.2.8 2" Dimension Gel Electrophoresis
Following 1% dimensionlEF, proteins within thelPG strips weregeduced by overlaying with

DTT equilibration solution6 M urea, 30 % (w/v) glyceroR % (w/v) SDS, 100 mM DT)r
for 15 min at RT with gentle agitationThis solution was removed aride proteins were
alkylated by overlaying wth iodoacetamide equilibration solutionM6urea, 30 % (w/v)
glycerol, 2 % (w/v) SDS, 100 mM DTT, 0.25 M iodoacetanifite a further 15min, again
with gentle agitationThe IPG strips werériefly washed inlx SDS running bufferand
applied gelside o, to the resolving gels The interface betweethe IPG strip and the
resohing gel was sealed witimelted0.5 % agarose sealing solutigg5 mM Tris base, 192
mM glycine, 0.1 % SDS, 0.5 % agarose, 0.00bromophenol blueand allowed to solidify
at RT for 5 min Sealed {ass plates weréhen loaded into an electrophoresis tank (Ettan
DALT twelveSeparatiorunit, GE Healthcareandfilled to 75% capacitywith 7 L of 1XxSDS
running buffer Remaining slots wertlled with artificial plates and theahk wastopped off
with 2 L of 2x SDS running buffer For 2% dimension separatiorelectrophoresis was
performed indarknessat 0.5 watt/gel for 1 hr followed by 1 watt/gel until the tracking dye

reached théottom of the plate.

2.29 Image Acquisition
Gel imageswere scanned using the Typhoon Thariable Mode ImagerAmersham

BiosciencestE Healthcare). The photomultiplier tube (PMT) voltage values for gels
analysed were between 580 and 700V and the maximum pixel volume was between
85,000 and 95,000. Scanginvas performed at®bmm resolution and saved in the .gel file

format.
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2.2.10Image Analysis
Gel images were analysed using Progenesis Same Spots software version 3.2.3 (NonLinear

Dynamics). Images were categorised accordingtheir label: Cy3 (unstimuhted), Cy5
(stimulated) and Cy2 (internal standard) for later protein abundance comparisons and
normalisation.To ensure correct protein dpalignment betweereplicategels all imagesn

an experiment were virtually overlaid through a combination of uabmand automatic
alignments against a manually determinedreference géi t hat d imalpspoh y e d
separation across alimensions. Spots were automaticallstected and filteretb eliminate

false detections (typically by size exclusiohlext, the mages wereseparated i control

and stimulated groupand individual spots weranalysed to deteathanges in abundance
between the two setand across their biological replicates. A spot list was generated
displaying thosewith significant protein abundnce fold changes betweetbiological
conditions Only spots with a fold change <laBda P value less than 0.05 were takeo
consideration. Further manual analysis was carried out to eliminate false detections. Spots

that metthesecriteria were sbhseqientlyvisualised, excised and prepared fQ/MS.

2.211 Protein Visualisation
As DIGE labelledspot patterns are invisible the human eye, the proteimaistbe visualised

to facilitate manual excision. Therefore, the reference gel was subjectdktostining in
order to visual the proteins within the gBkiefly, the reference gelas removed from its
plate and gently placed BD0ml fixing solution (30% ethanol, 1®6 glacial acéc acid) and
gently rocked for 60 minThis step wasapeated ote with freshfixing solution. The fixing
solution was removed artie gels were sensitised usiB§0 ml sensitising solution (396
ethanol, 0.26 (w/v) sodium thiosulphate and 88(w/v) sodium acetattor 2 hr. Sensitising
solution was remad and gelswere washed 5 x 8 mim Milli-Q water. Gels were

impregnated with silver by addition of 250l silver solution (0.2%% silver nitrate)or 1 hr.
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Silver solution was removed and galsrewashed 4x 1 min in Milli-Q water. Developing
solution (2.5% sodiumcarbonate, 0.08o (v/v) of 37 % (w/v) formaldehydgwas then added
for approximately 510 min until proten spots became visible. Befotegh background
development, the developing solution was removed and replaced with fixing soluion (4
Tris, 2% aceic acid) for 10 min Finally, gels were washddr 2 x 30 min in Milli-Q water

and storedn plastic film at 4°C in 5% acetic acidgolutionprior to spot excision.

2.212 Spot Excision
Protein spots selected for mass specttomanalysis were manuallgxcised from thesilver

stained gel using a cut pipetip and transferred to aslml eppendorf tube.

2.213Gel Destaining
Silver stained gel pieces were destained using a standard lab prBroefy, 10 ml each of

30 mM potassium ferricyanide arfddO mM sodium thisulphate were freshly prepared and

mixed. Next,50e | of this solution was added to eact
with gentle shaking until the brown, silver nitrate residue disappeavedtfre gel. The gel

pieces weravashed with Mili-Q water until the yellow potassium ferricyanide resichaes

removed. Gel pieces wenecubated in 10@ lof 200 MM ammonium bicarbonate (Ambic)

for 20 min with gentle shaking. Thsolutionwas then removed and 1@0lof a 2:3 ratio of

200mM Ambic/100% acetonitrilewasadded and placed at 3€ for 10 min Thesolution

was removed and 1@0 bf 50 mM Ambic added to each tube and placed at@7or 10 min

This solutionwas removed and 109 lof 100 % acetonitrile was added and placed afG7

for 10 min This final solution was removedhe gel piecewas now ready for trypsin

digestion.
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2.2141n-gel Trypsin Digestion
Following destaning of the individual gel plug protein digestion waperformedas per

Mann et al, [184]. Briefly, thetrypsin digestion solution was prepatagresuspendingO ug
sequencing grade trypsifPromega in 1.5 mL 10mM Ammonium Bicarbonateontaining
10 % (v/v) acetonitrile Next, 50 pl of trypsin solution was incubated witla@h gel piece o

ice for 2 hrfollowed by the layering 010 pl of 210 mM AmBic, 10% Acetonitrile solution

on top of the gl pieces to prevent drying ouit this point, gel pieces weracubated at 37

°C overnight.Peptides werextracted from the gel plugs using 1@0extraction buffer(1:2

(v/iv) 5% formic acid (FA)/acetonitril§ followed by incubationat 37°C for 15 minwith
shaking. The solution containirige extracted peptides was then removed from each sample
and placed in a fresh eppendorf. Samples were vaduiech usirg aconcentrato(Eppendorf)

and stored a20 °C prior to MSanalysis.

2.215 LC/MS/MS
All peptide identifications were carried out using the lon Trap 6340 LC/MS/MS system

supplied by Agilent. Digested samples were resuspended jih @1 % (v/v) trifluroacetic
acid (TFA) in Milli-Q water.Samples were then filtered in 0.22spin filters(Corning)and

5 ul of thetrypsin digestd samplavas loaded onto a C18 chip (G428R006)(Agilent) at a
rate of 0.6ul/min in 0.1% FA. The mobile phasesere aqueous solutions of @4 (v/v) FA

and anacetonitrilesolution of 0.1% (v/v) FA. A 10 mingradient was carried out to increase
the acetonitrile concentration to 106 linearly. Charged ions were generated using an

electrospray ionisation sourcepr@y voltage was set to 2000
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2.3.16 Protein Identification
All peptides were submitted to the Maseetirch engine (Matrix Sciende)identify proteins.

All peptides were searched in both the NCBinr and SRis$ databases. The enzyme used
was seleted as trypsin and up to 2 missed cleavages were allowed. Peptide mass tolerance
was set at +2 for precursor ions and a tolerance of +1 for fragment ions. Variable
modifications allowed for were carboxymethyl (C) and oxidation (M). Taxonomy was
selected asmnammalia. When using the NCBinr database individual ion scores >54 indicate
protein identity or extensive homology. Only peptides matched with an ion score above 54
were accepted as significant. When using the SRies database individual ion scored0>4
indicate protein identity or extensive homology. Only peptides matched with a score >40

were accepted as significant.
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2.3Methodsin Proteomics Label Free Quantitative Mass Spectrometry
(LFQ MS)

2.3.1 Sample Qeanup
Protein samples we cleaned and desalted using B 2leanup kit (GE Healthcare, UK)

according to the manufacturer's instrags. Protocol was carried out as pect®on 2.2.2
with one modification: thdinalpr ot ei n pel | et was resuspended

solution (50 mM Ambic, 1 mM calcium chloride (Caj}!

2.3.2 Sample Quantification
Cleaned protein samples wegaantified for protein concentration using the Qubit® Quant

| TE Protein thogesdlK) oka Qubit®lflousometer v.2.0 according to the
manufacturerds instructions. Brngf ¢t mg/200 ee
and 400n g/ ¢ | were prepared by dil uel hQubitdPhe sup
Protein Buffer(190¢e | ) . Equi val ent volumes of teotein
samples to be analysed followed by incubatdériboth samples and standatsRT for 15

min. Finally, the fluorometer wasalibrated using thpreparedstandard®efore measuring of

thesample.

2.3.3 Sample Acetlyation and Trypsin Dgestion
Following sample quantification50ug from each was pipetted into a fresh 1.5ml

microcentrifuge tube.Next, 10 pl of 200 mM dithiothreitol (DTT) suspended in 1046M
Ambic solution was added to ezh sample followed by incubatioat 95 °C for 15 min
Praein acetylation was performdxy adding 4ul of 1 M iodoacetamide (IAA) suspended in
100 mM Ambic to each sampl®llowed by incubation at 25C for 45 min The acetylation
reaction was stopped by@ing 20ul of 200mM DTT with incubation at 23C for 45 mn.
Samples were quantified agdor protein concentration antD pg was removed from each

sample and transferraxito a fresh 1.5ml microcentrifuge tubeTo these, 0.pu of 0.5 pug/pl
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trypsin wa added. To ensure maximal tryspin digestion, samples were incubated@t 37

overnight folowed by speed vacuuming to concentthtepeptide preparation.

2.3.4 Peptide Purification
Lyophilised, trypsin digestedrotein peptides werkirther purifiedfor MS using he ZipTip

procedure (Milliporeaccor di ng to the manufactureroés i
peptides were resuspended in 20 ul Resuspension Buffévo(TBA in LC/MS grade KD).

The protein samples were sonicated for 2 min toraglispension followed by pulse
centrifugation. The Zipips were wetted by aspirating and dispensing 10 ul of Wetting
Solution (0.1% TFA in 80% acetonitrile) five imes. Tip equilibration wasarried out by
aspirating and dispensing 10 pl EquilibratiSolution (0.1% TFA in LC/MS grade kD)

five times. To bind the peptides, 10 ul of each sample was aspirated and dispensed into the
ZipTips. This was repeated a further 9 times, each time aspirating and dispensing into the
same eppendorf. The sample comitag tips were then washed by aspirating and dispensing

10 ul of Washing Solution (0.% TFA in 80% acetonitrile) from the tip to waste five times

in total. Elution of the peptide samples was achieved by aspirating and dispensing 10 ul of
Elution Solution(0.1 % TFA, 60% acetonitrildfom the tip into a 1.5 ml eppendorf tube five
times. The resulting peptide solution was speed vacuumed and resuspended in 12 pl of
loading buffer (0.05% TFA, 98 % LC/MS grade KO, 2 % LC/MS grade acetonitrile).
Finally, sanples were trasferred to MS compatible viagsuring no bubbles were present in

the solution.

2.35 LabelFree Mass ectrometry
Peptide samples were run on a Thermo Scientific Q Exactive mass spectrometer connected to

a Dionex Ultimate 3000 (RSLCnan@hromatography system in tHeniversity College
Dublin, Conway Institute of Biomolecular and Biomedical Research, Mass Spectrometry

Resourceunit. Each sample was loaded onto Biobasic Picotip Emitter (120 mm length, 75
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em | D) packed wilh9RemjocelVePse RLh8sé medi
increasing acetonitrile gradient over 43 minutes at a flow rate of 250 nL/min. The mass
spectrometer was operated in positive ion mode with a capillary temperature of 220 °C and
with a potential of 2000V applied to the frit. All data wereacquired with the mass
spectrometer operating in automatic data dependent switching mode. A high resolution
(70,000) MS scan (362000 Dalton) was performed using the Q Exactive to select the 15
maost intense ions priorot MS/MS analysis usinghigherenergy collisional dissociation

(HCD).

2.36 LFQ analysis
Protein identification and.FQ analysis was condted using MaxQuant (version 1.%50

http://maxquant.org/)The Andromeda database search engias used to corrdia MS/MS
dataagainst thdPl Human FASTAprotein databasprovided by MaxQuant version 1.3.0.5
Protein identificaion was performed according to the searanameters specified in Table

2.9

Table 29: Search parametersfor protein identification on An dromeda protein database.

Search Parameter Parameter used

Precursotion mass tolerance 1.5 Da

Fragment ion mass tolerance 6 parts per million

Fixedmodification Cysteine carbamidomethylation

Variable modifications Protein Nacetylation
Methionine Oxidation

Missed Cleavage Sites Max 2 missed cleavage sites

False Discovery Rates 0.01 peptides and proteips

Min. peptide length considered for 6 aa

identification

Min. peptidedor protein identification 2 peptides
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Differentially expressegbroteins among experimental groups were determined by LFQ using
MaxQuant and Perseus (version 1.2.0.PBptides were matched across samples based on
mass to charge rati@lution time (within a 2 mirboundary) and spectral features. Protein
intensities were determined usingique and razor (those most likely to have originated from

a protein based on the principle of parsimony) peptiBestein intensities were normalised
across runs to account for variation in sample loading andyisar rdios of all peptides of a
particular protein group were calculated across all samples and the protein intensities were
corrected in order to reflect the median peptide ratios. The final data matrix was generated
containing the normalised intensities (prase as LFQ intensities) for each individual
sample where imported into Perseus for quantitative analysis. LFQ intensities measured for
individual runs were grouped based on their experimental treatment, log2 transformed and an
analysis of varianc€ANOVA) (p<0.05) was performed to identify variation. A qualitative
assessment of differential expression was also conducted. This involved the identification of
proteins that were completely lacking from a specific treatment. Proteins that were
completely missig from all replicates of a particular group but present in other groups were
determined manually from the data matrix. These proteins are not considered statistically
significant as the values for absences are given as NaN (not a number) which is bt a val
value for an ANOVA analysis. However the complete absence of a protein from a group may
be biologically significant and these proteins were reported as qualitatively differentially

expressed.

2.4 Statistical analysis
Statistical analysis was carriedtausiry t he unpai r ePdvalugd ofilesethan érs t

equal to 0.05 were considered to indicate a statistically signfificlifference where *

indicategp<0.05,** indicates p<0.005 and *** indicates p<0.001.
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Chapter 3

The TIR-adaptor TRAM is required for maximal
TLR7 mediated RANTESand type-I IFN
product ion
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3.1: Introduction

3.1.1 TRAM Structure
In contrast with TRIF, TRAMis both the smallest adaptor protein (235 aa) and theé leas

functionally diversemediating TLR4 and H18Rsignalling only(Figure 3.3 [12, 23].

= 1-7 = Myristoylation sites
TRAM 16 =Protein Kinase C-&
phosphorylation site
T5-235 =TIR domain

Figure 3.1 Schematic illustrating domain segmentation of TRM. TRAM can be divide

into three separategions an Nterminalregion containing a myriostoylation site; a central

domain containing a phosphorylation site and theer@inal TIRdomain.Adapted fron26].

Amino acids 17 at the Nterminus contain a myristoylation site which is believed to allow

TRAM to target to the plasma membrd8€]. Serine 16 can be phosphorylated by protein
kinase CE (PKCE) and this may serve to relea

activation, allowing it to transduce further signd®swnstream(Figure 3.1) Impairment of

this phosphoriation inhibits TRAM signalling 83].

3.1.2TLR7/8 and TLR9 evolution and structure
The endosomal TLRs, TLR3, TLR7, TLR8 aridLR9 are part of an evolutionarjuster

believed to have arisen via anlikked duplication event appxonately 150 million years
ago[10, 185. TLR7/8 and TLR9 are considered a subfamily within the TLRs for a number
of reasons. Each contains an extracellular domain greater thaaa80Mpared to the TLR1
subfamily for example,which is less than 600 agd(0]. Unlike other TLRs, hey each
recognisepathogen derived nucleic acid$86 and also share structural sinnitees that
classes them ashplogenetic neighbourgl85. Within the subfamily, crgtal structures are
currently available for TLR3, bound to its cognate ligandbieatranded RNA (dsRNA)

[187] and also for TLR8, bound to its synthetic activators, CL097, CLO75 and R84&B
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(Figure 3.2. Under basal conditions, TLR8 exists as a bdimer [18§. Ligand binding

causes a structural rearrangetiarwhich the LRRLRR interactionswhich normallyensure
monomermonomer bindingare rearrangetb causean 6 o-pelBi m§ t he TLR8 =
by 15A on its upper facéo allow efficient ligand recognition. The resulting reangements

also cause the twC-termini to come into close proximity from approximately 53 to 30A

(Figure 3.2). Crtically, this leads to binding of the cytoplasmic TIR domains which are

essential in transducing a downstream signal to the nud8és

A Ln() ands B CLO97
LRR18"
Lrragy 2 ———
t RR20"
a (Ring rotation) . —
(Hn mot [ :
2222280 uii’:u‘i:’& lmmmmm 2222242222222
Ceeeaceey “uumuuuu geuaeefeeaeeqd
TIR TIR TIR TIR

Signal Transduction

Figure 3.2: Conformational change adopted by TLR8 upon agonist bindinglA) TLR8
exists in dimeric form basally with the-@€rmini directionally opposed to each other (B)
Agonist binding causes a hingke conformational change in which the-t€mini are
brought closer together. This in turn brings the opposing-ddRains into contact thus
transmitting the activation signal. Adapted froh89.

Although the crystal structure folTLR9 has not been determineds structurehas been
inferredfrom various biochemical studi¢$89 190 and it would appear that the mechanism
of activation is similar to that of TLR8. Like TLR8, TLR9 also exists basally in an inactive
dimeric form[19Q. In this form, TLR9 iscapable of binding both stimulatory and inhibitory
DNA but critically, only stimulatory DNA causes conformational changes in the TLR9
homodimerswhich results irnthe association of the cytoplasmic TtRmains[19(. Subtle

differences within the nucleotide ligand appear to dictate vastly different responses from
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TLR9 possbly indicating an evolutionary strategy to recogmse-host derivechucleotides

preferentially.

3.1.3TLR9 signalling
TLR9 was originally shown to recognise DNA of bacterial origin, specifiaaimethylated

CpG motifs, a distinction which iswuch rarein mammalian DNA than in bacterial or viral
DNA [38]. TLR9 can also recognisivuble strande@®NA containingviruses such as herpes
simplex virus 1 and 2191, 197. Synthetically produced CpG containing oligonucelotides
are comrmonly used to specifically activaie_R9 and imdeed specific sequence modifications
are believed to tailor the cytokine respoi%@3. However, nore recently it has been shown
that the endosomal targeting of DNAtIe determining factor in TLR9 activation rather than
the particular sequence @ven the origin of the DNA194. This would agree with
observations that TLR9 in some cases can recognisaggic acids as well as naelf
[199. TLR9 localises within intracellularcompartmerd particularly the endoplasmic
reticulum, endosome and lysosonj&9q. This strategy helpso isolateTLR9 from self
nucleotideswvhich areusually, but not always, excludéwm these compartmentSor TLR9

to become activated however, it must traffic to tBeddysosome where essential
acidification occurs[197]. Trafficking is itself a highly regulated process with chaperones
including gp96 and UNC93B1 being essential for TLR7/8 and TLR9 to traffic from the ER to
the endolys s 0 me . Once in the endol ys o $cateepsinsi LR9 06 s
and this has been shown to increase its affinity for C& D howeverit is not essential
[186]. Cleavage is however required for TLR9 to bind its downstream adajtl@cule

MyD88 and tatransmit a signdl198 199.

Recruitment of MyD88 to TLR9 dndlammdtoeyaadd t o b
IRF7 mediated typé¢ IFN production[20(. N-terminal death dmains (DD) on MyD88

interact with and recruit HLR associated kinagk (IRAK4) via its own DDs[45]. This
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causegdownstream phosphorylation and activation mfakes IRAK1(which is dispensible

for TLR9 m® doutandteRF7 attivation201]) and IRAK2 which in turn
phosphorylate and activate TNF recepassociatedactor 6 (TRAF6) [202]. TRAF6 utilises

its E3ubiquitinl i gase activity to ubquitinate a scaf
(NEMO) [47]. The combination of TRAF6 mediatedbiquitin chain formation and NEMO
functionstorecruit TGFb act i vat ed ki nas eruitsthgTAKAKDINJingwh i ¢ h
proteins 1 (TAB1) and TAB2. TAK1 phosphoryl
kihnasecascade | eading to activati on oliorylatdse tr ar
the inhililtedBr)sl BoBftereatBi ng t o NFaB release and
bind the promoter regions of pronf | ammat ory <cytoki Al2.$dhesuch a
members of the IRF transcripti factor familyare also believed to be involved such as IRF5

and IRF8with IRF5 associating with MyD88 and TRAKBigure 3.3)203 204].

While the above pathway holds true for many classes of cells including macrophages and
conventional dendritic cells, an additional pathway exists in plasmacytoid dendritic cells
(pDCs) The exact details of this pathway have not been elucidated to the same extent as the
pro-inflammatory pathway above, however it involves initial MyD88, IRAK4, IRAK1 and
TRAF6 recruitment as per t h efolldwEdebBengagemdntwoh R A F 3 | KKU
andl RF 7 . The kinases | RAK1 and | KKU are bel i
producton of large quantities of type IFN [200 205. It has been suggested that
engagement of TLR9 in the early endosome leads to preferential activation of the IRF7 signal

cascade whereas binding of TLR9 in the | ate

pathway(Figure 33) [2064].
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3.1.4TLR7/8 signalling
Both TLR7 and TLR8 were originally shown to sense synthetic ti@icrobial

imidazoquinolire derivatives such as imiquimod, approved treatment for external genital
warts,andits more powerful derivativegsiquimod (B48)[40]. Sensitivity to these ligands
was abolished in both TLR7 driMyD88 deficient mice indicating that MyD88 watso a
critical adaptor molecule in TLR7 signallingxpression of both human and oz TLR7 but

only human TLR8 in HER93 cells dose dependentlgonferred responsiveness to R848
Expression ofmurine TLR8 did not confer responsiveness and this combined with the
observation that TLR7 deficient mice did not respond to REkpite the presence of TLR8
hasled to the suggestion that murine TLRS8, unlike its human counterpanifinctional

[40, 207. A role for the endosomand lysosomen TLR7 and TLRS8 signalling was
suspead early on as inhibition of thematuration or acidificationinhibited TLR7 TLR8

(and TLR9) mediatedsignalling and abolishedMy D8 86 s endosonmad8 tr ans
209. Further studies confirmed or suggested roles for IRAK1, IRAK4, IRF5, IRfkY
TRAF6 in TLR7/8 signalling and that for the most part, the signalling process involved
replicated that of TLRYFigure 3.3)[200 201, 210-217]. Consistent uth their endosomal
location and signallingimilarities wih TLR9, the physiological ligand for TLR7/8 watso
found to benucleotide basef213. Specifically, guanidine (G) and uradine (U) rickesRNA
derived from virges such as human immunodeficiency vitugHIV-1), VSV, influenza
virus as well as notviral RNA were found to mourd prolific innate response in a TLR7/8
dependent manng214-216. TLR7/8 can also sendeacterially derived RNA217). TLR8 is
expressed in many tissues including the placenta, lung, spleen, lymplambgeripheral

bl ood with TLR706s expression vghfined to the
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Figure 3.3: Overview of TLR7/8 and TLR9 signalling. Both TLRs fron active dimer
complexes within the endolysosomal membrane and transmit their downstream signal into
the cytosol via MyD88. The inflammatory response from both TLR7/8 and TLR9 is mediated
by an MyD88IRAK1-IRAK2-TRAF6-TAK1 signalosome complex. This can thactivate

the AR1 and NFaB tran

scription

factors

whi ch

cytokines in the nucleus. Artiral or typel IFN signalling from both TLR$s mediated by a

MyD88-IRAK4-IRAK1-TRAF3/61 K K U
activate | RF7 whi

[214.

3.1.5Chapter aim

c h

signal osome
binds to

t he

t¢oorecpiit &nd . Thi
promoter

The aimof this chapter is to revaluate the role of the TiRBomain containing adaptor

TRAM in mediating the downstream signalling of multiple TLRs.
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3.2 Results

3.2.1 Confirmation of TRAM deficiency in TRAM " immortalised bone marrow

derived macrophage (iBMDMSs).

Prior to initiation ofphenotypestudiesand charactesation ofsignalling abnormalitiesas a
consequence ofRAM lossin macrophages, gRPCR was used testfor the expression of
the tram genein TRAM deficient cels compared to WT cells. #Aexpected, expression of
tram was completely abolished in TRAM cells compared to WT cells (Figure 3.4). Based

on thisresult it was decided to characterige phenotypeof WT andTRAM deficient cells

in response to various TLR ligands.

It should bestated at this point that major difficulties were experienced during initial
optimisation studies using WT and TRAMIBMDMSs. The different cell lines often grew at
notably different rates, with TRAM deficient cells growing fasted more reliablghanWT

cells. Moreover, the ability to replicate previous findings thatild serve to phenotypically
confirm TRAMOs ab'scels sueh ab loss of TORR Addiated signalling,
often proved difficult with may attempts required, often requirinigferent vials of cells to

be brought up from cryogenic storage. This led to a situation where the generation of reliable
figures, particularly those relating to cytokine induction, took an extraordinanty period

of time. This was becaussehigherlevel of confidence beyond what would beneecd when

using normal cellshad to be ensured before moving on to the next experiement.
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Figure 3.4 Confirmation of the absence oftram gene expression in TRAMdeficient
iBMDMs. WT andTRAM deficient iBMDMs were plated at a density of 1.3%%@lls/ml in

a sixwell plate and incubated for 2dr at 37°C. Cells were then harvested, total RNA
isolated and from this, cDNA was synthesised. The cDNA was then used as a template for
gRT-PCR using forward and ressr primers specific to either muritam. Fold changes

were compared to the level of theusekeeping gergapdh Graph isrepresentative of two
independent experiments.
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3.22Compar i s o nproguttioninNAFTland TRAM  iBMDMs
Studiesto date indicate that TRAM and TRIfFre d i a t-et adgleabt eNFa B act i v

TNFU s ecr kgand bimdingute TLR4219. However,the role of TRAMi n TNF U
secretiorfollowing activation of the other TLRs, nameRLR1/2, TLR2/6, TLR3, TLR7and

TLRY, has not been adequately addresdexithis end, WT andRAM ”~ iBMDMs were

stimulated withvarious TLRligands After 24 hr, cell free supernatantsvere removedand

anal ysed for t h dt was rfoaired éhatcligands €orre3phindin. ThR1/2,

TLR2/6 and TLR7(Pam3CSK4, Pam2CSK4/MALP and R848 respectivelydtrongly
induced the e x actvatadsibotm WToand TRANMF deficient iBMDMs.

Ligands coresponding to TLR3, TLR4 and TLR@oly(l:C), LPS and CpGespectively)

drove a weakeresponse (Figure 3.59ACompar abl e | evels of TNFU s
in  TRAM ™ cells compared to WT cells upon stimulation with alma#tligands tested
(Figure3.5A). TRAM has been shown to be a critical adaptor in TLR4 signdlRdhand &
expected, reduced TNFU secretion Walswithbser ve
LPS when compared to WT cell&igure 3.5A) The LPS phenotype would be expected as

TRAM has been shown to Iee critical adaptor molecule in TLR4 signallinfhese data

suggest hat TRAM is not r e qfoliowingdtimfladon of TeNsFMih pr o d u
TLR1/2, TLR2/6, TLR3, TLR7and TLR9ligands TRAM6 s r ol e i n @pNdald pr od

to belimited to the TLR4 pathwawhich is in line with previous studi¢g4].

3.2.3Comparison of RANTES and type-l IFN production in WT and TRAM -

iBMDMs

Next, TLR mediated production of the chemokiRANTES was examined inNVT and
TRAM deficient cellsCells were again stimulated with various ligands drdas found that
TLR1/2, TLR2/6, TLR4, TLR7and TLR9ligands all iMuced RANTES secretion (Figure
3.5B). As expected, reduced RANTES secretion was observed upon stimulation of TRAM

cells with LPS when compared to WT cellsterestingly,the loss of TRAM caused a
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significant reduction in TLR1/2, TLR2/6TLR7 and TLR9 mediated RANTESsecretion
(Figure 3.5B. The loss of function was expected in response to TLR4 activation but not for
TLR2, TLR7 or TLR9 responsesAs a negative controlRANTES secretion pon TLR3
activationwas unchangeth TRAM deficient cells compared to W@ells (Figure 3.5R As
TRAM has not been shown to play a role in TLR3 signallj@d], this precludes the
possibility that TRAM ™ cells are unable to produce RANTES at a global level when
compared to WT cellsThese datasupport a hypothesis that TRAM may have a specific role
to play in RANTES production through selected TLRghile no role for TRAM has
previously been shown in the context GfiLR7 or TLR9 signalling,a previous study
suggested it may play a role in the TLR2 mediated response to the gram negative pathogen
Francisella tularensis [17§. Indeed the study demonstrated that TRAMco-

immunopecipitatedwith TLR2 following TLR2 activation in macrophaggk7§.

Next, levéds of secreted typeIFN were determined in supernata from WT and TRAM”

cells stimulated wh various TLR ligands (Figure 3.3Cn all cases, the leleof secreted
typel IFN was minmal such that onlyPamCSK,, poly(:C), R848 and CpGnduced the
production of typd IFN when compared to unstulated control cells (Figure 3.3CAs
expected,levels of TLR3 mediatedproduction oftypel IFN were comparable between
TRAM deficient cellsand WT cells Interestingly,levels oftypel IFN were significantly
impairedin TRAM ™ cells following stimulation with R848 and this correlates with previous
date showing suppressed RANTES secretion in TRA8mpared to WEells (Figure 3.5C,
3.5B). Agai n, this data contrasts with the
between WT and TRAM deficient cells when stimulatechwite same TLR ligands (Figure

3.5A).
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Figure 35 TNF U, RANT E 8 IF8 produdtion pnaVT and TRAM 7 iBMDMs

in response to various TLR ligandsWT and TRAM deficient iBMDMs were plated at a
density of 1.3x1® cells/ml in a sixwell plate and incubated for 2a at 37°C. Individual

wells were then either left unstimulated or stimulated with ligands spéeifiarious TLRsS:
PamCSK,, (TLR2:TLR6 heterodimer) 1 ¢ g / RAMCSK, (TLR1:TLR2 heterodimerj 1

eg/ ml JC) @IRB)Y 5¢ g/ ml L P $00rfg/mL,. RB48 (TLRYJT 1¢ g/ ml and
CpGC (TLR9) 1T 5¢ g/ ml hrf Gell freel supernatdas were removed and assayed for

l evel s of (A)and RANGESBNoF ELISA. Typel IFN levels(C) were detected

using B16B1 u e E -Uf B N. & @40105 ** p<0.01 and** p<0.001 Graphs are
representative of at leiaf®ur independent experiments.
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3.2.4Comparison ofrantes andt n &ndi f gebe expressioiBMDMs derived from

WT and TRAM 7 mice

Initial studies indicatedhat TRAM may be required for TLRZLR7 and TLR9 mediated
RANTES production. TRAM als@ppears to have a role in TLRiAediatedtype| IFN
production (Figure 3.5. However, the potential role of TRAMnay be at either the
transcriptional or translational level. To examine this furthergeneticexpression ofantes

t n &andi f wdd studied in WT and TRAM deficient cells upon stimulatidthwarious
TLR ligands for 4 hrit was found thatla TLR ligandstestedcaused upregulation of both

t n &ndrantesgene expressio(Figure 3.6AF). As very little typel IFN was detected in

Figure 3.5C, it was decided not to checkifofUor ifn-b gene expression.

Interestingly, PamCSK,;, MALP-2, LPS, R848 and CpG mediatdcANTES mRNA
expression was significantly reduced in TRAMcells whencompared to WTeells (Figure

3.7). In contrast, no significant differences ThN F tdRNA expressiorwere observed in
TRAM deficient cells upon TLR ligand stimulatigRigure 3.§. The pattern oT N FraRNA
expression replicated that ©fN F pdotein expression excejst the case of LPS stimation
whereno change in the expressionToN FrARNA was observedetween WT and TRAM"
cells(Figure 3.6D) This finding correlates with a previous study Wang et al.[220 where
they showed that TRAM is required for TNFU t
a process dependent on the regulatory kinase. Mwever the same study showed that
peritoneal macrophages, TRAM is required for both tnapison and translatiof22(. Thus

T R A Méxactrole in TLR4 signalling therefore appears to be-tgie specificThat TRAM
deficient macrophages are signifilgrattenuated in their response to TLRs 2, 7/8 and 9 at
the transcriptinal level indicates that TRAM may mediate its effects upstream of gene
transcription and therefore agrees with the physiological roles of the other adaptor pmoteins

TLR signalling.
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Figure 3.6 TNFU mRNA e inpMTesdsTRAM 7 iBMDMs in response to
various TLR ligands. WT and TRAM deficient iBMDMs were plated at a density of 1.3x10
cells/ml in a sixwell plate and incubated for ¥ at 37°C. Individual wellsvere then either
left unstimulated or stimulated with ligands specific to various TL@R9: PamCSK,,
(TLR2:TLR6 heterodimer) 1¢ g / (B) PBamCSK, (TLR1:TLR2 heterodimer) 1€ g/ ml
(C) poly(I:C) (TLR3) i 25¢ g / (@) LPS (TLR4)i 100ng/ml, (E) R848 TLR7)i 1€ g/ ml
and(F) CpGC (TLR9) 1T 5¢ g/ ml hrfGells wete then harvested atatal RNA was
isolatedand used as a template for first stramNA synthesisThe cDNA was then used as
a template for gRIPPCR using forward and reverse primers spedifi murinetnf-U and
gapdh(housekeeping gene) p<0.05, ** p<0.01 and *** p<0.001Graphs are representative
of at least four independent experiments.
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Figure 3.7 RANTES mRNA expressionin WT and TRAM " iBMDMs in response to
various TLR ligands. WT and TRAM deficient iBMDMSs were plated at a density of 1.3x10
cells/ml in a sixwell plate and incubated for 2¢ at 37°C. Individual wells were then either
left unstimulated or stimulated with ligands specific to various TL@R9: PamCSK,,
(TLR2:TLR6 heterodimer) 1 ¢ g / (B) PamCSK, (TLR1:TLR2 heterodimer) 1€ g/ ml
(C) poly(l:C) (TLR3) 1 25¢ g / (@) LPS (TLR4)i 100ng/ml, (E) R848 (TLR} T 1€ g/ ml
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3.2.5 Expression levels dfam in response to TLR7and TLR9 activation
Levels of TRAM mRNA expression have previously been examinedesponse to LPS

simulationwith the finding thafT RAM®6 s  teWRN femained stable overultiple time
pointsin HEK293 TLR4 cellsdespite its known role in TLR4 signalliig§6]. Currently, it is
not possible to measurthe levels ofendognous TRAM proteinexpressiondespite the
testing of over thirteen commercially awble and selfaised antibodies towards the
detection of endogenous TRA®&kpressiorj86]. Therefore, whilsthelevels of TRAM gene
expression remain unchanged, the possibilities that TRAM protein levelsiflox TLR4
actvation cannot be precludedVith this in mind, it wa decided to measure TRAMRNA
expressia in iBMDMs in response to TLR7TLR9 and TLR4 activation over multipkime

points

Results showed that levels ®RAM mRNA were decreasedithin 15 minof stimulation
with TLR4 and TLR7ligands,reachingtheir lowest levelsipon TLR4 activation at 1.5 hr
and at 2 hr upon TLR7 aavation (Figure 3.8 Levels of TRAM mRNA had decreased
approximately 40% and 20% respeavely at these timed.evels of TRAM mRNA were
largely unaffected by TLR9 activation ov&@milar time points(Figure 3.8. Thefinding that
deceased TRAMMRNA expression is evident updmth TLR4 and TLR7activationis
novel In contrast, grevious study showed th&vels of TRAM mRNA remained stable
following LPS stimulatiorof HEK293- TLR4 cells The disparity may be due to the different
cell lines usedi iBMDMs in the current study vs. HEK29PLR4 cells in[86]. Levelsof
TRAM mRNA were consistently lower in response to bbBS and R84&timuli and may
indicate the presence offRAM dependenhegative feedback loop in both TLR4 and TLR7
signalling whereby aotation of either pathwaynay case suppression of TRAM mRNA so
as to prevent an overactive immune response. Such intracellutratdeloops are indeed

common in cell signallin§221]. The rebounding of R A Méxpressiorat 4 hrconsequently
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might indicate to the cell that a PAMP is still present and that the immune response must be
sustainedFigure 3.8. However, confirmation of this hypotheis would need to be undertaken

by analysing TRAM protein levels.

That TRA MO s niRdBrgdoesdynamic patterns ofexpression in response to TLR
activaton provides further support for the hypothesis tThRAM plays a rolewithin this
pathway. The lack of an apparent changgd RAM mRNA in response tgtimulation with
the TLR9 ligand CpGmay be due to Cp®Being aweaker driver of signalling compared to
R848 and LPSs could be observed ingdre 3.5 This may in turn affecactivation of

downstream pathways including any changes in adaptor expression.
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Figure 3.8 Expression of TRAM mRNA in response to TLR7, TLR9 and TLR4 ligand
activation. WT iBMDMs were plated at a density of 1.3%1glIs/ml in a sixwell plateand
incubated for 24r at 37°C. Individual wells were then either left unstimulated or stimulated
with LPS (@00ng/m), R848 ( ¢ g /) rand CpGC (5 € g /) ok varioustime pointsas
indicated Cells were then harvested atudal RNA wasisolatedand used @1.a template for
first strandcDNA synthesis.The cDNA was then used as a template for 4R using
forward and reverse primers specific to muriimam with murine gapdh acting as a
housekeeping gene for fetthange comparisorGraph is representative tfio independent
experiments.
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3.2.6R848 and CpG stimulation of iBMDMs auses TRAM dependent activatiorof

:Z’Rrg\?ious results indicated tHRANTES and typel IFN secretiorwere impaired in TRAM"

cells compared to WT cells wheollbwing stimulation with TLR7and TLR9 ligand¢Figure

3.5). Further studies indicated that TRAM exertsdects at thetranscriptional level (Figure

3.7). It was therefore hypothesised tHi®AM may be required for transcriptional activation

of TLR7 and TLRO gynalingNFa B and the | RFs are key tran:
the TLR7 and TLR9 respons¢l5. | n unsti mul ated <cell s, NFaB
cytoplasm by a group of inhibitorypet ns cal | ed |iagBthe besttstadiedal f a8 Bs
which il ®bboss®tUhe NUbaiB and maskts nuckar localisation sequences

[227). Activation of the cell, for exampleia TLRs, causes activation of the IKK complex

whi ch phosphoryl at e s protiascausirgy theire wquidinateis and n | 8
subsequent proteosomal degradation. Losslacd B r ees tMRUsB permi tti n.
translocatiorinto the nucleus where it cdaind to the promar regions of target geng223.
Monitoring of |1 aBU degradation IRES atdhRET ef or e
have been shown to bevolved in both TLR7 and TLR9 pathway$205 212 however,

commercial phosphtRF5 antibodies are not availabded endogenous levels of IRF7 are

generally low in macrophag¢224] thus makingthe detection ofactivated IRF5 and IRF7
technically difficult. It wasthereforedecided to measure IRF3 activity by immunoblot

analysis using phospkspecific IRF3 antibodies following stimulation of WT and TRAM

deficient iBMDMs withR848 and CpG.

WT and TRAM™” iBMDMs were stimulated with R84&pG, poly(I:C) and LPS for 30, 60
and 120 min after which whole cell lysates were collected and subjected to immunoblot
analysis tadetect endogenous levels phosphelRF3 (p-IRF3) andl @ B U total IRFAB and

b-actin as loading controls respectively.
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Stimulation of cells wittR848, CpGpoly(l:C) and LPSresulted in activation of IRF3 in WT
cells as evidenced by itsmcreasedphosphorylationn comparison to unstimulated controls
(Figure 3.9. There appeared to be a pattern of slightly increased levels of basal IRF3
phosphorylation in WT cells compared to TRAM deficient cells (Figure 3.9 ARBX8
appeared to dre maximal activationn WT cells at 30 min and 60 minvith activation
beginning to decrease at 120 n{iRigure 3.9A. LPS strongly activated IRF3 at 3din and

60 min when compared to the other ligands tegkegure 3.9A) Both poly(l:C) and CpG
stimulation induced maximal IRF3 phogpiglation at 120 mirof stimulation with ativation
steadily increasing atime pointsprior to that (Figure 3.9B,C When compang IRF3
phosphorylation in WT and TRAM deficient cells, pdl{) served as aegativecontrol As
expectedpoly(l:C) mediatedevels of IRF3 activatioin TRAM 7 cells werecomparable to
that detected in WT cell&igure 3.90. As apositivecontrol, levels of IRF3 phosphorylation
were abolished in TRAM deficient cells compared to WT following treatment of cells with
LPS (Figure 3.9A. These results further confirthat TRAM is involved in TLR4 signalling

but not TLR3.

Next, IRF3 phosphorylatiorwas determinedn TRAM 7 cells following stimulation with
TLR7 and TLR9 ligands. It was found the phosphorylation of IRF3 was abolished in TRAM
deficient cells followingstimulation with R848 whe compared to WT cells (Figure 3.RA
Similarly, phosphorylation of IRF3vas abolishedn TRAM ™ cells in response to CpG
stimulation wha compared to WT cells (Figure 3.pH hatreduced leved of activation were
apparent acrasall time pointstested indicatethat IRF3 actiation upon TLR7and TLR9
activation in completely dependent diRAM at both early and lateme points Equitable
levels of total IRFZonfirmedequal loading of mtein across all lanes (Figure BL). As a
control b confirm that the phenotypebserved was adaptor specific, it wagamined

whether the adaptor MAklso played a rolén the TLR7 pathwaywsingWT and MAL ™
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iBMDMs. It was found that comparablRBF3 activatiorweredetected in MALdeficientcells
and WT cells (Figure 3.9D Together, these data suggésit TRAM is required for TLR7

and TLR9 mediated IRF3 activation.

A WT TRAM KO

p-IRF3 e e
C 30 60 120 30 60 C 30 60 120 30 60

R848 LPS R848 LPS

IRFS e o o o ot s s S

B
WT TRAM KO
P-IRF3 B = s e o

+CpG C 30 60 120 C 30 60 120
Total IRF3 < i e i i - S w—

C WT TRAM KO
p-IRF3 - WP e - -
+Polyl:C C 30 60 120 C 30 60 120

Total IRF3 |t S

D WT Mal KO

p-IRF3 .~
+R848 C 30 60 120 C 30 60 120
IRF3 e - - -

Figure 3.9 R848 and CpG stimulation activates IRF3 in a TRAM dependent manner.
WT and TRAM™ (A-C)andMAL " (D)iBMDMs were seeded in a®ell plate at a density
of 1.3x10 cells/ml and incubated for 24r at 37°C. Thereafter, cells westimulated with
eitherR848 (1¢ g/ ml }G, (5€ @ Gorlpdly(l:C) (25 eg/ml) for 30, 60 and 120 min
Cells were then harvesd and each sample lysed in B0M.S. buffer for 20min on ice. Cell
debris was removed by centrifugation with the remainihgles cell lysates mixed with 3]
5x Laemmli loadng buffer and boiled for 10 mirProteins were separated by SBSGE
and subjected to immunoblot analysis using-pARF3 and antiRF3 antibodies. Results
represent a minimum of thre@VT vs TRAM 7) and two (WT vs MAL") independen
experiments.
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3.2.7R848 stimulation of iIBMDMs causes TRAM dependent nuclear translocation of
:_RiFBke NFaB, unactivated | RF3 exists within
the upstream kinases TBK and | K Klgads to conformational chges that cause
homodimerisation and binding to nuclear trafficking proteins such as @Riglg protein
(CBP) and p300. Thigeads tonuclear translocatioand accumulation of IRF3 angoon
which it binds to DNA targetf225-227]. Therefore, aralternative approach to monitor the

activation of IRF3s to examine its accumulation in the nucl&lkwing TLR activation

To this end, WT and TRAM" iBMDMs were stimulated with R848, CpG and poly) for

30, 60 and 120 mimpon which, cells were lysed and the nuclear fraction purified and
subjectedo immunoblot analysis using an aiRF3 antibody. Niclear translocationf IRF3

was observetbllowing stimulationwith R848, CpG and poly(l:C), correlating withethRF3
phosphorylation (Figure 3/ 3.10). RegardingCpG, the overall response appears to be
weak compared to thehwr TLR ligands tested (Figure 3.10@Vhilst poly(:C) mediated
nuclear accumulationfdRF3 was unchanged between WT and TRAMells, R848and
CpG mediated accumulatiarf IRF3 appearededuced or abolished TRAM deficient cells
compared to WT cellgFigure 3.9AC). The nuclear pore protein Lamin A/C was used to

confirm equal loadingf protein across all lanes (Figure 3-@).

The observatiorthat R848 induced theactivation and nuclear translocatioof IRF3 in
iBMDMs may be cell type specific as a previous study conducatsihig HEK293 cells
showedthat overexpressed IRF3 did notriséocate to the nucleus upon R848 stimulation
[212). In the same studyendogenous phosphorylation of IRF3 in RAW264.7 macrophages
was not detected followgn stimulation with R848 [217. Indeed, discrepanciesn the
modulation of the IRFs betweanacrophagecell lines have been noted previou$B24

Herein, it is clearly demonstrated that IRF3 is both phosphorylated and translocated into the

nucleus following stimulation of iBMDMs with R848 and CpG. Moreover, ithisven that
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this process is dependent upon the presence of the TLR adaptor protein, TRAM. The role for
TRAMinTLR7and TLR9 signalling is strikingly si:
signalling post LPS stimulation whereby TRAM is also required foratttesation of IRF3

[22.
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Figure 3.10 R848 and CpG mediated IRF3 nuclear translocation is TRAM dependent.

WT and TRAM 7 iBMDMs (A-C) were seeded in a-6ell plate at a density of 1.3x30
cells/ml and incubated for 24r at 37°C. Thereafter, cells were stimeld with either(A)

R848 (1eg/ml), (B) poly(l:C) (25 eg/ml) or (C) CpG (5¢ g / fad 3D, 60 andl20 min Cells

were then harvested and each sample subjected to nuclear extraction using a Nuclear
Extraction Kit (Cayman Chemical). N&&r Extracts were mixed with 3] 5x Laemmli

loading buffer and boiled for 10 mirProteins were separated by SPAGE and subjected

to immunoblot analysis using aRF3 and antiLamin A/C antibodies. Re#s represent a
minimum of twoindependent experiments.
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328l aBU degradati on i §cellsmaespbrsetd R848 andrCpGl R A M
Despite the loss dRF3 activationfollowing stimulation of TRAM ™ cells with R848 and

CpG compared to WT cellspncurrent RANTES&nd typel IFN secretionis evident, albeit

at reduced levels compared to WT cdlsgure 3.5C,D). It is plausible to speculate that
while TRAM dependent IRFactivatian isrequired for maximalLR7 and TLR9 dependent
cytokine production,TLR7 and TLR9 dependenactivation of alternative transcription

factors such as NFaB may be TRAM independent

With this in mind, the degradation bfs B Uespomnse to R848 and CpG wasnitored by
Western blot. In WT i BMDMs, | aBU was$mhegrade
and was almostampletely degraded at 30 mbefore rebounding fully by 60 migFigure

3.11A). Interestingly, in contst to IRF3 phosphorylation, degradation bfe Bws

comparable in WT an@RAM deficient cells (Figure 3.112AI1t would therefore ppear that
TRAM@EBINTLR7si gnal ling is | RF3 depkEeaelneticstof and N
CpG medi at ed Id#fiullto detegfas dedradiatiorodi @ Bvels not evident at

any of he timepoints selected (Figure 3.1)1B
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Figure 3.11 R848 andCp G medi ated | aBU de GRARIdacellson i n
WT andTRAM " iBMDMs were seeded in aell plate at a density of 1.3x316ells/ml and

incubated for 24r at 37°C. Thereatfter, cells wesamulated with eithe(A) R848 (1e g / ml )

or (B) CpG (5¢eg/ml) for 30, 60 and 120 mirCells were then harvest and each sample

| ysed IiHS. baffertor 26 minon ice. Cell debris was removed by centrifugation with

the remaining Wole cell lysates mixed with 3 5x Laemmi loading buffer and boiled for

10 min Proteins were separated by SPAGE and subjected to immunoblot analysis using

antil @ BU  a-b-Alctin aantibodies. Results represent a minimum of three independent
experiments.

117



3.2.9TLR7/8 and TLR9 ligand preparations are incapable of activating TLR4
It is well documented that endotoxin in the form of LPS is known to drive IRF3

phosphorylation in a TLR4 dependent mann@29231]. Unfortunately, adotoxin
contamination of immune cell activator preparations dlas been a problem for immune
researcherf232 233. All TLR ligands used in the current study were commercially sourced
from respected suppliers (see Materials and Methods) and preparations were resuspended
with supplied endotoxin free water as verifiedlbyulous amoebocyte lysafeAL ) testing.
However, it is still conceivable that despiteske stringent precautiorendotoxin may still be
present in our preparatiof®33 234]. Therefore, ligand preparationgere additionally tested

for endotoxin contamination by examining whether they were capable of spkgific
activating TLR4. To this endHEK-293 cellsstably transfected with human TLRéhe MD-
2/CD14 coreceptors and a sderk embryonic alkaline phosphatase (SEAP) reporter gene
were usedHEK-B| u e E T L)R®he SEAP gere is under the control of arnl2p40
promoter fused tldandciiption fadbFbenBing asite@bntadnatind_PS

in the ligand preparatiewould bind TLR4 and thus actival¢F o B a-t \@hiclAiR turn
drive production and secretioof SEAP into the culture medium. The presence of SEAP in
medium therefore indicatdle original presence of LPS and can itself be detected using
colourimetric alkaline phosphatase detection medium, commercially known as QUANTI
B 1 u e Eherefore, to amwuntfor possibé endotoxin contamination of tid.R7/8 ligands
(R848and CLO97) and th&LR9 ligand (CpG)reparatios, HEK-Bl ue E TLWRete cel | s
stimulated with increasingconcentrationsof R848 CLO97, CpG andLPS and TLR4
activation withthe presencef SEAPIn the culture mediunmonitored Addition of SOng/ml

of LPS induced detectable SEAP secreti@md this doselependently increade with
increasing concentratiofFigure 3.12. Critically, neither R848, CLO97 or CpG induced
detectable SEAP productialespite addition of ligad corresponding to ten times the original

concentrations usdd our previous iBMDM assay@$-igure 3.12. It wastherefore concided
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that the TLR7/8 and TLR%gand preparations were incapable of activating Tl=Rd that
theresut s observed i n ass ay §pecificallydue fo theirralglitytoh e s e |

activate their corresponding TLR and not due to-specific TLR4 activation.

Post submission script: It has been noted that as iBMDMs can respond to LPS conosntrati
as low as 0.1 ng/ml, the observed LPS sensitivity of the HER4 Blue cells
(approximately 50 ng/ml) is not sensitive enough to reliably detect LPS contamination in

ligand preparations. A more suitable assay in this case would be a LAL test.
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Figure 3.12 R848, CLO97 and CpG ligand preparations are incapable of activating

TLR4. HEK-Bl ueE hTLR4 cell s were °pdisiatiad9%avell a der
plate and incubated for 2# at 37°C. Cells were then stimulated widither endotoix free

H,O orincreasing amounts of LPS (50ng/iQOng/ml and 500ng/ml), R848 €. g / ml 5

e g/ mli agdmil), <€4¢02&Fg/(Al agdmll) -5k gC pnG , 10

e g/ ml eg/miiform Qurther 2r. 20 €l of cell supernatantsere then transferred to a

separte 96 well plate containing 188l/well of prewarmed QUANTIBlue E det ect i or
medium and incubatedt 37 °C for approximately 2 hrinduced colour changes in the

detection medium were then detected and quantified by spectrophotometry at 630 nm.
Results are representative of three independent experiments.
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3.210 Screening human cell lines for broad TLR responsivenes®MA differentiated,

THP1 macrophages respond tdigand binding to TLR7/8, TLR3, TLR 4, TLR9 and to

HRV 16 infection

Data collected thus far indicagerole for TRAM in the transcriptional control of RIZ and
TLR9 medi ated RANTES production in an | RF3
However, these experiments were conducted exclusively in murine iBMDMs and are
therefore relevant only to umine TRAM and the murine TLR@&nd TLR9 pathways. Whilst

the ug of murine models has long been an acceptable method of elucidating signalling
pathways and in assigning function to many proteins, murine protein functionality does not
always corelate with that of humaprotein function235. It wasthereforedecidedto extend

the prevous observations on the role of murine TRAM that of human TRAMAIso, in

order to focus more directly on a single signalling pathway and reduce yemgimisation

procedures, it was decided ¢oncentrate othe role of TRAM in TLR7/8 signallingnly in

future experiments.

In order toreplicae theprevious experimental model in a human setting, a human cell line
capable of responding efficiently to TLR3, TLR4 and TLR7/8 stimulation was requined.
response omultiple available cell lines, nameBEAS-2B lung epithelial cells, HelLa cells,
A549s, CD14U373s, THPImonocytes and THP1 macrophages was asday®adnitor their
ability to drive cytokine gene expression in response to activation obtheeal LRs. BEAS

2B cells respoded wellto poly(I:C) with rantes cxcl10andifnb expression all pregulated
(Figure 3.13A. LPS stimulation also drove expression @ntes and cxcl10 but noti f.n b
R848 and CpG on the other hand, drove comparativelygtitesexpression and almost no
cxcll0 and i f expression(Figure 3.13A. As weak responders tofLR7/8 and TLR9
simulation, BEAS2B cells weretherefore considerednsuitable.HelLa cells responded
relatively well topoly(l:C) stimulation causing an approximately-B0d increase irrantes

production but successively lesscl1l0andifnb (Figure 3.13B. LPS was a poorer activator
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inducing an increase only ifnb expression. R848 and CpG did not any increase in cytokine
production(Figure 3.13B) HelLa cells were therefomdsoconsidered unsuitable. A549 cells
were extremely poor and responded only kiy#o LPS and CpG causing a respective 2 and
1.5 fold increase iifnb expression. No other ligand was capable of driving a response to any
of the cytokines tested (Figure 3.13CCD14U373 cells likewise responded only to LPS
which drove expression ofrige amourg of all cytokines tested (Fig 3.130CD-14 U373s

were therefore also considered unsuitable.

THP1 monocytes can be differentiated into highly sensitive macrophages by the addition to
the culture media of nanomolar quantities RIIA. PMA has ananalogous structure to
diacylglycerol which can activate protein kinase C to drive intracellular calcium release and
multiple downstream signalling cascadésese cascades, in THP1 monocytes, ultimately
result in various cellular morphological changeduding adherence and spreading, as well
as physiological changes such BmreasedCD14 expression and increased cytokine
expressiorf23q. PMA differentiated THPInacrophageéPMA-THP1s) were therefore also
tested with the aforementioned ligand panel. PRMAP1s responded to all ligandssted
(Figure 3.13A. Poly(:C), LPS and R848 all droventes ifnb and cxcl10expression. Fold
changes compared to unstimuthteells weretypically in the 5fold range although LPS
mediated a 15@old increase imrantesexpressior{Figure 3.13A. As PMA-THP1s appeared

to be broadly responsive to a broad panel of ligathey weresubsequentlyested for their
ability to respond tanfection with the ssRNA virysaand physiological TLR7/8 ligand human

HRV16.

PMA differentiated THP1 cellgvere stimulated wittHRV16 for 72-80 hr at 37 °C. Again,
rantes cxcllQ typel IFN genesandt n fvéde all upregulated in rpsnse toHRV16
predominantly around0¢f96 hr postinfection (Figure 3.13B HRV16 transcripts were also

analysedwhich showed that intracellular levels of the virus were increasing at sitinilar
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points (Figure 3.13 left pael). Based on these results, it wesncluded that PMA
differentiatel THP1 cells were suitable for the study of TLR3, TLR4, TLR7/8 and TLR9

activated pathways.
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Figure 3.13 BEAS-2B, HelLa, A549 and U373CD14 cdl lines are unsuitable for
simultaneousstudy of TLR3, TLR4, TLR7/8 and TLR9 signalling. (A) BEAS-2B, (B)
HelLa, (C) A549 and(D) U373-CD14 cells were plated at densities ranging from 0.7x10
1x1@ cells/ml in six wellplates and incubated for 24 &t 37C. Each cell line was then
either left unstimulate@r simulated withpoly(I:C) (25 g/ml), LPS (100ng/ml), R&8 (1
eg/ml) or CpG(5 eg/ml) for 5 hr Cells were then harvested atodal RNA wasisolatedand
used as a template for first stracldNA synthess. The cDNA was then used as a template
for gRT-PCR using forward and reverse primers specific to muanges cxcl10, ifnb and
gapdh(housekeeping gene). Graphs are representative of two independent experiments.
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Figure 3.14 PMA differentiated THP1 macrophages are suitable for studying TLRS3,
TLR4 and TLR7/8 activation. THP1 monocytes were plated in a 12 well plate at a density
of 1.4x10 cells/ml and stimulated with 20 nM PMA for 48 at 37°C.Cellswere thereither

left unstimulated,stimulated with(A) TLR ligands:poly(l:C) (25¢ g/ ml ) ,
egn dnl § ,

R848 (1¢ g/ ml

ngms (100

a nadg /Ol O 9g/ml)dfod 6 hrat 37°C or(B)

infected withHRV16 for 48, 80 and 96 tat 33°C Cells were then harvested atadal RNA
wasisolatedand used as a template for first strai@NA synthesisThe cDNA was then
used as a template for gHPICR using forward and reverse primers specific to huraaies
cxcl10, ifnb , -Ui, -k hnvieandgapdh(housekeeping gene). Graphs are representative of

two independent experimen
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3.211 Knockdown of endogenous human TRAMusing siRNA
To investigate the role played by TRAM in TLR7/8 signalling, knockdown of endogenous

TRAM in PMA-differentiated THP1 cells was performed using small interfering RNA
(siRNA). SiRNA sequences are RNA nucletgi sequences approximately 21 nucleatide
lengthwithaznucl eoti de overhang on the 36 end. I n
results intheir integration into the RNAnduced silencing complex (RISGgsulting in
complenental basepairing with its target squence to initiate its degradation thus impeding
translation[237]. This process was harnessed to imp#&deslation of TRAMand thus
knockdawn its expression. SIRNA corresponding to the uniqdiemhinal regio of TRAM

was transfected into PMA differentiat@®iP1s for4&hrand knockdowmRNAf TRAN
expression was assessed by ¢gRIR of the tram gene relative to cells transfected with a
scrambled control siRNA sequenck.was found that TRAM specific RNA significantly

reduced the expression of TRAM mRN&s assessedoy qRT-PCR. Estimated knockdown

was 506 whencompared to transfection with the scrambled control sequéigare 3.13\).

It was not possible tobserve a decrease of endogenblaM at the protein level azliable

ant-TRAM antibodies are naturrentlyavailable[86].
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Figure 3.15 Suppression of human TRAM mRNA using RNA interference in PMA
differentiated THP1 macrophages.THP1 monocytes were plated in a 12 well plate at a
density of 1.4x1Bcells/ml and stimulated with 20 nM PMA for 48 at 37°C. Cells were
thentransfected with either 20@M TRAM specific SiRNA or scrambled control siRNA for a
further 48hr. Cells were then harvested atudal RNA wasisolatedand used as a template
for first strandcDNA synthesisThe cDNA was then used as a templategi@i-PCRusing
forward and reerse primers specific to humaémram and gapdh(housekeeping genekraph

is representative of two independent experiments.
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3.2.12Suppression of TRAM impairs R848 andHRV 16 mediatedrantesi f anfd
cxcll0gene expression

To investigate whethethe role of human TRAMn TLR7/8 signalling correlated witthe
role of TRAM in murine cellslevels ofrantes i f,mxgll0andt n fiebeexpression were
monitored inPMA-differentiatedTHP1 macrophagstransfected with either TRAMpecific
or scrambled siRNA nucleotides. After 48 cells werethen stimulated withR848, LPS,
poly(l:C) for 6 hr or with HRV16 for 72-80 hr. Suppression of human TRAM significantly
decreased R848, LPS ahtRV16 mediatedrantesandi f gebe expressionompared to
control cells(Figure 3.16A,B) Levels ofcxcllOwere also significantly reduced in response
to R848 and LPSHowever,HRV16 infection indiced minimal levels ofxcl10and this may
explain why no difference was observed ween thecontrol and TRAMspecific SIRNA
treatmentgFigure 3.16G. R848,LPS and HRV16all induced the expression bfn MRNA
(Figure 3.16D) In contrast, suppression of TRAM expressfaited toinhibit t n MRNA
induction in response to R848 and HRV1Blowever, TRAM suppression significantly
reduced LPS mediated n éxplessiorcompared to control cel(§igure 3.16D)Suppression
of TRAM did not affect poly(l:C) mediated inductiaf rantes i f,n btandfcXdl10when
compared to the control cells. Theoly(l:C) control was particuldy importantin this
experiment a$1RV16, despite being a sSRNA virus known to sigihabugh TLR7/8, also
produces dsRNAluring itsreplicationwhich has beenh®wn to signal througkhe dsRNA
sensing PRRSLR3 andretinac acidinducible 1 RIG-I) [23§. It could therefore be argued
that HRV16 is signalling viathesePRRs and not TLR7/&nd thiswould eliminate the
specificity d the conclusions #t could be drawn. However, as pdi§) is itself, synthetic
dsRNA that can activatedboth TLR3 and RI@ and stimulation using it indicated no
difference in cells in which levelsf TRAM were reduced, it calogically be suggested that
the cytokine phenotype observed up#iRV16 infection of TRAM-suppressed cellss

specific to TLR7/&ignallingand not to TLR3/RIAE.
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Attempts were also made to compare cytokine secretion between TRAM supredded and
control cells by ELISA. However, it wesund that PMA was causing major basal cytokine
secretion such that stimulation with LPS, R848, poly(l:C) or HRV16 resulted in little or no
increase in cytokine production compared to unstimulated controls. Further time would be

required to optimise PMAnediated basal cytokines activity in the THP1 cells.

129



rantes gene expression

>
vy,

ifn g gene expression

Iy
o
I
=y
=
]

3 scramble siRNA
= El TRAM siRNA

3 scramble siRNA
Bl TRAM siRNA

@
(=1

Fold change in
mRNA expression
e 3 8 ¢
)
i
 —
=l
Fold change in
mRNA expression
o
|,.
|»

=
=1
1

R848 Polyl:C LPS  RV16 R848 Polyl:C LPS RV

@]
O

cxcl10 gene expression tnf a gene expression

ra
=3
3

1500+ [ scramble siRNA

m 3 scramble siRNA x
Bl TRAM siRNA

1A @l TRAM siRNA

——
500 H
| ' —— | W

R848 PolylC LPS RV16 R848 PolylC LPS RV16

=
=]
[=1
=]
=
=
1

w
1

=
Fold change in
mRNA expression
=3

Fold change in
mRNA expression

o

=1
I

(=]

Figure 3.16 Suppressionof endogenous levels of human TRAM reduces TLR7/8 and
RV16 mediatedrantes ifn-b, cxcl10but not tnf-Ugene expressionTHP1 monocytes were
plated in a 12 well plate at a density of 1.4%t6élls/ml and stimulated with 20 nM PMA for
48 hr at 37°C. Cells were then transfected with either 200nM TRAM specific sSiRNA or
scrambled contradiRNA for a further 4&r. At this point, cells were either left unstimulated,
stimulated withpoly(I:C) (25 eg/ml), LPS (100ng/ml) and R848 €hy/ml), for 6 hrat 37°C,
or infected withHRV16 for 80 hrat 33°C.Cells were then harvested atatal RNA was
isolatedand used as a template for first stramNA synthesisThe cDNA was then used as
a template for gRPCR using forward and reverse primers specific to hufanantes (B)
ifn-b (C) cxcl10, (D) tnf-U and gapdh (housekeeping gene).p<0.05, ** p<0.01 and ***
p<0.001.Graphs are representativetbfeeindependent experiments.
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3.2.13A TRAM mutant inhibits TLR7 mediated gene reporteractivation
TLR7 and TLR8 have been shown to localise to the endoplasmic reticulum (ER), endosome

and lysosmes In resting cells, theyeside in the ER lumen but transverse to the
endolysosome via the golgipparatus in order to detepticleic acids released into the
endolysosome by acidificatidi210 239. TRAM has previously been shown to localise to

the plasma membrane and godgiparatusn resting cells but can also traffic independently

of TLR4 to endosome mendmes via a bipartite sorting mofi84]. Myriostoylation of

TRAM has been shown to be required for both plasma and endos@mdirame localisation

as mutation othe myriostoylation sequence causes mislocalisation and in fact netfages
functionality of TRAM&s rol e in TLR4 signalling | eadin

responseéo LPS[82, 84].

With this in mind, it was decided to examiwwether overexpression of a dominamtgative
TRAM mutant(TRAM G2A) [82], which is unable to underguoyriostoylation, could inhibit
TLR7 mediated responseko this end HEK293 cells stably expressing TLR7, and therefore
responsive to the TLR7 activator CLQ®Vere transiently transfectedtiv the IFN-U JFN-b,
NF-e B and Repditérgehe constructs as welliasreasing amounts of the TRAM
G2A plasmid. As peviously reported82], overexpression of TRAM52A did not drive
promoter activationn all cases examined (Figure 3.2DA. In agreement with our data in
murine TRAM 7 iBMDMs and siRNA interference of human TRAM in THP1 cells,
increasing amounts of dominamtgative TRAM inhibited TLR7 mediated RAKS, IFN-b ,
IFN-U . It was al NbBB pomaee activatidrwas kirailarily reduced upon
overexpression of TRAMG2A suggesting that T
restricted to IRF3 mediated signallif§igure 3.17AD). To confirm that the pmotype
exhibited by TRAM G2A was attributable to a defecthe ability of TRAMto signal and

not a norspecific consequence of overexpression, we repeated the same experiment using a
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dominantnegative form of the adaptor MAWhich has no known role in'R7 signalling.
Indeed, overexpression of dominar@gtive MAL had no significan effect on TLR7
mediated RANTES, IFNb, -UF N r B pMdmeter activation(Figure 3.18AD). From
these datat would appeathatmyriostoylation of TRAM, and thereforéhe ability of TRAM
to membrane localisés required for its abilit to mediate TLR7nduced RANTES, IFNJ

and IFNb promoter activation.

3.2.14TRAM and MyD88 physically interact upon activation of TLR7
The data obtained thus far definitively indicates a role for TRAM in TLR7/8 signalling.

However, whilst perttbations to TRAM resultingn its genetic loss, genetic reduction
protein modification all indicate specific role folTRAM in TLR7 signalling, evidence for
the physical presencef TRAM in the TLR7 pathwayis still lacking A recent study
demonstratedhat TRAM can actas a lirker molecule between MyD88 and the-1B
recepto (IL-18R), allowinglL-18 signalling to beransduced in a manner resemblihg role
of TRAM linking TRIF to TLR4 signalling [23, 179. The study in questiorused
overexpressioto demonstrate an interaction betw&@AM and MyD88 which surprisingly
dissociated upon activation of the-1I8R with exogenous H18[179. Herein, b extend this
study tavards establishing a physical association between TRAMtlad@LR7 signalling
pathway, Flagagged TRAM and mytaggel MyD88 were overexpressed in HEH.R7
cellsfollowed by stimulationof cellsfor 15,30 and 60 mirwith the TLR7 ligandCLO97.
Flag TRAM was immunoprecipitatedvith the resulting complex subjected to SPAGE
followed byimmunobloting formyc-MyD88. Thefinding that TRAM and MyD88 interacted
in resting cells could not be replicated despite many atte(rgare 3.19. This could be
due to theaforementionedtudyintroducing higher concentrations of HaAM and mye
MyD88 (4 €g per plasmidvs 3 g of plasmid in the current study)interestingly, ce

expression of TRAM and MyD8®&llowed by TLR7 stimulation with CLO97inducedthe
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physical interactiometween the twroteinsat 15, 30 and 60 miwith distinct myeMyD88
specificbands appearing directly underneath the heavy chain(Bamae 3.19. It should be

noted that mydMyD88 band(~ 38 kDa) and the anfiag antibody heavy chaiband(~ 50

kDa) appear so close due to the high percentage (18 %) acrylamide gel used in this
experiementwhich combined with the lack of allowed seperation time meant that protein
bands within this region did not sepearte welprevious study indicated that TRAM did not
interact with TLR7 or TLR8 in resting cellsut did interact with TLR424(. Other studies

have shown that TRAM is present at the plasma membrane and cytoplasm in resting cells and
traffics to the adosome upon TLR4 activatidi84, 86]. This would suggest that TRAM
preferentidly localises to endosomes upon pathogen challenge. iti@nay encounter the
OTLR7 s i ghbirmihgaosMyD88 & ,direct IRF3 asation. It is known that MyD88,

whilst present in the cytoplasm of resting cells, also traffics to endosomal compartments upon
TLR7 and TLR9 activatiof196, 209 . This could explain the observation that TRAM did not
interact with MyD88 in unstimulated cellbut did interact upon TR7 stimulation as both

TRAM and MyD88 had by net r af f i cked to the endosome to
requirementsEndosomal acidification and maturation has also been shola totical for

TLR7 activationas treatment of cells with thimhibitor of the vacuolar H(+ATPase,
bafilomycin A1, which inhibits maturation, prevents TLR7 signalling. TRAM has been
shown to be present in both early and [@@ture)endosomes during TLR4 signallifg6]

which again suggests that TRAM is capable of localising to TLR7 containing structimes
downstream implications of the TRAMYyD88 interactionare unclear at present. TRAM is
required for IRF3 activatioso further experimentascertain whetheFRAM binds tolIRF3

or any of the several proteins involved ire thlownstream signalling of TLR®MyD88 has

also been shown to interact with TLR7 buivituld be interesting to know if this requires an

additional il n k adapér, such as TRAM to facilitate this eraction as is the case with
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MAL and MyD88 h TLR2 and TLR4 signalling12] as well aswith TRAM and MyD88 in

IL-18 signalling[179.
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Figure 3.17 A dominant negative mutantof TRAM (TRAM G2A), negatively regulates
TLR7 induced RANTES, IFN-b, IFN-U, but not NF-a Breporter gene activity. Ai D,
HEK293 TLR7 cells were cotransfected with vectors encoding eithep@arter gene for the
RANTES (A), NFe B ( BJU ) @&NFN-b ( domoters and either empty vector
(pcDNAS3; 40 ng) or increasingmounts of an expression vector encoding TRAM G2A (10,
20, 40 ng) as indicated. After 24 h, cells wermslated with CLO97 (% g / fal a)further

24 hr followed by harvestingnd lysis. Cell lysates wereozen at-80°C overnightprior to
assessment diiciferase reporter gene activityp<0.05, ** p<0.01 and *** p<0.001Results
are representative of at least three independent experiments.
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Figure 3.18 A dominant negative mutant of MAL (MAL P126H) has no effect on TLR7
induced RANTES, IFN-b , N-U,lr NF-a Breporter gene activity. Ai D, HEK293TLR7
cells were cotransfected with vectors encoding either a reporter gene for the RANTES (A),

NF-a B

(EN-bor( D)FNor omoter s

and either empt

increasing amounts of aexpression vector encoding MAL P186(10, 20, 40 ng) as
indicated. After 24 h, cells were stimulated with CLO97¢(y / ml ) for hra furt
followed by harvesting ah lysis. Cell lysates werérozen at-80°C overnight prior to
assessment of luciferasgogter gene activity® p<0.05, ** p<0.01 and *** p<0.001Results

are representative of at least three independent experiments.
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Figure 3.19 TRAM interacts with MyD88 upon TLR7 activation. HEK293 TLR7 cells

were seeded into-@ell plates at alensity of 1.4x19and incubated for approximately 24

at 37°C At 70% confluency, cells were ¢mansfected with@ g FIIRaAgM and 3 &g E\
3e g FIRAGM and -MyD8§ Apptgxonately 24r after transfection, cells were

either left unstimulated or stimulated with CLO9F ¢ g/ ml ) for 15a 30 ar
indicated. Thereafter, cells were lysed in 200 | iogencysbuffe(LSB) (50 mM HEPES,

pH 7.5, 150 mM NaCl, 2 mM EDTA pH 7.6, 1 % NB, 0.5 % sodium deoxycholate
supplemented with 1 mM PMS 1 mM DTT, 1 mM NavQ@, 5 mM EGIA and protease

inhibitor cocktail). Cellular debris was removed by centrifugation upwhich 20¢ | of the
remainingwhole cell lysate (WCL) was removed, mixed with an equal volume of 5x Lamelli

loading buffer, boiled for 10 miand frozen for later WCL analysis. Remaining cell lysates

wer e 1 ncubat e d-Flagimbnoclodal aatipodyoovernighwmith gentle shaking

followed by addition of 2% | Protein A/ G beads for a seco
Samples were then washed 4 times with unsupplemented LSB and released from the beads by
addition of 50 ¢l of 5x Ylzoéing fol 110 mih. Bethdtheseg b u
immunoprecipitated samples and the WCL samples were separated b ARRES gel
electroforesis and subjected to immunoblot analysimg antiFlag and antMyc and anti

b-Actin antibodies.
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3.3Discussion

The TIRdoman containing adaptor protein TRAM has until recently, been associated with
TLR4 signalling only, acting a linker molecule bridging TLR4 and TRIF to facilitate MyD88
independent,predominantly antviral signdling [15]. Recent studies howevehave
suggested additional roles for TRAM. A novel role has been proposedl8 #ignalling

whereby TRAM acts as a linker molecule between MyD88 antBR to enable downstream
inflammatory gtokine productiorf179. There is also evidence to indicate a foleTRAM

in TLR2 signalling n response to the gram negativd,R2 specific bacteridrancislla
tularensis[178. The currentdata provides evidence for an additional role for TRAM in

TLRY7 signalling wherebyt mediatepr oduct i on of CXRQAINITE Sh utl FiNdt, T
A significant reductionis ecr et i on of the cyt avasiolsservelRANTES
TRAM deficient iBMDMs compared to WT cells when stimulated witle TLR7 ligand
R848.The role of TRAMappears to be at the transcriptional level as levels ohtitesgene

transcript were also significantly reducedhis phenotype was replicateth PMA-
differentiated THP1 macrophages using siRNA specific to the unigueniNnal region of

TRAM with levels ofrantes i f anf cxcl10 significantly reducedlt was planned to also

monitor modulation of cytokine secretion upon suppression of TRAM. However, due to time
constraints, it was not possible to optimise basal levels of secretion from PMA differentiated
THP1 cells.Results would be expected to mirror those obtained by monitoring cytokine

mMRNA induction.

To date, MyD88 is the only THdomain containing adaptor known to be involved in TLR7
and TLR8 signalling. Evidence for the lack of involvement of other adaptahssipathway
derives mainly from studies where the adaptors are used as negative controls and have

examined only at their role in mediating mfmmat ory cyt okilb-@andlkuch as
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12p40[23, 24]. Therefore, to our knowledge, thisisthe r st st udy to examin

in antiviral cytokine inductiormediated by the TLR7 pathway.

Co-immunoprecipitationexperiments in HER93 cells stably expressing TLRidicated

that TRAM and MyD88 do not interact basally but @®localise upon stimlation with the
TLR7 ligand, CLO97 at 15, 30 and 60 minutes. TRAM and MyD88 lmegiouslybeen
shown to cammunoprecipitatdo mediae IL-18R signalling but in thatase, the complex
dissociated upon stimulation with -18 [179. Although presenting a different mode of
localisation, this study does agréiest with our ability to ceimmunoprecipitate TRAM and
MyD88 and secondwith the observed dynamism exited by TRAM upon ligandeceptor
binding. TRAM has also been shown to be phosphorylated on s&énepon TLR4
activation and this phosphorylation event is required for its ability to transmit the TLR4
signal[83]. In this respect, it would be interesting to examine whether phosphorylation of
TRAM is required for its ability to mediate TLR7 signalling or whether there arer othe

important residues involved.

Overexpression ofa TRAM myriosbylation mutant, TRAM G2A, which is unable to
membrandocalise within cellsdo s e dependent |y i nlEN-Dhutnetd RANT
N F B promoter activation in HEKTLR7 cells.In contrast, werexpression of @ominant

negative version of MALhad no significant effect on the same pathway. Myoigation of

TRAM has been shown to laportant for its ability to transmit TLR4 dependent signals in

that it is required for TRAMOGs | ocalisation
interact with TLR4. Indeed, overexpression of the TRAMAGmutant is unable to drive

NFa B orESRPONE genectivation inhuman cellsand in fact doselependently

repressed LPS mediated activation of the same reporter [eBasally, TRAM has been

shown to be expressed on the plasma membrane, golgi apparatus and on endosomal structures

in resting cells[84, 86, 87]. Its presence ro endosomal structures remains even when
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dynamh dependent TLR4 endocytosis ishibited [84] suggesting that TRAM targets
independently tdhe endosomal membrane and thatendosomal presence may be on
exclusive regardingLR4. Based on the data presented here,ptapose thatthe presence

of TRAM on endosomal structuras myriostoyation degndent and serves to aid signalling

from both TLR4 and TLRY.

An additiona finding was thatTLR7 mediated,TRAM dependent phosphorylation of the
transcription factor IRF3. IRF3 was phosphorylabedVT iBMDMs by the TLR7ligand
R848 in a time dependent manner from 15 minutes to two hours. Confirmation of its
activaion was the observance of IRRBclear translocation, again mediated by TLR7a
TRAM dependent manner. It sispeadthat the observed activation of IRF3 is cell type
even cell linespecific as a previous study conducted in R2BEK cells indicated that
overexpressed IRF3 did not translocate to the nucleus upon R848 stimulation. The same
study was unable to detect endogenous phosphorylation of IRF3 in RAW264.7 nage®ph

in response to R84&17. It is well documented that endotoxin in the form of LPS is known
to drive IRF3 phosphorylation in a TLR4 dependent manndrsanto account for possible
endotoxin contaminatio of the R848 preparationHEK-TLR4 cells were stimulated with

increasing concentrations of R848 with no activation of TLR4 apparent.

The majority of our cur r e nviral ggnadlimgl centeg feom o n
studies conducted ipDCsowing to their ability tosecrete higher levels of typdFN than
macrophages and conventional dendritic cgl41]. Both typel IFN and inflammatory
cytokines are produced in a MyD88 dependent manner howevetl ¢ secretion utilises
IRAK-1 recruited IRF7 whereas inflammatory cytokines are induced via TRAF6, #RAK
and the IKK complex to drive NIB activation[12]. Comparatively little work has been
undertaken regarding TLR7 mediated IFN signglin macrophages however and there is a
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dearth of information regarding the role of the adaptors in mediating this pathway. It is
notable that loss of TRAM did not abolish TLR7 signalling as has been previously reported

with MyD88 [40] and that while it is required for TLR4 mediated antal signalling,
TLR4060s MyD88 dependent pat hway r R&ali-18s i nt a
signalling can still occur in TRAM deficient cells, albeit to a limited extghf9.

Therapeutic targeting of TRAM could therefgpeovide a significant but not detrimental

suppressin of innatederived predominantly ati-viral cytokines

As mentioned in section 3.2.1, the iBMDcell lineswere problematic in a number of ways.
Growth ratediffered between th®/T and TRAM ™ iBMDM s and at times they failed to
consistently replicate previouspublishedphenotypesuch as reduced signalling in TRAM
deficient cells compared to WT in response to LR238]. Therefore, relatively simple
experiments often beg®e extremely drawsout affairs.It was originally intended to attempt

a proteomic comparision of WT versus TRAMIBMDMs for the following two results
chapters however in light of thegblems experienced during completion of Chapter 3, and
due to the implicittime constraintsnherentto the current work, it was decided to modify
future experiementso avoid investing excess timeonducting experiments involving
iBMDMs. Thereforea pradeomicstudyusing a single cell lindgt was hoped, would generate
useful publication quality data without the complicatiexperienced in the current chapter
The following two results chapters therefore attempt to characterise proteomic changes
inducedin a single respiratory cell line in response to two respiratory pathoBepsrtussis

and HRV16.
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Chapter 4

Investigations into respiratory cell proteome
changes in response to infection with the
respiratory pathogen Bordetella p ertussis
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4.1 Chapter Aim

The aim of this chaper was to analyse proteome modulation of a lung epithelial cell line in
response to infection with the gram negative bacteriBBmpertussis This would be
accomplished using 2DIGE combined with LEMS and also usingFQ-MS. Protein hits
obtained from both techniques would be compared to see if the techniques are
complementaryA selection of hits would then be validated and an analysis of their role in
immune signalling undertaken by supresssion their expression tprioifection with B.

pertussis
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4.2 Results

4.2.1B. pertussisactivation of BEAS-2B cells
In order to identify an optimal timepoint f@. pertussisto activate the immune response, a

timecourse experiment was carried out in whichpertusss was allowed to infect BEASB
cells for 6, 12, 24, 32 and 48. Inflammatory cytokine gene expression was then monitored
at each timepoint in order to identifiye point at which the immune response was maximally

activated(Figure 4.).

Upon infectionof BEAS-2B cells withB. pertussis levels of I.-6 mMRNA wee upregulated

at both 6 and 2&r with maximal activation occurring at I# (Figure 4.1A). A significant,

but much small er upr e ganwastalsombserned at T2XMhdlatgene e
6 hr or 24 hr (Figure 4.B).Based on these observations, it was decided to infect BIBAS

cells with B. pertussisfor 12 hr prior to protein solubisation and preparation for 2DIGE

and LFQ analysis.
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Figure 4.1 B. pertussisinfection of BEAS-2B cells activates the immune response.
BEAS-2B cells were plated at a density of 0.7%&6lls/ml in a sixwell plate and incubated
for 24 hr at 37°C. Individual wells were then either left unstimulated or stimulated Buith
pertussis(200 bacteria/cellfor the timepoints indicated. Cells were then harvested, total
RNA isolated and from this, cDNA was synthesised. The cDNA was then used as adempl
for qRT-PCR using forward and reverse primers specific to hunhah and gapdh
(housekeeping gene)p<0.05, ** p<0.01 and *** p<0.001Graphs are representative of two
independent experiments.
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4.2.2 Proteomic reponse toB. pertussisinfection i common trendsand functional

annotation of protein hits obtained by 2DDIGE / MS

Protein hits that were significantly up or down regulated in resporBep&rtussisinfection

of BEAS-2B cells as identified by 2EDIGE with MS were categorised firdbased on a

broad generalisation aheir biological role (Figure 4&). A protein was considered tme a

true hit when it fulfilled a number of statistical criteria. First was that the protein in question,
derived from whole cell lysates froBr pertussisstimulated cells, must have exhibited a fold
change equal to or greathan plus or minus 1.3 fold compared to unstimulated CEfis

fold change also must have been detected across N=4 independent experiments. From this
then the statistical significae was based on a P value below 0.05. At this point the
equivalent protein spot on the ZDGE gel was extracted for MS analysissing software
analysis, recognised peptides were then matched to proteins. A peptide was considered

matched upon recognitiaof extensive homology with a P value below Ov@&ich typically

equatedt@ 6 Ma s c o tO5 S\ppéndirTabledX.1) [247.

A total of 47 protein hits were found to be significantly up or down regulated in respddse to
pertusss infection (Table 4.). The observed protein fold changes averaged approximately
1.4 fold indicating that although manyopeins underwent modulation of expression, the level
of modulation was quite small. This could be a limitation of thee2GE technique however
firther experimentation would be required to confirm tikd$.the 47 proteins hits identified

42 proteins or 87 % of the total were found & be upregulated and fiyioteins or 136 of

the tota) were downregulated (Fige 4.8, Table 4.). The protein hitswere found to fall

into sevengeneral functionatategories namely the redox response, the immune response
transcription and DNA editing, structlinaroteins, cancer related peats, protein synthesis
and modification and traffickingFigure 4.2A). Proteins with previously documented roles in

the immune response represented %390f the total observed hjtshe largest category
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observed and indicating that lung epithelial Iceare equipped with many defenc
mechaisms to deal with such as pathogen, perhaps unsurprising as they would be one of the
first exposed to a respiratory pathogen sucB.g®ertussig14(. Structural proteins were the

next best represented functi@nsubset with accounting for 1% of total hits identified
(Figure 4.7). Many of these proteingere found to have known functions in regulating
tubulin and actin formation within the c€lable4.1). B. pertussisis known to actively enter
ciliated lung epithelial cellsaand inhibit intracellular immune responses whist simultaneously
evading the exacellular immune respon$&38 243-245. Although it is well documented

that intracellular bacteriaan modif the host actin network for theawn mean4246-24§,
recently, some light has been shed on the mechanign mfrtussisentry into cellsand the
involvement of the hosnicrotubulenetwork It has been shown that entrydependent upon
microtubule assembly, lipid raft integrity and activation of tyrosimase mediated
signalling [249. Indeed, treatment of cells with a mictabule depolymerisation agent
significantly reduced the number of internalised bactf24d. Relating to this, 5% of
proteins identified were involved in traffickin@grigure 42) whi ch | i kel y uti |l i
structuralnetwork to enable the bacteria to internalR®teinsinvolved in protein synthesis

and modificationas well as transcription and DNA editirexhibited large changes in
expression accounting for 5 and 10% respectivelyf the observed global chang&sdgure

4.2A) . Given the immediate threat to the cel
foreign organien and the mobilisation oflefence mechanisms against the pathogen, this
observation,was unsurprising. An ietesting observation was that ¥2 of dynamically
regulated proteins in responseBopertussisnfection harboured known links to cancer either

as known biomarkers or as mediators of cancer signallingii@ig.2A, Table 4.]. Many
parallels have been drawn between cancer progression amairthae response and it is

becoming increasingly clear that the two emtertwined[250-2527]. An example ofhis from
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the current study is thegrotein hitstabhmin (Table 4.}. Stathmin hasong beenknown as a

marker for cancer progression had recently been shown to be an endogenous activator of
TLR3 [253255. Finally, proteins involved in t redox response accounted fo® of
observed protein hitgl.2A). Redox signallinghas many roles in cell physiology particularly

in defence with reactive oxygen and nitrogen species playing key roles in the innate defence.
Howe\er, as these reactive species are consequently damaging to both the invading pathogen
and the host a largeumber of proteins are involved in tailoring redox signalling to best

benefit the hogt256].
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Figure 4.2 Pie chart representations of proteins identified by 2EDIGE in response toB.
pertussis infection. (A) Identified proteins were manually researched for functional
properties and assigned functions(s) to form the basis of categorisation. Total numbers of
proteins assigned to each functiware inputted into gie chartfor appropriag¢ visualisation

(B) Protein hitsthat were adjudged to be up or down regulated via Progenesis software, were
inputted into gie chartin order to visualise the divide.
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Overview of protein hits obtained by 2DDIGE with LC-MS

Fold Ch. Protein Name Function
y1.5 Thioredoxin Redox Signalling. NAdigding §25%]s NFd B D
y1.5 Replication protein A 14 kDa subunit DNA repair, recombination and replication. Inhibits viral DNA replication [258]
V4.4 Triose phosphotat e Isomerase Important in glycolytic pathway [259]
V1.4 Tubulin -specific chaperone A Tubulin folding [260]
y1.5 Stathmin Endogenous TLR3 agonist [255]. Cancer marker. Microtubule regulation [261].
y1.5 Stathmin -2 Mi crotubul e regulation. As[g8@ci ated with Al
1.3 Protein disulfide -isomerase Catalyses protein foldin g. MHC loading [263]. Required for HIV infection  [264].
215 Transitional endoplasmic reticulum ATPase Intracellular trafficking  [265]
1.4 heat shock 70kD a protein 9B Protein chaperone. Aids protein folding [266]. TLR2/4 activator [267].
1.4 Tapasin ERP57 MHC class | peptide loading [268].
y1.3 Superoxide dismutase [Cu -Zn] Redox signalling. | nd[269d.ct NFd B modul ator
y1.3 GSTP1-1 Metabolism. Levels increased in colorectal ca ncer [270].
y1.3 Ubiquitin -conjugating enzyme E2 N (Ubc13) Required for MAP Kinase activation  [271]. Role in T RAF6 mediated signalling [272].
2.7 Cofilin -1 Actin modulator. Role in cell migration [273].
y1.3 PRDX3 Redox signalling [274]. Prostate cancer marker [275].
V1.4 Clicl Chloride Channel. Aids macrophage phagosome acidification [276].
y1.3 EB1 Microtubule regulator [277].
yi.4 Glutathione S -transferase omega -1 Suspected inflammasome modulator. Binds to ASC [278, 279].
V1.4 NLRP12 Cytosolic PRR. Senses Yersinia pestis. Supresses inflammation [280].

Table 4.1 Proteins identified by 2D-DIGE combined with LC-MS showing changes in expreson in response toB. pertussis
infection. Protein function is also indicated. Full annotation of protein hits can be found in appendix table Al1.1.
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Overview of protein hits obtained by 2DDIGE with LC-MS

Fold Ch. Protein Name Function

z 15 Proteasome subunit beta type -4 Protein degra dation [281].

z 15 Annexin A2 Vascular homeostasis [282]. Post transcription al regulation [283]

z15 Thioredoxin domain -containing protein 12 Part of thioredo xin superfamily. Redox signalling [284].

z15 Mitotic spindle -associated MMXD complex Iron/sulphur incorporation. Involvement in mitosis [285].

z14 Nucleos ide diphosphate kinase A (NME1) Transfers phosphate groups between kinases [286].

z 13 Peroxiredoxin -6 Redox signalling. Phospholipase activity [287].

z 13 Dj-1 Associated with Parkinson s Disease.[28%r ot e
z 13 Acyl-protein thioesterase 1 Fatty acid hydrolysis. Involved in Ras signalling [289].

z14 Phosphoglycerate mutase 1 Phosphate transfer in glycolysis  [290].

z 13 Transaldolase Role in pentose phosphate pathway [291].

z14 Serine/threonine -protein phosphatase PP P1C™ Phosphotase. Required for RIG -1 and MDAS signalling [292].

h 1.3 ER-60 protease ER resident protein -cysteine protease activity. Degrades misfolded proteins [293]
z13 Human Galectin -1 Inhibits macrophage migration and p athogen Kkilling. Increased intumours [294]
z 14 40S ribosomal protein S12 Ribosome subunit. Site of protein synthesis [295].

z13 IL-25 Ty2 cytokine -induces secretion of IL -4 [296]. Anti -inflammatory [297]

z13 Caspase 3 Protease. Central apoptosis mediator [298].

z14 PSMB10 Proteasome subunit. MHC class | peptide cleavage [299].

z 14 Platelet - activating factor acetylhydrolase Suggeste d anti -inflammatory. Produced by lymphocytes in atherosclerosis [300].

Table 4.1 (contd) Proteins identified by 2D-DIGE combined with LC-MS showing changesn expression in response tdB. pertussis
Infection. Protein function is also indicated. Full annotation of protein hits can be found in appendix table A1.1.
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Overview of protein hits obtained by 2DDIGE with LC-MS

Fold Ch. Protein Name Function

z 13 Replication Protein A (Rpal4 And Rpa32) Binds DN A to ensure efficient replication and repair [301].

z 13 Eukaryo tic translation initiation factor 4E Directs ribosomes to mRNA for translation. Viral target to aid replication [302].

z 14 Heat shock protein beta -1 Cell stress resistance and actin organization [303].

z 13 DNA replication complex GINS protein PSF2 Role in DNA replication. Preferentially binds single stranded DNA [304].

z14 ATP synthase subunit d, mitochondrial Produces ATP from ADP [305].

z14 Calpain small subunit 1 Calcium dependent cysteine protease. Active in cell migration [306].

z14 14-3-3 protein epsilon Signal transduction. Inhibits multiple TLR signalling pathways [307].

z 14 Complement component 1 Q Regulator of DC differentiation ~ [308] . Inhibitor of RIG -1 and MDA 5 [309]

z14 Putative hydrolase RBBP9 Serine hydrolase. Role inTGF-— signalling. Il mplicat[8]i n

Table 4.1 (contd) Proteins identified by 2D-DIGE combined with LC-MS showing changes in expreson in response tdB. pertussis
Infection. Protein function is also indicated. Full annotation of protein hits can be found in appendix table A1.1.

152



4.2.3Verific ation of protein hits from B. pertussisinfection.
As can be seen fromable 4.1 over 40 proteins whose expression wergnificantly up or

down regulated in response B pertussisinfection were identified b2D-DIGE with LC-
MS. These proteins have documented functions in diverse cellular processes rangii
structural integrity ad metabolism to immune function and redox sityng (Table 4.1and
Figure 4.2\). However, immunoblotting using antibodies specific to selected protei
interest must also be undertaken in both unstimulatedapertussisstimulated whole cel
lysates in order to confirm the stimulation dependent changes in expression. With
mind, it was decided to confirm the expressudrproteins that were considerederesting
with respect tdB. pertussisinfection and which representedrange of thelifferent cellular
processesffected byB. pertussisinfection. Proteins seleted for verification include D1 i
a protein whose exadtinction is unknown buti$ i nked to redox ¢
disease and pancreatic cancer progreqdiahle 4.}. The proteinglutathione Sransferase
omega 1 GSTOY) and NLRP12 both have demonstratedes in immune function bu
neither have been linked . pertussispathogenesigTable 4.). Stathminl is known
primarily for its role in structural processes withi t he cel | . PPP1CU
of protein modifications and finally, triosephosphate isomerase whose role in
glycolytic pathway and thus is important in cellular metabolism. Fuitieght on eact

protein is provided in g following ®ctions
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4.2.42D DIGE Protein Hit Verification: DJ -1
DJ1, otherwise known as PARK7s an evolutionarily conserved protein found in

aerobic species including humari3rosophila melanogasteiCaenorhabditis eleganand

Escherichiacoli [288.

Its exactfunctionwithin thecell is to date,unclear Howeverit hasbeenshownthata lack of

DJ-1 causesincreasedsensitivity to oxidative stress,leading to cell death. Similarly,

overexpressiorof DJ-1 is protective under the sameconditions[311]. This function is

dependentiponthe modification of cysteineresidueson DJ-1 to cysteinesulfonic residues
[312314]. The observedphenotypewas specific to oxidative stressas no correlationwas
foundbetweerDJ-1 andnon-oxidativestresqd315. Exactlyhow DJ-1 mediategheseeffects
is unknownwith suggestionsangingfrom transcriptionatoactivaorto molecularchaperone
[311]. DJ1 localisesto the cytoplasmand nucleusand is omnipresenthroughouthuman
tissue,including the brain [31§]. Interestingly,DJ-1 null mice havebeenshownto release
lessdopaminewhichis turnlinked to a severereductionin functionof the D2 receptor a key

moleculein the regulationof the dopaminegic system[317]. This studyaddedcredencdo

an earlier publicationwhich showedthat a mutationin the DJ-1 genewas associatedvith

earlyonsetP a r k i DiseasgFigsire4.3) [316].

In recentyears,a role for DJ-1 in innateimmunity hasbeensuggestedDJ-1 ” mice have
beenshownto producehigherlevelsof nitric oxidein responseo stimulationwith the TLR4

agnoistLPS comparedto WT mice [31§. Furthermore,DJ-1 deficient Caenorhabditis
elegangC. elegan3 showedincreasedactivationof MAP-kinasecontrolledgenesrelatedto

the innate immune responsecomparedto WT in responseto pathogenicPseudomona:

aeruginosgd319.
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The currentwork hasshownthatwhenanalysedoy 2D-DIGE, levelsof the DJ-1 proteinare
elevatedl1.3 fold in humanlung epithelial cells infected with B. pertussis comparedto

uninfectedcontrols(Figure4.4A, Table4.1). This resultwasverified by westernblot (Figure

4.4B). Levels of the DJ-1 genewere also significantly upregulated?.2 fold comparedto

unstimulatedcontrols(Figure 4.4C) indicating that upan responsédo B. pertussisinfection,

DJ-1 levelsareregulaedatthetranscriptionalevel.

As mentionedoreviously,DJ-1 hasbeensuggestedo be aredoxresponsiveroteinin thatit

undergoegysteinemodificationsto mediatea protectiveeffectuponcells[313. B. pertussis

PTx hasbeenshownto induceNO productionin spleencells

OnoonD

Proteasome

Protein degradation
pathways

g —————————

R ——

mutations

l :
Mitochondrial
'

]
_________________ S

Figure 4.3 Overview of suspected roles for DjlL. Mutations in DJ1 can cause misfoldin
which overloades protein degradation systems causing cytotoxicity that could contrik
PD pathogenesis. Mutations in {dJhave also been linked to increased sensitivity
oxidative stress leading to increasel death. Adapted fromi32Q
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Figure 4.4 Verification of DJ-1 upregulation in response td. pertussis (A) Screen grak
of Progenesis analysis showing-DJresence on 2DIGE gel from control (Ctrl) andB.

pertussisinfected (BP) ysates. (B) BEASB cells were seeded in angll plate at a densit
of 0.7x1G cells/ml and incubated for 24r at 37 °C. Thereafter, cells wereither left
uninfected or infected witB. pertussis(MOI of 200) for 15 min, 30 min, 60 min2 hr, 4 hr,

6 hr and 12 hrCells were then harvested and each sample lysed ia 100 H. S. b
min on ice. Cell debris was removed by centrifugation with the remaining whole cell Iy
mixed with 30l 5x Laemmli loadng buffer and boiled for 10 mirProteinswere separate:
by SDSPAGE and subjected to immunoblot anadysising antDJ-1 and antib-Actin

antibodies. Resultsepresent twondependent experimentsC) BEAS-2B cells were platec
at a density of 0.7xfOcells/ml in a sixwell plate and incubated ifa24 hr at 37 °C.

Individual wells were then either left unstimulated or stimulated ®itlpertussis(MOI of

200) for the timepoints indicated. Cells were then harvested, total RNA isolated anc
this, cDNA was synthesised. The cDNA was then used tasnplate for qRTIPCR using
forward and reverse primers specific to hundfl and gapdh (housekeeping genej.

p<0.05, ** p<0.01 and *** p<0.001.Graph is representative offour independent
experiments.
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4.2.52D-DIGE Protein Hit Verification: GSTO1
Glutathione Stransferasesare a family of enzymes that catalyse the conjugatior

glutathione, via a sulfhydryl group, to electrophilic centres on a wide range of sub
including carcinogens, oxidative products and synthetic df884%]. Based on sequenc
similarities and immne cross reactivity, there are seven classes of cytosolic GST in hu
Alpha, Mu, Sigma, Pi, Theta, Zeta andnarerecently identified class, Ome§a22 323.

They are highly conserved with more classes present across g@32zles A number of
features set thenoega class apart from the other GST family members. It contains a L
N-terminal, proline rich extension of 18a which forms a distinct structural unit i
conjunctionwith the Gterminus. The function of this unit however, is currently unknc
[323. Other GST family members contain a tyrosine or serine residue within hyd
bondingdistanceof a sulphur atom of the boumgutathioneand mutation of either dhese
residues results in complete or severe inactivd®@%. The Omega class does not cont
equivalent residues but does contain an active site cysteggesting the GSTO1 does n
have the glutathione conjugation abilities common to other GSTs and instead have

as yet undescribed functigB823. A mouse ahologue of GSTO1, termed p28, also la
GST activity but changes its subcellular location in response to heat suggesting a

cellular stress response mechani$8s.

GSTO1 has been implicated in a number of studies as playing a rolelibIL pr o
through its association with cytokine release inhibitory drugs (CRID&}, 279. Affinity
labelling and affinity binding chromatography identified GSTO1 as a target of CRIC
this interaction was dependent on the aforementioned active cysteine sitg2Cgs The
concentration of J'C]JCRID required to label celissociated GSTO1 was also direc

proportional to the extent of inhibitionofdLb posttransl|l ati onal

157



A second study examined this finding further by showing the GSTO1 interactadeifiter
molecule apoptosias®ciated speckke protein containing a CARD (ASC), a pivot
protein in the assembly dIACHT, LRR andpyrin domain PYD) domainscontaining
protein (NLRP) 1, NLRP3 andabsent in melanoma @QIM2) inflammasome formatior
[279. This study showed that CRID3 inhibited ASigomerizationin the NLRP3 anc
AIM2 inflammasome and speculated that glutathionylation of ASC by GSTO1 cou

required for ASC functiofi279.

The current study idenidd GSTO1 as beingpregulated 1.4 fold in BEA3B cells n
response to infection witB. pertussis(Figure 4.3\, Table 4.). Immunoblotting using ar
anttGSTO1 anti body confirmed this result
was upregulated in responseBo pertussisafter only 30 minof infection with expressiot
being maintained at multiple further timepoints up to matuding 12hr of infection (Figire
4.9B). GSTOL1 gene expression was also significantiegplated at both 6 and 12 post

infection suggesting its regulation in transcriptionally regulatedu¢gig.xC).
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Figure 4.5 Verification of GSTO1 upregulation in response toB. pertussis (A) Screen
grabof Progenesis analysis showi@sTO1presence on 2IDIGE gel from control (Ctrl)
andB. pertussisinfected (BP) lysates. (B) BEAZB cells were seeded in angll plate at a
density of 0.%10° cells/ml and incubated for 2& at 37°C. Thereafter, cells were either l¢
uninfected or infected witB. pertussis(MOI of 200) for 15 min, 30 min, 60 min2 hr, 4 ht

6 hr and 12 hrCells were then harvested and each sample lysed ia 100 Huff&$ for 20
min on ice. Cell debris was removed by centrifugation with the remaining whole cell Iy
mixed with 30l 5x Laemmli loadng buffer and boiled for 10 mirProteins were separatt
by SDSPAGE and subjected to immunoblot analysis using@&TO1and antib-Actin

antibodies. Results represent two independent experiments. (C)-BEASIls were platec
at a density of 0.7xfOcells/ml in a sixwell plate and incubated for 24r at 37 °C.

Individual wells were then either left unstimulated omstated withB. pertussis(MOI of

200) for the timepoints indicated. Cells were then harvested, total RNA isolated anc
this, cDNA was synthesised. The cDNA was then used as a template fd?P@QRTsIing
forward and reverse primers specific to hunggol and gapdh (housekeeping gene.

p<0.05, ** p<0.01 and *** p<0.001.Graph is representative of four independ
experiments.
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4.2.62D-DIGE Protein Hit Verification: Stathmin 1
Stathmin is a ubiquitous phosphorprotein, highly conserved among \a&egbrhich was

originally discovered from analysis of lysates derived from cells perturbed with horr
such as thyrotrophneleasing hormone and corticotropgleasing hormong327, 32§. It

was also recognised as a protein that was highly expressed iheabaiemia [329.

Indeed, stathmin has been shown to be highly expressed in multiple human malignan
interestingly, a high level of stathmin expression correlates with poor prodi2&8s254.

St at hmi nmle is nmathen regulation of microtubule dynamics by promor
depolymerisation of microtubules or preventing polymerisation of tubulin heterod
[26]]. Because of this, stathmin plays a particularly important role in mitotic sp
formation during the cell cycle in bothrgaand late stages of mitosis. Because microtul
formation effects diverse cellular functions, stathmin has also been found to play a
activated T celpolarization. Blarisation of thenicrotubule organising centef activated T
cells was defaove in stathmin null miceeausing reduced secretion of cytolysic granules

target cell lysi§33Q.

In keeping with immune related functions of stathminstartling observation was th:
stathmin acts as an endogenous protein agonist for TRB3. TLR3 and stathmin wer
shown to colocalise under neuroinflammata@onditions replicating multiple sclerosis
astrocytes, neurons amgicroglia Monocyte derived dendritic cells were also activatec
stimulation with stathmin. Cytokine expressiprofiles of stathmin and polyC) stimulated
WT and TLR3deficientcells were almost identical. The authdrgothesisedhat as botr
TLR3 and stathmin can inhibit axon addndriteformation, the interaction between the t

may underlie, or even be required for, their functional similarfj2&§].
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Stathmin was observed by 2DIGE with LC-MS to beupregulated 1.5 fold iB. pertussis
infected cells ompared to controls (Figure 46 Table 4.}. This finding was verified by
westernblot over multiple timepoints up to and including B2(Figure 4.@). Analysis of
stathmin mRNA levels did not indicate any significant increase in transcription of sta
MRNA indicating that its dynamic regulation is determined by -pasiscription& events

(Figure 4.6€).
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Figure 4.6 Verification of STMN1 upregulation in response toB. pertussis (A) Screen
grabof Progenesis analysis showing STMN1 presence cibERE gel from control (Ctrl)
andB. pertussisinfected BP) lysates. (B) BEARB cells were seeded in angll plate at a
density of 0.7x10cells/ml and incubated for Z& at 37°C. Thereafter, cells were either l¢
uninfected or infected witB. pertussis(200 bacteria/cell) for 15 min, 30 min, 60 mihr,

4 hr, 6 hr and 12 hrCells were then harvested and eaaha lysed in 10@1 H.S. buffer
for 20 minon ice. Cell debris was removed by centrifugation with the remaining whol
lysates mixed with 3@l 5x Laemmli loadng buffer and boiled for 10 mirProteins were
separated by SDBAGE and subjected to immunoblot analysi;ganttSTMN1 and anti

b-Actin antibodies. Results represent two independent experiments. (C)-BEASIs were
plated at a density of 0.7x16ells/ml in a sixwell plate and incubated for 2 at 37°C.

Individual wells were then either left unstimtdd or stimulated wittB. pertussis(200
bacteria/cell) for the timepoints indicated. Cells were then harvested, total RNA isolat
from this, cDNA was synthesised. The cDNA was then used as a template fd?QR
using forward and reverse primers gped¢o humanstmnlandgapdh(housekeeping gene
* p<0.05, ** p<0.01 and *** p<0.001.Graph is representative of four independ
experiments.
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4272D-DI GE Protein Hit Verification: PPP
Protein phosphatase PP1 alpha catalytic subB#R1C ) al so k n,aswone ot

three catalytic subunits of protgimosphatasé, the other two subunits being®lb a n
They form a small but vitally imgrtant part of the phosphoprotephosphatas€PPP)
superfamily which comprises serine/threonpigosphatase-7 [331]. Together, PPRT
catalyseover 90% ofdephosphorylatingeactions in eukaryotic cell§337. The most
important of these seven, in terms of substrate diversity,PB1Ras it is predicted t
hydrolyse the majority of serine and threonim&ed phosphate ester banéh eukaryotic
cells[333. Further evidence of PR 6 s | mportance is the

conserved between yeastamumans with greater than 80% sequence similarity betwee
two. Indeed, human R can rescue the lethal loss ofPPn yeast{334]. PAP1 affects
such a lege proportion of dephosphorylation events by its ability to interact with ovel
known targeting proteins that serve to localisePR distinct cellular regions whilst als
modifying its substrate specificity. The use of these targeting proteirsredle believed tc
allow PHP1 to be converted into 100s of hig specific holoenzymes [335]. The
phosphatasactivity of FPP1 is regulated by endogenous inhibitory proteins such a
aptly named inhibited and inhibitor2, as well as CP17 and DARPF32 [33q. As PPP1
interactors are the main determinant &PR function,they too are studied in detailheir
role is predominantly in signalling processes with known involvements in metabolist
cell cycle and stress respon$d87]. The importance of P P lintthe immune response c:
be demonstrated by thencodingby herpes simplex virus of a PPL lnteractor termec
ICP34.5. This protein interacts with PR directing it to dephosphorylate and thus activ
el F2U which in turn orof the éantiviraBmmBnk Rsponsf33&
339. A further interactor, nuclear inhibitor of protein phosphatas@ tombination with

PP1 can act as a molecular compass to direct cancer cell migration by affectimagsine
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triphosphate G TP)ase signalling, with an implied role in cancer cell metas{&4d. While

the current work on FP1 Was proceeding, a striking observation was made regardir
role in innate immune signalling. It has been shown that dephosphorylation of the vira
sensors retinoic acithducible gene 1 (RI&%) and melanoma differemtiion-associatec
protein 5 (MDAG) by PRP 1 &nd its isoform PP 1 is essential for their ability to drive typ:
| IFN production[2927]. Both PR 1 Bnd PM 1 were shown to interact with RiGand
MDAS5 upon viral infection to inhibit phosphorylation of specific serine residues on C.
domains pertaining to both receptoFsirthermore, mutation of the PPBihding motif on
both RIGI and MDAS5, led to an almost complete abolishment of théitity to signal
[297.

The current study identified PP1 &$ beingupregulated 1.4 fold in alDIGE comparison
between uninfected ari8l. pertussisinfected lung epithelial cells (Figure 448 Table 4.).

This result was verified by western bldtmultiple timepoints from 15 minp to 12hr. Gene
expression of PP1 U was al so s h oty nupregutatedb 1&old supog
stimulation withB. pertussisfor 12 hr (Figure 4.8). P;PL U mRNA was al
approximately 3 fold after @&r of infection with B. pertussis(Figure 4.&). This would
suggest that AU is somehow induced bB. pertusss at the transcriptional level. Thi
result also hints aan increasing role for PP 1 &k the infection increase in severity o

time.

Mediates recovery from
starvation responses
A
Promotes exit from mitosis Enables return to basal
and keeps cells in G/G, \ /pattems of protein synthesis

— ~ Promotes relaxation of

Regulates RIG-I actomyosin
and MDAS v

Reverses receptor and
Ca?**-mediated signalling

Figure 4.7. General functions of PP1PPP1. Roles for PPP1 include recovery fro
starvation, protein synthesis regudat calcium signalling, immune function and mitos
Adapted from341]].
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Figure 48 Ver i fication of PPP1CB.partpssis(A) Gdrean
grabof Progenesis anal ysi s <DIGE gel from coRtidlRALr
andB. pertussisinfected (BP) lysates. (B) BEAZB cells were seeded in angll plate ata
density of 0.7x10cells/ml and incubated for 2a& at 37°C. Thereafter, cells were either l¢
uninfected or infected witB. pertussis(MOI of 200) and each saple lysed in 10@I H.S.
buffer for 20 minon ice. Cell debris was removed by centrifugatwith the remaining
whole cell lysates mixed with 36l 5x Laemmli loadng buffer and boiled for 10 mir
Proteins were separated by SBSGE and subjected to immunoblot analysis using- ¢
PPP1CU ihdin amtibddies. Results represent two indefeem experiments. (C
BEAS-2B cells were plated at a density of 0.7%&8lls/ml in a sixwell plate and incubate
for 24 hr at 37°C. Individual wells were then either left unstimulated or stimulated Rt
pertussis(MOI of 200 for the timepoints ind&ted. Cells were then harvested, total R
isolated and from this, cDNA was synthesised. The cDNA was then used as a temg
gRT-PCR using forward and reverse primers specific to humpam p lamdJgapdh
(housekeeping gene) p<0.05, ** p<0.01 and *** p<0.001Graph is representative of fo
independent experiments.
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4.2.82D-DIGE Protein Hit Verification: Triosephosphate Isomerase
Triose phosphate isomerase (TPI) is a dimeric enzymsisting of two identical subunits «

critical importance to the glycolytic pathway. Its specific role is in the interconversion ¢
triose phosphate isomers, dihydroxyacetone phosphate atgc@&aldehydes-phosphate
which areintermediates in bothhe glycolytic and pentose phosphate pathwgsd.

Humans born with mutations in TPI suffer from multiple pathologies includmaemia
cardiomyopathy, neomuscular impairment, increassdsceptibilityto infection and is ir
most cases fatal by early childhof@42. With its role exclusively related to metabolis
TPI has no direct documented role in the immune response howalesence of evidence

not evidence of absence. Indeed the role of metabolism and metabolites in the inflan
conditions is fast becoming vog{@43. The initiation andnaintenancef an inflammatory
response requires intensive energy udaygehe cells involved andimilarities have beel
observed between the increased metabolism exhibited by tumoundblés of activated 1
cells[344). Moreover, it has recently been shown that succinate, an intermediate in th
acid cycle (whichtself requirespyruvae deived from glycolysi$ has been shown to be

inflammatory signal which drives LPS mediateslilb pr oduct i o n34%.n

TPl was found to by 2IDIGE to be upregated 4.4 fold in response tB. pertussis
infection (Figure LA, Table 4.). This result was verified by western blot using an-a
triosephosphate isomerase antibody. Té&Rels were increased at 15 mpost infection,
peaking at 2 hbefore dereasing slightly by 12 hiFigure 4.8). Comparson of TPI mRNA
in uninfected and infected celladicated no significant increaseetween the two state
(Figure 4.€). This suggests that TP-trahsriptioeallyeThe
exceptionally high 6ld change in TPI upoB. pertussisinfection indicates that metabolis

within the cell is increases upon infection.
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Figure 4.9: Verification of TPI upregulation in response toB. pertussis (A) Screen grak
of Progenesis ahgis showing TPI presence on AMGE gel from control (Ctrl) andB.

pertussisnfected (BP) lysates. (B) BEAZB cells were seeded in all plate at a densit
of 0.7x10 cells/ml and incubated for 2#r at 37 °C. Thereafter, cells were either Ie
uninfected or infected witB. pertussis(MOI of 200) for 15 min, 30 min, 60 min2 hr, 4 hr,

6 hr and 12 hrCells were then harvested and each sample lysed in 100 H. S. b
min on ice. Cell debris was removed by centrifugation with the remaimirade cell lysates
mixed with 30el 5x Laemmli loadng buffer and boiled for 10 mirProteins were separatt
by SDSPAGE and subjected to immunoblot analysis using-HBRti and antb-Actin

antibodies. Results represent two independent experiments. E&3J-BE cells were platec
at a density of 0.7x2X0cells/ml in a sixwell plate and incubated for 2dr at 37 °C.

Individual wells were then either left unstimulated or stimulated Witipertussis(MOI of

200 for the timepoints indicated. Cells were themvieated, total RNA isolated and fro
this, cDNA was synthesised. The cDNA was then used as a template fd?PQRTSIng
forward and reverse primers specific to hurtarandgapdh(housekeeping gene)p<0.05,
** p<0.01 and *** p<0.001.NS, not significab Graph is representative of four independ
experiments.
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4.2.92D-DIGE Protein Hit Verification: NLRP12
NACHT, LRR and PYD domainsontaining protein 12NLRP12), is a member of th

nucleotide oligomerisation and binding domain (NQiR¢ receptor (NLR) family of
proteins. This family contains more than 20 members and are a relatively recent adc
the cadre of innate PRRplaying critical roles in the recognitioaf many infectious
pathogensncluding fungi, bacteria, viruses, protists and hethes[346-351]. During an
infection, NLRs oligomerise intmultiprotein complexegermed inflammasomebatcleave
pro-caspasdl into its active formActive caspas4 in turn cleaves prdL1-b , -Ip-£8cand

pro-IL-33 to generatenature proteinsvhich are then secreted to mediate their downstr

inflammatory effectgFigure 4.12)352.

NLRP7 -
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Ze, ,
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Figure 4.10 Overview of non-NLRP3 inflammasome signalling.NLRP4, 6, 7 and 12
share a @erminal leucine rich repeat (LRR) region an internal nuclediidding-domain
(NBD) and an Nterminal PYD AIM2 has aHIN200 DNA binding domain and a PYbut
no NBD.The NLR recruits the adaptor ASC, a PYD domain containing protein and a
caspase recruitment and activation domain (CARD) whialges the NLR witltaspasd.
Caspasd cleaves prdL-1 b a nld-18pntodheir maure, secretory form#&dapted from

[353.

In general, inflammosome forming NLRs exihithe same structural features. NLRP:
along with NLRP3, NLRP6 and NLRP&ll share a @erminal LRR region, an intern:
nucleotidebindingdomain (NBD) and an MNerminal Pyrin domain (PYD). The NLI
reauits the adaptor ASC, a PY@omain containing protein and a caspase recruitment

activation domain@ARD) which links the NLR to caspasg (Figure 4.19[352.
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NLRP12 was originally shown to playpao-inflammatory role by drivingNFeB induction
as well as caspagemediated cleavage and secretion efLllbn vitro [353. A laterin vivo

study largely agreed with thg&howing that NRP12 was reqted to drive I-:1 fand IL-18
production following murine infection with the gram negative bacterersina pestisthe
causative agent of plagud.o wever , the authors detect

activity [280. On the other hand, two recent studies presentedvn evidence tha
NLRP12 negatively regulates inflammatory processes relating to colon inflammatic
tumorigenesis by specifically inhibt i ng act i v[3b4 B58 .nit isoMorth Ndtir
that similarconflicting reports have emerged regagdNLRP6[356, 357] such that it has
been proposed that individual NLRs can plifferent roles in diffeent infectiors, the
phenotypegrerhaps depending updimeir levels of expression and functionality in the tiss

and cells that undergo pathology relating to a particular di$8&age

NLRP12 was dentified as beingipregulated 1.3 fold in BEA3B cells in response tB.
pertussisnfection Figure 4.11A (Table 4.). This result was verified by immunobloting fi
endogenous NLRP12 wherésilevels were again found to be increased at mul
timepoints in repose tB. pertussisinfection (Figure 4.1R). A slight increase was found |
levels of NLRP12 mRNA at 18r post infection however this increase was moind to be

significant (Figure4.11C).
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Figure 4.11 Verification of NLRP12 upregulation in response toB. pertussis (A)

Screen gralof Progenesis analysis showing NLRP12 presence eRI&AE gel from control
(Ctrl) andB. pertussisinfected (BP) lysats. (B) BEAS2B cells were seeded in awgll

plate at a density of 0.7x38ells/ml and incubated for 24 at 37°C. Thereafter, cells wer
either left uninfected or infected wi. pertussis(MOI of 200) for 15 min, 30 min, 60 min
2 hr, 4hr, 6 hr ard 12 hr Cells were then harvested and each sample lysed is 100 I
buffer for 20 minon ice. Cell debris was removed by centrifugation with the remai
whole cell lysates mixed with 30l 5x Laemmli loadng buffer and boiled for 10 mir
Proteins were separated by SBSGE and subjected to immunoblot analysi;wgsantt

NLRP12 and antb-Actin antibodies. Results represent two independent experiment:
BEAS-2B cells were plated at a density of 0.7%&8lls/ml in a sixwell plate and incubate
for 24 hr at 37°C. Individual wells were then either left unstiratdd or stimulated witB.

pertussis(MOI of 200 for the timepoints indicated. Cells were then harvested, total |
isolated and from this, cDNA was synthesised. The cDNA was then used as a temg
gRT-PCR using forward and reverse primers specibic human nlrpl2 and gapdh
(housekeeping gene).p<0.05, ** p<0.01 and *** p<0.001NS, not significantGraph is
representative of four independent experiments.
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4.2.10Proteomic response td. pertussisinfection i common trends and functional
annotation of protein hits obtained by LFQ MS

2D-DIGE is based upon the quantitative labelling of proteins within a gel matrix, foll
by protein excision, digestion and MS identification. As previously discussed howeve
method has drawbacks such as thasking of low abundance proteins bigh abundan
ones and a low throughput. LFQ MS, as previously discuseed not suffer from either ¢
these drawbacks and may therefore be capable of identifying expression changes
abundant proteins that wemgissed by 2EDIGE analysis. Thus the same whole cell lyse
from uninfected and. pertussisinfected BEAS2B cells that were usedirf 2D-DIGE
analysis were also used floFQ MS.

As with the 2DDIGE study, protein hits that were significantly up or domegulated in
response td. pertussisinfection, & identified LFQMS were categorised first based ot
broad generalisation difieir biological role (Figure 4.)2Again, aprotein was considered |
be a true hit when it fulfilledtertainstatistical crieria. Protein intensities were normalize
across all runs (N=4 for control and
grouped based on treatmeahd an ANOVA test performed to identify statistica
significant variation in protein intensity tveeen all control and infected samples. Prote
that were completely lacking from one treatment but present in the other were dete
manually. Statistics could not be performed on th@st¢einsas one treatment set had
intensity values. Thereford,FQ intensities and ANOVA values for these proteins
presented as Na($ection 2.4.&and Appendix Tabla1.2).

Proteome analysis by LFRS found atotal of 60protein hitsthat weresignificantly up or
down regulated in response Bo pertussisinfection. Of these, 29roteins or 48% of the
total werefound to be upregulated and Bfoteins or 52% of thetotal were downregulate:
(Figure 4.13,B), Table 4.2. The protein hitsvere grouped into the sanseven general

functional categoriess the protas identified by 2DDIGE (Figure 4.1A,B). Therewere
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some potein functionalitiesdifferentially represented withhFQ MS than with 2D DIGE.
LFQ MS identifiedmore proteingnvolved in transcription/DNA synthesis and traffickil
than 2D DIGE. LFQ MS alsalentified fewer proteinsnvolved in maintaining structura
integrity and thosenvolved in proteinsynthesisand redox reactions compared to-RBGE
(Figure 4.12,B). Furthermore, there was a notaldédference in the number of proteir
identified as beig significantly up or down regukd with an almost even split the LFQ
analysiscompared to 2EDIGE where the vast majority were upregulatEdygre4.13A,B).
Differences between the two methods were expected to a certain extent and inde
been @monstrated previously in a similar study which compared 2D gel electrophores
an LFQ analysis[358. Surprisingly, there was very little overlap betweer thwvo
techniques in terms @ictual proteins identifiedith only two proteins identified using boi
techniques despite samples for both coming from the same whole cell Iy4&ta5,B)

(Table 4.3.

A LFO MS B 2D DIGE
Trafficing Redox
11%

H Redox Response

Protein ®Immune Response

M Transcription/DNA
editing

| Structural

® Cancer

10% ® Protein
Structural Synthesis/Modific

11% ation

| Trafficing

Figure 4.12 Pie chart representation and comparisorof proteins idertified by LFQ

and 2D-DIGE in response toB. pertussisinfection. (A) LFQ identified proteins were
manually researched for functional properties and assigned functions(s) to form the bs
categorisation. Total numbers of proteins assigned to each function were inputted into
chart for appropriate visualisation. (BP-DIGE idertified proteins from Fjure 2 for
comparative purposes
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|_Su peroxide dismutase

LGaIectin 1

Figure 4.13 Pie chart representation andcomparisonof proteins identified by LFQ in
response taB. pertussisinfection. (A) Total number of LK) derived protein hits that were
adjudgedo be up or down regulated via MaxQuarasinputted into gie chartin order to
visualise the divide. (Byotal number oRD-DIGE derivedup and downregulated proteins
adapted from Figure 2 for comparative purposes. (C) Venn diagram illustrating the tot:
numberof protein hits identified by L® (red circle) and 2EDIGE (blue circle) with the
number of identical hits detestt by both methods in the centidgentical hits are annotated
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Protein hits obtained by LFQ MS

Fold Ch. Protein Name Function
BP+ Elongation Factor gam ma Delivers tRNA s to ribosveW@9].Ai ds replicatiot
BP+ Sodium/potassium -transporting ATPase lon transporter across plasma membrane [360].
BP+ Adenylyl cyclase -associated protein 1 Regulation of actin cytoskeleton, cell adhesion and motility [361].
BP+ Exportin -2 Transports proteins out of nucleus into cytoplasm [362].
BP+ Pre mR NA slicing factor SYF2 Involved in DNA damage  response and cell cycle [363].
BP+ 60S ribosomal protein L9 Ribosomal subunit. Involved in protein synthesis [364].
BP+ Pre-rRNA-processing protein TSR2 Inhibits transcriptional activity of N Fd B365].
BP+ Glucose-6-phosphate 1 -dehydrogenase Metabolism. Involved in pentose phosphate pathway. Maintains levels of NADPH [366].
BP+ Caspase-7 Critical role in apoptosis  [298].
BP+ B-cell receptor -associated protein 31 Possible role in caspase 8 mediated apoptosis [367]. Protein transporter  [368].
BP+ Small kinetochore -associated protein Mitosis. Essential component of mitotic spindle [369].
BP+ DNA-depende nt protein kinase Serine/Threonine protein kinases. Important in DNA recombinati on [370].
BP+ Laminin subunit gamma -1 Major functional component of basement membranes [371].
BP+ 60S ribosomal protein L7a Ribosomal subunit. Involved in protein synthesis [295]
BP+ 60S ribosomal protein L17 Ribosomal subunit. Involved in protein synthesis [295]
BP+ Ribosome -binding protein p34 (p34) Contains leucine rich repeat domain. Localises to endosome [372].
BP+ RACK1 Protein transporter and anchor. Interacts with 14 -3-31i a known TL[R73hedi
BP- RNA-binding protein 4 Mediates RNA functions such as alternative splicing and translation regulation [374].
BP- Protein S100 -A13 Exports certain proteins with no sig nal peptide for example IL -1 "[375].

Table 4.2 Proteins identified by LFQ MS showing changes in expreson in response td. pertussisinfection. Protein function is alsc
indicated. BP+ indicates proteins detecte®irpertussisnfected samples but not in uninfected samples.iBticated proteis detected in
uninfected samples but notkh pertussisnfected samples. Full annotation of protein hits can be found in appendix table A1.2.
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Protein hits obtained by LFQ MS

Fold Ch. Protein Name Functi on

BP- NUDT15 Helps to prevent mutations in DNA, possibly by degrading oxygen radicals [376].
BP- Upstream stimulatory factor 2 Transcription factor. Binding site on HLA locus [377, 378].
BP- Nck-1 Adaptor protein. Regulates activation of downstream mediators [379].
BP- BRO1 domain -containing protei n BROX Aid formation of intraluminal vesicle formation. Also required for virus budding [380].
BP- E3 ubiquitin -protein ligase RNF181 Targets protein s for proteosomal degradation. Inhibits ERK/MAPK pathway [381].
BP- Caspase activity and apoptosis inhibitor 1 Anti -apoptotic via caspase 3, 9 and 10 [382].
BP- RNA polymerase -associated protein RTF1 Involved in transcription  [383].
BP- Kanadaptin Function unknown. Human form localized predominantly to nucleus [384].
BP- Cx9C motif -containing protein 4 Localises to mitochondria  [385].

h 0.64 RNA-binding protein 8A Component of exon splicing junction complex [386].

h 0.75  Serine/arginine -rich splicing factor 2 Pre mRNA splicing [387].

z 0.85  Putative RNA -binding protein Luc7 -like 2 Function unknown. May bind to RNA (Uniprot).

h 1.23 UV excision repair protein RAD23 Negatively regulates RIG -1 and MDAS by ubquitination [388].

7 3.87 Intercellular adhesion molecule 1 Induced by B. pertussis [136]. Receptor for leukocytes to migrate into tissue [389].

h 0.88 Serine/arginine -rich splicing factor 6 Involved in pre -mRNA splicing and RNA metabolism  [390].

h 0.59 Calponin -2 Inactivated by Wnt signalling [391]. Regulates macrophage phagocytosis [392].

z 1.53 Uncharacterized protein C140rf119 Function unknown

h 0.64 SNX15 Links clathrin vesicles to early endosomes [393]

h1.21 U4/U6.U5 Nuclear ribonucleoprotein Pre mRNA splicing [394].

Table 4.2 (contd) Proteins identified by LFQ MS showing changes in expreson in response toB. pertussisinfection. Protein function
is also indicated. BP+ indicates proteins detecteB.ipertussignfected samples but not in uninfected samples. iB&icated proteins
detected in uninfected samples but ndBimpertussisnfected samples. Full annotation of protein hits can be found in appendix table A
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Protein hits obtained by LFQ MS

Fold Ch. Protein Name Function
h 2.38 SH3-containing Grb -2-like 1 protein Function unknown. May be similar to GRB2 [395].
h 1.19 Calreticulin / ER resident protein 60 Pro-phag ocytic signal on cancer cell surface  [396]. Foundin NK & T cell granules [397]
z 4.13 Superoxide dismutase Redox Signalling. | Nndi308&ct NFId B modul at or
h 0.77 Zinc finger Ran -binding domain protein 2 Role in alternative splicing [399].
z 1.73 Tenascin Associated with tissue injury and inflammation. Endogenous TLR4 activator [400].
z 1.23 U6 snRNA -associated Sm -like protein Pre mRNA splicing [401].
h 1.73 RNA-binding protein - serine rich domain Pre mRNA splicing [402].
h 0.84 Coiled-coil d omain -containing protein 97 Function unknown
z 0.87 40S ribosomal protein S29 Component of 40S ribosome subunit. Involv ed in protein synthesis [295].
z 0.67 Galectin -1 Inhibits macrophage migration and pathogen killing. Overexpressed in tumours [294].
h 0.97 N-alpha -acetyltransferase 38 Spliceosome component (Uniprot).
h 1.14 Cdc42 effector protein 3 Involved in  maintenance of actin cytoskeleton [403].
z 1.00 TSC22 domain family protein 1 Transcriptional repressor activity [404]. Implicated in tumourgenesis [405].
h 0.64 Protein TSSC4 Function unknown.
h 2.11 Serine/arginine repetitive matrix p rotein 1 Involved in pre  -mRNA processing [406].
z 3.02 Ferritin Critical in iron storage. Upregulated during inflammatory processes [407].
z 1.06 Periphilin -1 Suspected rol e in P[40k involsved m cedl cydde poogressoa [409].
h 0.89 Transcription elongation factor A May be involved in transcription (Uniprot)
z 3.64 Ferritin heavy chain Component of ferritin. Upregulated during inflammatory processes [407].

Table 4.2 (contd) Proteins identified by LFQ MS showing changes in expreson in response td. pertussisinfection. Protein function
is also indicated. BP+ indicates proteins detecteB. ipertussignfected samples but not in uninfected samples. iB&icated proteins
detected in uninfected samples but ndBirpertussisnfected samples. Full annotation of protein hits can be fauagpendix table A1.2.



Protein hits obtained byLFQ MS

Fold Ch. Protein Name Function
h 0.91 Transcription elongation factor A Necessary for efficient RNA polymerase Il transcription [410].
h 2.01 Serine/arginine repetitive matrix protein 2 Involved in pre -mRNA splicing [411].
h 0.68

Suppressor of G2 allele of SKP1 homolog

May have role in ubquit ination [412]. Nuclear translocation upon heat shock [413].

Table 4.2 (contd) Proteins identified by LFQ MS showing changes in expreson in response td. pertussisinfection. Protein function
is also indicated. BP+ indicates proteins detecteB. ipertussisinfected samples but not in uninfected samples. iB&icated proteins
detected in uninfected samples but ndBirpertussisnfected samples. Full annotation of protein hits can be found in appendix table A
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4.2.11Verification of LFQ MS derived protein hits from B. pertussisinfection.
Two hits were selected for verification by immunoblay. These were superoxide dismutase

(SOD) and ferritin. SOD was selected because it was one of two proteins that appeared in
both the 2DDIGE with MS and the L MS studies and also because SODs play important
roles in innate immunity (Table 4.2Ferriin was seleted due to its critical role in iron
storage which is important for host metabolism. It is also kntabe upregulated during

inflammabry processes (Table 4.2

4.2.12Verification of LFQ MS protein hit: Superoxide Dismutase
SODs play a keyrole in metablising O, radicals thus prempting the formation of

damaging reactive oxygen reactive species (ROS) such as hypochlorite, peroxynitrate and
hydrogen peroxidgd398. High levels of these ROS lead to oxidative stress which is
implicated in may cardiovascular diseases. However, low levels are important in innate
immune defences as well as general cell signall#iy]. Although the term superoxide
dismutase denotes three independent enzymes (SOD1, SOD2 and SOD3), at the core of each
is the abilityto convert two molecules ofuperoxide into dioxegen fDand hydrogen
peroxide. The difference between the three SODs resides both in their fold and in the
different metal ion(s) in their active site. SOD1 can bind copper and zinc ions, SOD2
contains an mnganese ion while SOD3 also binds copper and zinc[&§%. SOD1 is the

major intracellular SOD. It exists as a 32kDa homodimer mainly in the cytosol, with smaller
fractions residing within the nucleus, lysosomes, peroxisomes and intermembrane space of

mitochondria[399.
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Fig41l4 Rol e of SOD1 i nDuNng e@ox sigodlingySOD1 i®racruited to

the endosomal surface where it indirectly regulates Nox2 mediateatli®al formation. @

radicals exit via chloride channels (CIC3) whereupon they are dismutated by SOD1to
produce hydrogen peroxide and Adaptedrom[B98.g r ed o x

SOD16s role in redox signalling i sradicas]| | do
produced following IE1 signalling, producindiydrogen peroxidevhich goes on to activate

and modulate the N#B pathway[398 415. SOD2 is an exclusively mitochondrial enzyme

utilising a manganese ion. Its function is identical to that of S@Dd SOD3) in that it @

facilitates the dismutatiorf @, radicals to oxygen and hydrogen peroxigdeg.

SOD1 was found to bepregulated in response B pertussisinfection, as detected lyFQ

MS (Figure 4.13). This was verified by immunoblotting for SQOn whole cell lysates

infected withB. pertussisf or vari ous ti mepoints. SOD16s ¢
hour post infegbn and remained so up to 12 (kigure 4.18). Expression of SOD1 mRNA

was not found to be significantly upregd@dtat 6 orl2 hr post infection Figure 4.1%)

indicating that itsexpression in response B pertussisis governed by pogtanscriptional

processes.

179



Time (hrs)

Superoxide
Dismutase

B Actin

=
o 5
2 o
£ &
o
ax
= o
|
T @
:m
=
T w®
o T
L

Figure 4.15 Verification of SOD1 upregulation in response toB. pertussis (A) BEAS

2B cells were seal in a 6well plate at a density of 0.7x36ells/ml and incubated for Za

at 37°C. Thereafter, cells were either left uninfected or infected ®itpertussis(MOI of
200) for 15 min, 30 min, 60 min2 hr, 4 hr, 6 hr and 12 hrCells were then harvest and
each sample lysed in 1G0| H. S. b u f bneice. Ckllodebris2wias removed by
centrifugation with the remaining whole cell lysates mixed witreB6x Laemmli loadng
buffer and boiled for 10 minProteins were separated by SBAGE and subjected to
immunoblot analysis uisg anttSOD1 and antib-Actin antibodies. Results represemto
independent experiments.)(BEAS-2B cells were plated at a density of 0.7x&6élls/ml in a
six-well plate and incubated for 2dr at 37 °C. Individual wells were then either left
unstimulaéd or stimulated withB. pertussis(MOI of 200 for the timepoints indicated. Cells
were then harvested, total RNA isolated and from this, cDNA was synthesised. The cDNA
was then used as a template for gRTR using forward and reverse primers specific to
humannlrp12 and gapdh (housekeeping gene).p<0.05, ** p<0.01 and *** p<0.001NS,

not significantGraph is representative of four independent experiments.
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4.2.13Verification of LF Q MS protein hit: Ferritin
Ferritin is a hollow, spherical and maintytosolic protein consisting of 24 subunits whose

main function is the periodic sequesterisation and release of intracellulgiFeprierritin

can store up to 4,500 iron atoms within its core with multiple mechanisms regulating its
storage and releasemainly determined by the current status of the iron labile pool (free iron
available within the cell) at any given tinjé1q. In addition to iron storage and release,
ferritin has enzymatic properties converting Fe@)Fe(lll) [417]. Iron in the cell has many
critical roles For example, iron in heme is essahfior oxygen transport arouridessential

for survival. t is also an essential component of many enzymes involved in the cell cycle and
electron transport. Fe (lll) is involved in the generation of the potentially toxic superoxide
radical which can damage DNA, lipids and protd#@7]. For these reasons, iron levels are
highly regulated with ferritin playing a key role in the buffering of intracellular
concentrations. Evidence of its innate importance is that the knocking outfefritia gene

is embryonic lethal in mic418. Ferritin is known to be upregulated during inflammatory
processes ith the cytokines LU and PMNRYIi ng not ed rol es [
transcriptionally upregulatinthe Hc hai n o f f B indingtsitesn theifearitinMh F a

chain gene (Figre 4.16 [407].

4776 -4109 FER-1
l FER-2 2 3 EpRE .
{ NFxB core| NFxB |+«AP1-like Sp1_HNFE2L—(TaT)]

0 2 G:;\_D/FOSGIAT%IB
50 50 ér__ Signic
E1A —(p3oo/cer)

N 4

Figure 4.16 Ferritin gene promoter region. Bi ndi ng si t esl anfdareb NFa B,
binding protein (CBP) are indicatédus indicating its regulation by inflammatory processes.
Adapted fron1407].
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The current study identifiedefritin as beingupregulated by LFQ MS in response Bo
pertussisat 12 hr post infection(Table 4.3. This result was verified by western blot using
antibodies specific to both the ferritin heavy chand the ferritin light chaiwhich indicated

that the heavychain was strongly induced at I& post infection with the light chain
upregulated meh later at approximately 12 [figure 4.1A,B). Analysis of both Ferritin LC

and HC mRNA showed no suafcreasest either 6 or 12 hfFigure 4.1 D). Ferritin HC
MRNA showed a slight increase at b2 but this approximated to 1.4 fold and was not
significant (Figire 4.1C). As Ferritin HC has been shown to be upregulated transcriptionally
by both TNF and IL1 signalling, this would suggest that there are other faetiopday in
upregulating its expression. LPS for example, when administered endotracheally to rats, had
been shown to induce ferritin protein but not mMRNAY. With B. pertussisbeing a gram
negative, LPS containing bacterium, this is one possible mechanismdyfedritin is being

induced.
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Figure 4.17 Verification of Ferritin upregulation in response to B. pertussis (A andB)
BEAS-2B cells vere seeded in aell plate at a density of 0.7x3@ells/ml and incubated
for 24 hr at 37°C. Thereafter, cells were either left uninfected or infected ®ithertussis
(MOI of 200 for 15 min, 30 min, 60 mir2 hr, 4 hr, 6 hr and 12 hrCells were theharvested
and each saple lysed in 10@I H.S. bufferfor 20 minon ice. Cell debris was removed by
centrifugation with the remaining whole cell lysates mixed witreB6x Laemmli loadng
buffer and boiled for 10 minProteins were separated by SBPASGE and subjected to
immunoblot analysis ursg antiFerritin HC, Ferritin LC and anf-Actin antibodies. Results
represent two independent experimentsaf@ D BEAS-2B cells were plated at a density of
0.7x10 cells/ml in a sixwell plate and incubated for 2 at 37°C. Individual wells were
then either left unstimulated or stimulated wghpertussis(MOI of 200) for the timepoints
indicated. Cells were then harvested, total RNA isolated and from this, cDNA was
synthesised. The cDNA was then used as a template foilPgHRI using forward and verse
primers specific to humaferritin-Ic, ferritin-hc and gapdh (housekeeping gene).p<0.05,

** n<0.01 and *** p<0.001.NS, not significantGraph is representative of four independent
experiments.
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4.2.14Selection and expression knockdownf selectel protein hits
Although the identification of proteins whose expression is significantly changed due to

systemperturbation is often cited asiplying function, a deeper analysis
physiological role isrequired in order to assign funatiovith better understanding and
confidence[112 42Q. With this in mind, it was decided to select a numobk verified

protein hits for further analysksy utilising RNA irterference to knockdown their endogenous
expression levels and from this, to examine if, or how, their reduced expression affected the
immune response tB. pertussisinfection. Proteins are selected for further anaiysy
thoroughly researchingheir known functionalityand from here, inferring potentially
unknownroles in the immune response. The proteinscsatde for further analysis were
stathminl , PPP1CU, NL RP 1-2 All ofalge3eMoteirss rsithreddid common
functions that indicate their capability of playing roles in the inivateune responsto B.

pertussisinfection.

To investigate the role played by thgseteins in the response B. pertussis knockdown of
their expression was performed in BE2B cells using endoribonucleapeepared siRNA
(esi RNA) . wekespuréhdksédocemmercially and are prepared by amplifying cDNA
specific to the gene of interest followed by generatibdsRNA from the cDNA, using RNA
polymerase. This dsRNA is then chopped by RNase Il iftetearogeneousixture of short,
overlapping siRNA fragments all specific to the target ghae triggers highly specific and
effective gene silencingd21]. To confirm knockdown of target genes, BE2B cells were
transfected with either an esiRNA control sequence against green fluorescent protein (eGFP)
or esiRNA specifido one each of the above proteins fori2after which gene expression
specific to each protewas monitored by redime PCR(Figure 4.20) Sufficient knockdown

of gene expression was found to occur in each of the proteins tatgetesiRNA with

apprimately5 0 % r ed u ct imBMA, a 40% rededbidn @ BILRP12 mRNAQ5 %
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reduction in levels of stathmibh mRNA levels and a 6% reduction DJL gene exm@ssion

(Figure 4.1&-D).
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Figure 4.18 Suppression of humanP PP 1 CU, sl NLRRiL2nand Dj-1 mRNA

using RNA interference. BEAS-2B cells were seeded in awgll plate at a density of
0.4x10 cells/ml and incubated for 24 at 37°C. Cells were then transfected with either 200

ng target gene specific esiRNA or a control esiRNA (eGFP) fortheflue4hr. Cells were

then harvested, total RNA isolated and from this, cDNA was synthesised. The cDNA was
then used as a template fgRT-PCR using forward and reverse primers specific to human
ppp YA),Btmn1(B), nirpl2 (C), dj-1(D) and gapdh(housekeeping gene).p<0.05, **
p<0.01 and *** p<0.001Graphs are representatiobtwo independent experiments.
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4.2..15§:ytokine production after geneknockdown in response toB. pertussisand TLR4
activation

In order to ascertain if the selected protein hits could somehow affect the innate immune
response of BEARB cells duringB. pertussisinfection, their expressiomwas individually
supressedsing esiRNA and the cells immediately infectethviihe bacteria as normal for 12

hr. Cell supernatats cerived from infected cellsvere then analysed for inflammatory
cytokine expression by ELISA in order ®valuate whether or na@uppression okach
particularproteincould affectthe inflammatory rgsonse In unstimulated cells, transfection

of the various esiRNAs did not drive any majaoguction of IL-6 (Figure 4.19 thus
ensuring that angffectsobservedupon B. pertussisstimulation were specific t@siRNA
mediatedprotein supressiorand not tothe presence of the esiRNA nucleotides themselves.
Cells transfected with the negative control esiRNA, eGFP, and stimwlatted. pertussis

for 12 hrproducedarge quantities of 1-6 with approximatey 5000 pg/ml secreted (Figure
4.190). However, knockawn of expression dILRP12,P P P 1 C 4 or stAtdmirl did not
significantly modulate IL6 protein production(Figure 4.19\). B. pertussis like any
pathogenic organism, likely activates multiple signalling pathways during an infection
process. As well aghis, B. pertussisis known to encode multiple virulence factors saohe
which can modulatearious immune response signalling pathways in order to preserve its
presence within the host. For example, one viruleaotof, adenylate cyclase toxican
supess superoxide production and inflammatory cytokine producf#iz?]. Another
virulence factor, FHA , can inhibit H12 production while inducing H6 and 1-10 [423.
Moreover, LPS camduce I:6 , T N B, -12llaiid I1-8 secretion whilst inhibihg NO
production[424]. B. pertussistherefore employs multiple strategies to modulate the immune
response and thus tleck of an observed phenotype upon suppression of multiple protein
hits may be due tolack of specificity on the part @&. pertussisand how it interacts with the

host immune system and not necessarily due to a lack of involvement of the protein hits.
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As B. pertussisin known to activate TLR4&amongst other PRREL43 425, it was next
examined whetherriowndown of the selected proteins could affect the immune response
specificto TLR4. To this end, BEASB cells were again transfected with eitloentrol
esiRNA or esiRMA specific to each protein 24 lprior to stimulation with LPS. After 24 hr
stimulatian, supernatantazere removed and examined for secréésels ofproinflammatory

cytokines 11-:6 andTNFU (Figure 4.18,C).

Transfection of cells witlthe various esiRNAsgainhad little effect on basal levels of-

and T(Ndul@ 4.18,C). Transfection with the negative control esiRNA, eGERd
stimulation with LPS causedetectablesecretion of I-6b ut  n o from BBAS 2B cells

(Figure 4.21BC). LPS induced IE6 production was significantly increased upon suppression

of NLRP12 thus agreeing with previous studies showing that it could exert a negative
influence on inflammatory cytokine productigrigure 4.18) [354, 355. Suppressiorof

DJ-1 gave rise to a slight increase in-8Lproduction but this wadetermined to be nen
significant (Figire 4.18). Interestingly, knockdown of statmh and PPP1CU bot h

significantreduction inTLR4 mediated IE6 production(Figure 4.18B).

Apart from the previously discussed role for staththas an endogenous activator of TLR3
signalling [255, no other role for stathmin in mediating the innate immune response has
previously been identifiedstathmin has beeshown to colocalise with TLR3 in MS lesions

on both he surface of astrocytes and neurons and also in intracellular vesicular structures of
astrocytes and microglig255. This observation would suggest that stathms capable of
localising to areas of the cell where TLRs are expressed and liit# known to localise to

the cell surface as well agsicular structures within the cell, this leavapa the possibility

that stathminl canlocalise tothe TLR4 signaling pathway. Stathmirl is also a key
regulator of microtubule dynamics within the cdllring lymphocyte activatiof83( and as

the OTLR4 si g madtaficdbatweén the plasikan membrane and endosomal
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compartments in a process dependent upon microtubule transportcandsivablethat
suppression of stathmihis inhibiting the abity of TLR4 and/or its adaptors and interactors
to localise to thesignalling complex thereby reducing downstream cytokine produf@én

86).

PFP 1 Chlls a known role in innate signalling in that it dephosphoryRii@s and MDAS to

all ow them to signal recognition of RNA vir
dengue virus, and picornaviry292). As a negative control, the authors of this study
examined the role of PRPC id TLR3 signalling (where it had no effect) but did not examine

its role in other TLRs including TLR4.Many proteins within theTLR4 pathway are
phosphorylated on either serine or threonine residues including MAL, TRAM, IRAK4,
STAT1, | RF 3, | RF7 a[ix57,B3RB64Ry. Hawev &r ( | EKbPPP1
a phosphataseit would be expected thauppressioro n P P ®dul@ Ead to increased
phosphorylation. Knockdown of PPPUlded to a decrease in inflammatory cytokine
production (Figure 4.18) and so it would also be expected that PRPiCacting on a

protein which requires dephosphorylation for its activity, similar t&-Rland MDAS.

Proteins that are dephosphorylated to aid relayLdt4 signal include eukaryotic initiation

factor 2B and heat shock protein 27 (Hsp2429 43(.ltisps si bl e t haston PPP1C

these molecules in order to drive TLR4 signalling.
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Figure 4.19 B. pertussisand LPS meditated inflammatory response upon supprgsion of
human PPP1CUL NLRR12 ant Djil. BEAS-2B cells were seeded in angll

plate at a density of 0.4x3®lls/ml and incubated for 24r at 37 °C. Cells were then
transfected with either 200ng target gene specific esiRNA or a control esiRNA (eGFP) for 24
hr. At this point, medium was removed ainésh medium added. After 2,tadls were either

left unstimulated or stimulated wititherB. pertussis(400 bacteria/cell) otPS (500ng/ml)

for a further12 and24 hrrespectively Cell free supernatants were then harvested and
analysed for the presence (&) B. pertussismediatedL-6 (N=5) and(B, C) LPS mediated
IL-6andT NF U by (NEJ) t pRON05, ** p<0.01 and *** p<0.00INS, not significant.
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4.2.16Examination of stathmin 16 s  RPPHA dability to drive NFaB/AP-1 activation
Due to the observed reduction ®L.R4 mediated 16 production upon suppression of

stathminland PPP1CU, it was hypothesised that tI
activation of the tr anlsboth ofphich bave binding sitesos NF o |
the IL-6 promoter sequend¢d3]]. To investigate whether either of #eproteins are capable

of driving activation of these transcripti factors in a TLR4 dependemanner, increasing
amounts of plasmdi DNA <corresponding to either stath
HEK-B | u #H.R4 cells. After 24hr, cells were stimulated with LPS for a further ¢

after which signal activatn was assayed

Although stimulation of the cells with LPS drove activatiexpression of increasing

amounts of plasmid DNA corresponding to80ng ofeither stathmilorPPP 1 CU f ai | ed
increase the intensity of tHePS generated signéFigure 4.2@,B). This could mean that

additional cofactors are required for both pnageio activated TLR4 signalling that are not

present in the parental HEK cell line used. Recently, stathmin was shown to be an
endogenous ligand for TLR3 and this was proven using a number of methods including the

use of TLR3 deficient mice and RNA interdace[255. Interestingly, TLR3 transfected

HEK?293 cells were unable to respond to stathmin iteespsponding normally to polyC)

leading the authors to cdade that HEK 293 cells are missing cofactors that are required for

the stathmin mediated activation of TLIRZY5. Therefore, the observed results obtained in

the current study are not without precedent.
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Figure 4.2Q Investigation of ability of stathmin 1 and PPP1CU to indepe.l
NF o B a rAldignalmg A, HEK-B | u é R4 cellswereplated at a density of 25,000

cells/well in a 9éwell plates and incubated at 3C for 24 hr. Cells were then transfected

with either empty vector (EV) or incrsiag amounts of either stathmin or PPP1CU pl a
DNA as indicatecand incubated for 2Hr. Cells werethenstimulated withLPS (100ng/ml)

for a further 24hr followed addition of 20e | supdrnatanfrom each wellto 188 | / we | | of
prewarmed Quan®lue detection medium. Colour changes were measurespbgtrometry

reading at a wavelength of 630m. Results are representative of two independent

experimentsNS, not significant.
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4.3 Discussion

The current study was conceived around the neeckti@rbcharacterise the physiological
response t@®. pertussis- a human pathogen thdéspitea widely available vacine with high
uptake has seen the recedoubing of reported cases in western countriesking Ireland as
an example,n 2012 444 casesverereported. This wadouble the numbeof casegeported
in 2011 which itself was double tmeimber of cases reported in 2q432. Of thereported
2012cases, 306 required hospitiliggon and two were fata#t32. Similar figures have been
noted in the UK alsd433. The ability to improve theB. pertussisvaccine in order to
increasethe longevity and strength ats protection from the earliegtoint in life is the
ultimate aim but to do this, a better understanding of battine development and alBo

pertussisnfection is required139.

To this end it was decidedo characterise changes inducedhaproteomeof a human lung
epithelial cellline upon infection withB. pertussiswith the aim of catalaging the proteins
induced or rpressed during infection which may ultimately play a role in its pathogenesis.
Two searate proteomic techniques were used in this regard nameRIGE with LC-MS

and LFQ MS.One of the most striking initial observations from the two studi@s the lack

of overlap in identified propteins between -ZDGE and LFQ MS. Proteins identified by
LFQ MS but 2DDIGE could be due to the higher sensitivity of LFQ MS compaoethe
more restrictive 2EDIGE. However, the inability of LFQ MS to identify almost any proteins
identified by 2DDIGE is puzzling. One factor could be that during the preparation of protein
lysates for LFQ MS, difficulties were experienced when tryingrésuspend required
guantities of protein in the respension buffer (&tion 2.3. It could be possible that only
proteins exhibiting particular characteristics regarding solubility were reuspended which

could have led to exclusion of others that happermde as solubule.

192



Another observatiorwas that approximately one quarter of all proteins identifigdooth
techniquesas being significantly up or down regulated in response to infection were proteins
with previously known roles in the immune respoisit of which, critically few have been
shown to play a role in the gponse tdB. pertussis(Figure 4.12and Tables 4.1, 4.2 This

result in itself would suggest that there is still a large amount of work still to be done in the
characterisation othe immune response t8. pertussisand similarily to any bacterium.
Other functional areas that were well represented were transcription and DNA editing,
structural proteins and those involved in protein synthesis. The involvement of transcription
and translaon processesvould be expected as the cell gears up to respond to infection.
However it is interesting to correlate trobservation the real tirl@CR and immunoassay
vertifications of various protein hits. Of the eight hits selected for verificatiom,diol not
correlate increased protein expression with increased gene expigsgioes 4.9, 4.11, 4.15

and 4.17. This would suggest that approximately half of all prmoteigulation in response to

B. pertussisis occurring at the pogtanscriptional ével. Post transcriptional control plays an
important role in the regulation of immune effector proteins. Transcript specific regulation
requires individual factors that bind to pedliar mMRNA targets. The functional fate of a
particular transcript is ofh defined by a myriad of RNAinding proteins (RBPs) can
stabilise mMRNA transcriptand stimulate their translatiar viceversa[434]. Indeed, four
separateRBPs were identified from the KF MS study and these, along withany dher

RNA modifying proteins,comprised31 % of all proteins identified as being dynamically
regulated in response ®. pertussisinfection (Figure 4.12Table 4.2. This would suggest

that targeting theposttranscriptional regulation of immune sidiveg is a field with
therapeutigotertial. Indeed, a relatively recently characterised subset oftfaoscriptional

regulators, the micr®&NAs, which typically supress transtan by targeting mRNA
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transcripgs of degradation have been identified as suneh contributor to immune modulatory

therapy in the futur@435 434.

Unfortunately, upon suppressioof a number of selected protein hits, triking
inflammatory based phenotype was observed dBingrtussisinfection (Figure 4.18). As
previously stated, this could be due to the myriad of documented immune modulatory
mechanisms possessed By pertussisand the many concurrent detection and signalling
pathways employed by humatsrespond td. pertussig139. Thereforethe suppression of

one individual proteinwith a function in one pahtwaynay have no overall effect.
Interestingly however, significant modulation of the inflammatory response was noted upon
suppression of t pression gribréstinhuiattdn vath apurifeed werdien ofe x

a knownB. pertussisPAMP, LPS (Figure 4.1B). Specifically, suppression of NLRP12 led

to significantly increased H6 secretion while suppression of both the protein phosphotase
PPP1CU amctbtubtleh regulator stathmirl led to significantly deessed IL-6
production (Figure 4.18). As LPS, through its membrane receptor Tl.R4a key sensor of

gram negative bacteria and consequently a major driver of the symptoms of septic shock, a
role for these two proteins in mediating this response is a tantalising possibility. They do not
appear to be intrinsicactivators o f t he transcriptioelnupohact or s
overexpression of their witthpe forms in a TLR4 dependent system however perhaps
overexpression of mutant forms of the proteins could inhibit activation. Alternatively, their
role in TLR4 signalling may benore abstract and require the presence of other cellular

proteins not present in the HEB3cells used.
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Chapter 5

Investigations into respiratpry  cell proteome changes
in response to infection with the respiratory pathogen
human rhinovirus 16 .
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5.1 Chapter Aim

The aim of this chaper was to analyse proteome modulation of a lung epitiedlizne in
response to infection with the respiratory virus HRVIBis would be accomplished by 2D
DIGE combined with LEGVIS. Protein hits obtained walllbe compared to those obtained
upon infection with the same cell line with pertussisA selection of hits would then be
validated and an analysis of their role in immune signalling undertaken by supresssion their

expression priot to infection with HR¢1
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5.2 Results

5.2.1 Optimisation of HRV16 infection protocol
As with B. pertussisin Chapter 4, an infection protocol had to be designed that would drive a

sufficient immune response to HRV16 infection in BE2E cells. It has been sivo that

HRYV infects cells more efficiently at temperatures below@7and this has been suggested

as a reasowhy the human nasal cavity, which is exposed and therefore cooler, serves as the
primary site of natural inoculaticdlor HRVs [162 437]. It has also been shown that infecting
cellsin vitro with HRV is more efficient when theell monolayer isulconfluent[437]. For

these reasons, BEAZB cells were infectedith HRV16 (MOI of 3)at an estimated 560%

confluencyat 33°C coveringtimpoints between 2dnd 72 hr

Infection of BEAS2B cells with HRV16 drove significant increasesRANTES, L-6 and
IFN-b  mR dkpression however thionly became apparent® hr post infection (Figure
5.1B,C). There was little or no change igene expression at 6 or 24 \with increases
beginning at 48 hrA possible explanation for the requirement of sutdng timescale for an
immune response to become apparesingly the level of viral replication occurring. This
was measured by quantitative PCR with mrsnspecific to HRV16 (Figure 5). This
indicated that although there was an approximatéoftDincrease in HRV16 presence at 24
hr post infection compared to 6 hr, it then took until 7Zdmrthis level be doubled {gure
5.1D). Thiswoul d suggest t hat the HRV166s replica
immune response, activation of which waang detected at approximately 48 hAnd at
significant levels by 72 hr (Figure 54-C). In any case, HRV1thfection of BEAS-2B cells
was confirned along with the activation of an immune responseiakthereforedecided to

analyse the whole cell protexc responséo HRV16at 72 hr posinfection.
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Figure 5.1 HRV16 infection of BEAS-2B cells activates the immune responsBEAS-2B
cellswere plated at a density of @4 cells/ml in a sixwell plate and incubated for 2¢ at

37 °C. Individualwells were then either left unstimulated or stimulated WiV16 (MOI of

3) for the timepoints indicated. Cells were then harvested, total RNA isolated and from this,
cDNA was synthesised. The cDNA was then used as a template fePGRTusing forward
andreverse primers specific to humarb, ifn-b, rantesand gapdh(housekeeping gene).
p<0.05, ** p<0.01 and *** p<0.001.Graphs are representative of threelependent
experiments.
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5.2.2 Proteomic response tblRV16 infection i common trends and functional

annotation of protein hits obtained by 2DDIGE with MS

Protein hits that were significantly up or down regulated in respond&Yil6 infection of
BEAS-2B cells, as identified by 2IDIGE and MS were categoriseas per Figure 4.2
Categorisation of each protein into the same broad furattrotes applied to thB. pertussis
study revealed broadly similévels ofcontributions to processes such as immune function
(24 % of proteinswith HRV16 vs. 27 % with B. pertussi3, cancerelated(14 % of proteins
with HRV16 vs. 12 % with B. pertusss), structural (15 % vs. 12 %) amddox { % vs. 9 %)
(Figure 5.A,B). However, notablalifferenceswere evidenced with a reducti@f those

involved in metabolisn(7 % with HRV16 vs. 10 with B. pertussi3 and trafficng(12 % vs.

5 %) (Figure 5.2A,B).

It is possible that these differences in overall cellular function mobilisation represent at the
broadest level, theontrastingcellular response to infection with a virus verghs response

to a bacteriumIncreased expressiasf proteins involved improtein synthesis for example,
would align with dogma regarding viral hijacking of host transcription and translation
machinery in order to replicate itsglt62. The ® % reduction in proteins involved in
metabolism is interesting but can be expldin®y thefact that unlikeB. pertussis HRV
infection does not tend to drive pathology in lung epithelial cglB2, 437, 438. As HRV
infection is less lethal to the cell, it could bgpothesisedhat the cell in turn expends less
energy in fighting it. Also, although both pathogens can reside within thgL6& 249, the

fact thatB. pertussisis a muchmore complex organisrmompared to HRV (viruess are not
consideredh form of lifeaccording tanodern taxonomy439) could mearthat the levels of
hostmetabolism subverted gn intracellular bacterial infection versus an intracellular viral

infection are much higher.
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The total nmber of upregulated proteins @ownregulated proteins was broadly similar
between HRV16 andB. pertussisinfection with an approximate 4:1 ratio of upregulated

proteins against down regulated proteins observed in hadiest(Figure 52,D).
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Figure 5.2 Pie chart representation and comparison of protein function from hits
identified by 2D-DIGE in response to HRV16 andB. pertussisinfection. (A) 2D-DIGE
identified proteins from HRV16 infected cellgere researched for functional properties and
grouped according to funoti(s) in one or more of eight general categories: protein synthesis,
trafficking, redox, imnane function, transcriptiobNA editing, metabolism, structural and
cancer. Total numbers of proteins assigned to each function were then displayed in pie chart
formatfor visualisation. (B) 2EDIGE identified proteirhits fromB. pertussisinfected cells
underwent a similar process and are displayed for comparative pur(@pd®tal numbes

of 2D-DIGE MS1 HRV16 derived protein hits that werg or down regulatedccording to
Progenesis software wengsualised inpie chartformat (D) Total numbes of up and
downregulated protein hits derived from @i8-DIGE MS - B. pertussisstudy are showfor
comparative purposes.
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5.2.32D-DIGE protein hits common to both HRV16 and B. pertussisinfection
An average of 44 protein hits were identified as being significantly up or downregulated in

response to either HRV16 dB. pertussis infection (Figure5.3A). Of these, 11, or
approximately 2%6 of proteins were identified in Hoinfection settings indicating that these

play a role in the host response to both viral and bacterial challenge to cells of the respiratory
system. These proteins were TPI, SDDJ1, stathminl, ubiquitin conjugating enzyme 13
(Ubcl3, peroxiredoxin 3(PRDX3), nucleoside diphosphate kinagéDK), gankryin (p28)

IL-25, caspase 3 ang@artner of Sld five 2 RSF3 (Figure 5.3\). Annotation and
categorisation of these proteins according to their function revealed the processes that appear
to be most impoant in the host response immune response to both bhdawedaviral

infections (Figure 5B, Table 5.1)

Proteins with documented roles in immune function represent the majoritythjoahe of

those whose expression changed significantly in response tto M@l and bacterial
challenge. Proteins with roles in cancer processes represented stightiyarone quarter of

the total with 22%. Those involved in redox signalling and transcription/DNA editing
accounted for 16 and 11% respectively. Metabam, structural and trafficking proteins
were each responsible for approximateBpgFigure 5.B). It is interesting to note that when
examining the proteome in response to bacterial or viral infection, by eithkBA@E MS or

LFQ MS, between one quartemdaone third of dynamically regulated proteins are known to
have some function within the immune response. However, this in turn means that between
three quarters and two thirds of identified proteiespectivelyhave no documented role in

the immuneregonsei a large proportion considering that they were identified upon
pathogenic infection. While some of these undoubtedly have to date unknown links or roles
in the immune response, it is unlikely that all do. Therefore, another avenue of research in

tems of defining therapeutic targets could be in targeting proteins involved not in the
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immune response, but involved disregulated cancer signalling pathwdgs exampleor

redox signalling pathways in response to infection.

HRV16 B. Pertussis

47

(30 unique) (36 unique)

Triosephosphate isomerase
Nuceleoside diphosphate kinase
IL-25

Dj-1

Ubcl3

Stathmin-1

Gankryin (p28)

Superoxide dismutase
PRDX3

Caspase 3

PSF2

Structrual Trafficking
—_ 6%

editing
11%

Figure 5.3 Quantifi cation of unique and identical protein hits identified in response to
HRV16 and B. pertussis infection by 2D-DIGE with LC/MS. (A) Venn diagram
illustrating the total numbgunderlined)of protein hits identified byARV16 (red circle) and

B. pertussis(blue circle)infection of BEAS-2B cells The number of identicgbrotein hits
detectedin both infectionsis in the centreand the names of these proteins amnotated
below. These identical protein hits were then researched for function and assignedpt® grou
in the pie chart irf{B). Functions were found to fall intseven general categories: trafficking,
redox, immune function, transcription and DNA editing, metabolism, structural and cancer
related.
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Protein hits obtained by 2D-DIGE with MS

Fold Ch. Protein Name Function
z16 Stathmin Endogenous TLR 3 agonist [255]. Cancer marker. Microtubul e regulation [261].
z16 Actin -related protein 2/3 complex subunit 5 Regulates general actin cytoskeleton [440].
z15 Prefoldin subunit 5 Promotes folding of nascent polypeptide chain [441].
z 17 Superoxide dismutase [Cu -Zn] Redox si gnal |l ing. I ndir e@O].NFd B modul at or
z16 Deoxyuridine 5' -triphosphate nucleotidohydrolase, Nucleotide metabolism [442].
z15 Nucleoside diphosphate kinase A (NME1) Transfers phosphate groups. Cancer metastasis marker & link to endocytosis [443].
z15 Putative hydrolase RBBP9 Serine hydrolase.Increased in pancreatic cancer. Suppression of [4&H"
z15 /7 hydr ol a-somtaining pratéinl4B Unknown
z16 Dj-1 Associated with Parkinson s Disease.[288rot e
z15 PRDX3 Redox signalling [274]. Prostate cancer marker [275].
z16 Lysozyme C Glycoside hydrolase. Damages peptidoglycan lay er in bacterial cell walls  [274].
h 1.7 Myosin regulatory light chain 12A Critical in maintain cell structure and cellular integrity [445].
z15 60S acidic ribosomal protein P2 Component of ribosome 60S subunit. Protein synthesis elongation step [446].
z16 Eukaryotic Translation Initiation Factor Eif5a Translation factor [447]. Regulates iNOS levels [448].
z 15 Glia maturation fa ctor beta Overexpression dri ves NFJd B activation in aB9ocyt ¢
h 1.3 Heme -binding protein 1 (p22HBP) Binds heme [450].
z14 Glutathione S -Transferase P1 Polymorphisms associated with multiple cancers [451]Inhibits JNK signalling [452]
z 15 Gankryin or p28 or GANK I nhi bits NFd B by r et[d53h Notedoncoprotany t[4b4]l. a s m
z 13 Caspase 3 Protease. Central apoptosis mediator [454].

Table 5.1 Proteins identified by 2D-DIGE combined with LC-MS showing changes in expreson in response ttHRV16 Infection.

Protein function is also indicated. Full annotatiomitein hits can be found in appendix table A1.3.
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Protein hits obtained by 2D-DIGE with MS

Fold Ch. Protein Name

Functio n

z 15 DNA-directed RNA polymerases subunit RPABC1

z 15 Phosphoglycerate mutase 1
h1.3 unnamed protein product

z 15 40S ribosomal protein S12
z 15 HINT1

IN

15 S-phase kinase -associated protein 1

IN

15 DNA replic ation complex GINS protein PSF2

h 15 Lamin -B1

h 1.6 Mitogen -activated protein kinase kinase kinase 5
z15 Splicing factor 3A subunit 1

h 1.7 Menin

h 1.7 Glycogen debranching enzyme

h 1.6 Tetratricopeptide repeat protein 21B

z 14 IL-25

z14 Histidine triad nucleotide -binding protein 2

1.4 Cofilin -1

IN

IN

1.4 Ubiquitin -conjugating enzyme E2 N (Ubc13)

IN

14 Triosephosphate isomerase

IN

1.3 coiled - coil domain containing 69

Transcribes DNA into RNA  [455].

Phosphate trans fer in glycolysis [290].

Unknown

Ribosome subunit. Site of protein synthesis [295].

Tumour suppressor. Can [#56]hCab irigger NpegtoBis a[@d371.v i
Component of SCF ubiquitin ligase. Targets proteins for degradation [458].

Essential in initiation of DNA replication. Preferentially binds to ssDNA [304].
Nuclear membrane protein. Structural integrity [459].

Serine/threonine kinase -mediates inflammato ry and stress signals via AP -1[460].
Complex required for mMRNA splicing [461].

Primarily nuclear . Inhibits AP -1 transcription factor jun  -D [462].

Metabolism. Glycogen breakdown  [463].

Component of IFT complex which maintains cilia (Uniprot).

TH2 cytokine -induces secretion of IL -4 and others [296 ].Anti -inflammatory [297 ]
Mitochondrial apoptotic sensitiser [464]. Regulates intracellular calcium levels  [465]
Actin modulator. Role in cell migration [273].

Required for MAP Kinase activation  [271]. Role in TRAF6 mediated signalling  [271]
Important in glycolytic pathway [259].

Mitosis. Regulates spindle fo rmation [466].

Table 5.1 (contd) Proteins identified by 2D-DIGE combined with LC-MS showing changes in expreson in response toHRV16
Infection. Protein function is also indated. Full annotation of protein hits can be found in appendix table A1.3.
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Protein hits obtained by 2D-DIGE with MS

Fold Ch. Protein Name Function
z 14 Prefoldin subunit 3 Prefoldin promotes folding of nascent polypeptide chain [441].
z 14 Acyl-protein thioesterase 1 T-cell activation . Depalmitoylation . Affects Ras signa lling [467].
z 14 NME1-NME2 protein (Nucleoside diphosphate NMEL is a tumour suppressor. NME2 involved in activation of G proteins [468].

kinase A and B)

Table 5.1 (contd) Proteins identified by 2D-DIGE combined with LC-MS showing changes in expreson in response toHRV16
Infection. Protin function is also indicated. Full annotation of protein hits can be found in appendix table A1.3.
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5.2.4Verification of protein hits from HRV16 infection.
As mentioned previously, approximately Zbof proteins whose expression was significantly

modulated in esponse to HRV16 infection were similarly modulated in respond®. to
pertussisinfection (Figure 5.8). Becauseexpression of these proteiappeared modulated

in response to two distinct pathogenic challenges, particular importance was assigned to them
as they may playcentral roles host defence. With this in mind, it was decided to verify a
selection of proteins which apged in response to HRV1éhat were also identified iB.
pertussisnfection These proteins were further selected based on thdiitmttion to each of

the broad functional categories alluded td-igure 5.8. These were NDKor NME) which

has roles in cancer and trafficking, TPI which is involved in metabolism,1S@ich ha
redox and immune functions, ELJwhich is also involvedni redoxsignalling and finally
stathminl which has demonstrated roles in immune function, cell structure and ¢aablkr

5.1). These proteins therefore play diverse roles within the celhayplay equally diverse

roles intheresponse to pathogen deage.

5.25 Verification of HRV16 protein hit: Nucleoside diphosphate kinaseNME1-NME 2)
NDK A, also known as NME1 or nm231 andNDK B, also known as NME2 or nmA32,

are highly conservednd expressednzymeswith roles in many cellular processésrst, as

its name suggests, it is a kinase that transfers phosphate groups between nucleasitie tri
diphosphates, for example, between adenosine triphosphate (ATP) gaatbsine
diphosphate GDP) [443. It can also bind to DNA0 modulatetranscription[469, 47Q.
Moreover, NDK has agranzymeA dependent DNase activity during caspasgependent
apoptosigd471]. Somewhat controversially, NDK levels have been inversedgaated with
cancer metastasim xenografts of human breast cancer and oral squamous cancer with
reduced expression correlating with increased metagd&ts473. However, other studies

have doubtedhis [443 474. More recently, NDK has been shown to interact with the
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EpsteinBarr virus (EBV) virulence factor nuclease antigen 1 which inhibits BDability

to supress cell migration in lymphoblastoid cell lifdg5. Finally, NDK has also been
shown to play a role in dynamin dependent processes such as cytokinesis and endbgcytosis
way of its role in GTP production, whicls required for dynain activity [476, 477]. The

exact mechanism for thirole has not been ascertained.

The currenD-DIGE with MS study identified bottNDK A andits isoform NDK B as being
upregulated 1.5 fold in BEA3B cels infected with HRV16 for 72 hcompared to
uninfected control cells (Figure 584 Table 5.). This result was verified by @stern blot

using an antNME2 antibody This showed that levels of both isoforms undergo major
upregulation upo infection with HRV16 at 24 hwith this upreguléion being naintained at

112 hr (Figure 5.B). Levels of NME2 mRNAwere also analysed by real time PCR which
did not indcate any significant upregulation at the gene level suggesting that NDK undergoes

posttranscriptionabr translational modifications to increase its expression (EiguL).
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Figure 5.4 Verification of NME2 upregulation in response toHRV16. (A) Screen grab of
Progenesis analysis showit¢gME2 presence ora reference2D-DIGE gel image from
control (Ctrl) andHRV16 infected (72 hr) lysates.Image represents four independent
experiments (BBEAS-2B cells were seeded inéawell plateat a density of 0x4L.0° cells/ml

and incubated for 28r at 37°C. Thereatfter, cells werteansferred to a 33C incubator and
either left uninfected or infected witHRV16 (MOI of 3) for the timepoints indicatedCells

were then harvested and each sanhypded in 100¢ | H. S. b uf énece. Céllo r 20
debris was removed by centrifugation with the remaining whole cell lysates mixed with 30ul
5x Laemmli loadng buffer and boiled for 10 mirProteins were separated by SBAGE

and subjected to immunoblahalysis using antNME2 and antib-Actin antibodies. Results
represent two independent experimeni®iage is representative of three independent
experimentgC) BEAS 2B cellswere plated, incubated and stimulated according toGBlis

were then harvedte total RNA isolated and from this, cDNA was synthesised. The cDNA
was then used as a template for gRTR using forward and reverse primers specific to
humannme2andgapdh(housekeeping gene)p<0.05, ** p<0.01 and *** p<0.001INS, not
significant.Graph is representative of tvilmdependent experiments.
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5.2.6Verification of HRV16 protein hits: DJ-1 and stathmin1
DJ-1 and stathmid were both found to bapregulated 1.6 fold in HRV16 infected BEAB

cells comparedo uninfected controls (Figurd.5A, 5.6A). Theseresuls were verified by
wesern blot which in the case of EL] showedincreased expression at 72 and 96dfir
HRV16 infection (Figure 5B). Stathminl expression wafund to be increased at 24 hr
post infection andhis was maitained util 96 hr (Figure 5.8). DJ1 mRNA was not found
to be significantly changed across multiple timepoints indicating that its levels are being
regulated postranscriptionally(Figure 5.%). This contrasts with its expression upBn
pertussisinfection whid indicated a small busignificant increase in gene £Jgene
expression upom. pertussisinfection (Figure 4.€). Expression of stathmih mRNA was
significartly upregulated upon HRV16 by approximateljodd compared to uninfected cells.
This result corelates with stathmil 6 s gene e xB pedussssinfection whiclo n
was dso upregulated (Figure 5.6C and @)6Further discussion of both ElJand stathmini

can be found in Sectich2.1 and 4.2.6espectively.

5.2.7Verification of HRV16 protein hits: TPl and SOD
TPl and SOD were both found by R-DIGE MS to beupregulated 1.4 and 1.7 fold

respectivey upon HRV16 mfection at 72 hr (Figures 5.7A, BB (Table 5.1) Again, both
results were verified by western blot with TPl unaeng upregulabon betwen 48 hr and 96

hr (Figure 5.B). Levels of SOD were alsimcreased at 48 hr and remained solst fr of
infection (Figure 5.B). Analysis of mMRNA corresponding to both proteins revealed no
significant changes in expression acroBstisnepointsanalysed (Figure 5.7C and &8
These results agreed with observations ofl¢éivels of the same mRNAS response td.
pertussisinfection whch were also unchanged (Figure 4.16C and @)15urther discussion

of both TPI and ©D can be found in Sectigh2.8 and 4.2.1Rspectively.
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Figure 5.5 Verification of DJ-1 upregulation in response to HRV16(A) Screen grab of
Progenesis analysis showing-DJpresence on a reference-PIDIGE gel image from control

(Ctrl) and HRV16 infected (78r) lysates. Image represents four independent experiments (B)
BEAS-2B cells were seeded in awgll plate at a density of 0.4x4@ells/ml and incubated

for 24 hr at 37 °C. Thereafter, cells were transferred to a°83incubator and either left
uninfectedor infected with HR\L6 (MOI of 3) for the timepoints indicated. Cells were then
harvested and each sample lysed in 800 H. S. b uf dnece. Céllaebris2vs mi n
removed by centrifugation with the remaining whole cell lysates mixed with 30ul 5x
Laemmli loading buffer anddiled for 10 min Proteins were separated by SPAGE and
subjected to immunoblot analysis mgi anttDJ1 and antb-Actin antibodies. Results
represent two independent experiments. Image is representative of three independent
experimentgC) BEAS 2B cells were plated, incubated and stimulated according to (B). Cells
were then harvested, total RNgolated and from this, cDNA was synthesised. The cDNA
was then used as a template for gRTR using forward and reverse primers specific to
humandj-1 andgapdh(housekeeping gene).p<0.05, ** p<0.01 and *** p<0.001INS, not
significant.Graph is repreentative of two independent experiments.
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Figure 5.6 Verification of stathmin 1 upregulation in response to HRV16(A) Screen

grab of Progeesis analysis showing stathniirpresence on a reference-BPIOGE gel image

from control (Ctrl) ad HRV16 infected (72r) lysates. Image represents four independent
experiments (B) BEA®B cells were seeded in angll plate at a density of 0.4x16ells/ml

and incubated for 24r at 37°C. Thereafter, cells were transferred to a&33ncubator and

either left uninfected or infected with HRN6 (MOI of 3) for the timepoints indicated. Cells

were then harvested and each sample lysed inelD0 H. S. b uf énece. Céllor 20
debris was removed by centrifugation with the remaining whole cell lysates mixed with 30ul
5x Laemmli loadng buffer and boiled for 10 mirProteins were separated by SPAGE

and subjected to immunoblot analysisngsiantistathminl and antib-Actin antibodies.

Results represent two independent experiments. Image is representative of three independent
experimentgC) BEAS 2B cells were plated, incubated and stimulated according to (B). Cells
were then harvested, 8tRNA isolated and from this, cDNA was synthesised. The cDNA

was then used as a template for gRTR using forward and reverse primers specific to
humanstmrl andgapdh(housekeeping gene)p<0.05, ** p<0.01 and *** p<0.001INS, not
significant.Graph s representative of two independent experiments.
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Figure 5.7 Verification of triose phosphate isomerase upregulation in response to
HRV16. (A) Screen grab of Progenesis analysis showing triose phosphate isomerase (TPI)
presence on a referan@DDIGE gel image from control (Ctrl) and HRV16 infected (2
lysates. Image represents four independent experiments (B)-BBA®IIs were seeded in a
6-well plate at a density of 0.4x36ells/ml and incubated for 2# at 37°C. Thereafter, cells
were transferred to a 3& incubator and either left uninfected or infected with HRAO(

of 3) for the timepoints indicated. Cells were then harvested and each sample lysed ih 100
H.S. buffer for 20 miron ice. Cell debris was removed by centrifugation with the remaining
whole cell lysates mixed with 30ul 5x Laemmli loagi buffer and boiled for 10 min
Proteins were separated by SBAGE and subjected to immunoblot analysisigsant: TPI

and antib-Actin antibodies. Results represent two independent experiments. Image is
representative of three independerperimentgC) BEAS2B cells were plated, incubated
and stimulated according to (B). Cells were then harvested, totaliisted and from this,
cDNA was synthesised. The cDNA was then used as a template fePGRTusing forward

and reverse primers specific to humin and gapdh (housekeeping gene}. p<0.05, **
p<0.01 and *** p<0.001NS, not significantGraph is represgative of two independent
experiments.
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Figure 5.8 Verification of superoxide dismutase upregulation in response to HRV1§A)
Screen grab of Progenesis analysis shovanpgeroxidedismutase (SODpresence on a
reference 2EDIGE gel imag from control (Ctrl) and HRV16 infected (Ti2) lysates. Image
represents four independent experiments (B) BRBS ells were seeded in angll plate at

a density of 0.4x10cells/ml and incubated for 2Hr at 37 °C. Thereafter, cells were
transferred ta 33°C incubator and either left uninfected or infected with HRAO{ of 3)

for the timepoints indicated. Cells were then harvested and each sample lysec¢ih 10H. S.
buffer for 20 minon ice. Cell debris was removed by centrifugation with the remaining whole
cell lysates mixed with 30ul 5x Laemmli loadi buffer and boiled for 10 mifProteins were
separated by SDBAGE and subjected to immunoblot analysisngsanttSOD and antib-

Actin antibodies. Results represent two independent experiments. Image is representative of
three independergxperiments(C) BEAS2B cells were plated, incubated astimulated
according to(B). Cells were then harvested, total RNsdlated and from this, cDNA was
synthesised. The cDNA was then used as a template foilPgFRI using forward and verse
primers specific to humasodandgapdh(housekeeping gene) p<0.05, ** p<0.01 and ***
p<0.001. NS, not significanGraph is represgative of two independent experiments.
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5.2.8HRV16 and poly(I:C) mediated g/tokine production post knockdown of stathmin

1 and DJ1 expression in BEAS2B cells

As previou$y discussed, stathmih 6 s p fumctom@in microtubule organisatiommplies

possble roles in diverse cellular function®253 261, 33(. Indeed, previous data has
indicated a role for stathmil in TLR4 meliated IL-6 production (Figure 4.39Moreover,
stathminl has been described as a candidate TLR3 agonist and TLR3 is also known to sense
dsRNA produced by HRV16 in BEA3B cells[478. DJ1 is a known biological marker for
Parkinsonds di s ermppay srala dsepathogebesiBlid.tFyrtheanmoce,

DJ-1 has been shown to play a conserved role in the regulation of NO production in response

to gramnegative bacterig318 319. However a role for either proteins in mediating the

immune response to viral infection has not been shown.

In order to attaira greater understaimg) of the rolethat stathminl and DJ1 play in the host
innate immune response to HRV16 infection, their levetse endogenously supressed in
BEAS-2B cells immediately prior in HRV16 infection. Resulting cytokine eggian in
infected cells with sppressed leels of either protein were therefocempared to control

infected cells

Validation of esiRNA mediatedsuppressiorof mRNA expressiorcorresponding to both
stathmin 1 and DJl was previously carried out (Figure 4.)8Estimated knockdown
efficiency was 95 % and 60% respectivel compared to controls (Figure 4B®).
Transfection of e®#NA specific to either stathmih or D31 did not significantlyalter basal
IL-6, RANTES or typd IFN cytokine productionFigure 5.%-E). Infection with HRV16
induced productiorof IL-6 with approximately400 pg/ml secretedomparedo uninfected
controls (Figure 5A). However, minimal RANTES orypel IFN was detected (Figure
5.9B,E). In contrast, poly(l:C) stimulation mediatsttongproduction of all three cytokes
compared tangimulated controls (Figure 53E). Knockdown of stathmirl expression did

not significantly modulate secretion of-B, RANTES or typd IFN in response to HRV16
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infection or poly(l:C) stimulation compared to uninfectadunstimulded controls (Figure
5.9A-E). The same result was obtaineduosuppression of DI (Figure 5.9-E). Levels of
IL-6 increasedslightly upon stathmirl and DJ1 suppression during HRV16 infection but
this was ot significant (Figure 5A). It would therefoe gpear that stathmih and DJ1 do
not play a role in both prmflammatory cytokine and typelIFN production in response to

TLR3 activation and infection with HRV16.
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Figure 5.9 HRV16 and poly(l:C) mediated cytokine production upon suppression of
stathmin 1 and Dj-1. For HRV16 mediated respons@&EAS-2B cells were seedead a 6

well plate at a density of 0.4x%@lls/ml and either left uninfected or infected with HRV16
(MOI of 3) in an incubator at 33C for 24 hr. Cells wee then transfected with either 269

of target gene specific esiRNA or a control esiRNA (eGFPafturther24 hr. At this point,
medium was removed and fresh mediagontaining HRV16 (MOI of 3) wasddedfor a
further 24 hr Cell free supernatants werkeeh harvested and analysed for the presence of
human 1L:6 (A), RANTES (B) and typd IFN (E). For poly(l:C) mediated respons8&£AS-

2B cells were seeded a 6well plate at a density of 0.4x%&lls/ml for 24 hr at 37 °CCells

were then transfected witkither 200ng of target gene specific esiRNA or a control esiRNA
(eGFP) fora further24 hr. At this point, medium was removed and fresh medias added

for 2 hr upon which cells were either left unstimuladedtimulated with poly(l:C) (28 g / ml )
for 24 hr.Cell free supernatants were then harvested and analysed for the presence of human
IL-6 (C), RANTES (D) and typé IFN (E). Results are representative of 3 independent
experiments. NS, not significant.
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5.3 Discussion

Viral respiratory trat infections (VRTIs) aramongthe most common illnessin humans

[479. Norrinfluenza related VRTIs, particularly the picnoraviruggace a significant
economic burden on society in terms of missing direct medical costs and ihoisEs in
productivity including absences from work and schp#8(. Annual losses to the US
economy for example, have been estimated to total $40 billion Byymwih a close to

50:50 split between direct and indirect expendityie®d. Unlike influenza for which there

is a limited vaccine availabléhat require annual doses there is no such prophylaxis
currently available for protectioaganst HRVs, despite th@forementionedceconomic toll.

Antiviral therapies are therefore seen as a feasible method of cwhtobl servedo limit the
Virusos atbhiel ihtoys thdisj ancakc hi nery and thus preve
associated inflammatory symptomAs previously mentioned, no anailysof the HRV

induced changestohe host cel | 6s pr oandagreater undergtendinge en ¢
of this aea could aid the design of more effective antiviral drugs that target host response

mechanisms, which the virus requires to survive, instetar@étingthe virus itself.

To this end, the whole cell proteome of a lung epithelial cell line, BEBSwasassessed
following infection with HRV16 using uninfected cells as a control. A total of 41 proteins
were found to be significantly differentially regulated ugdRV16 viral infection (Figure

5.3A, Table5.1). Of these, 80%were upregulated and0% were dowregulated (Figure
5.2C). Major cellular processes involved in the response to HRV16 appear to be immune
function, protein synthesis, cancer related and structural processes (Fdie
Interestingly, approximately 25% of proteins identified as undaggsignificant expression
changes in response to HRV16 infection also underwent similar changes in respBnse to

pertussisinfection (Figure5.3A,B). As previously mentioned, these proteins in particular
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may be of significant interest to future attempisarbing the growth and pathogenesis of
these two infections. It was interesting that the cytokin@3lwas found to be significantly
upregulated in response to both bacterial and viral challébhe@s has only recently been
discoveredand is known to pomote T helper cell 2 {R) associated pathology by
augmenting productioof Ty2 cytokines such as 44, IL-5, IL-13 but not IL-17 (a Tl
associated cytokine) despite-B5 being a member of the-lL7 family[296]. A recent study
has implicated IE25 in enhancingherpes simplex virus Jnd VACV replication by
inhibiting expression of an epithelial barrier protein, filaggs well as by synergistically
acting wih other T2 cytokines to aid replicatiof#81]. Moreover,HRV is known to induce
higher clinical illness severity in asthmatic patients and this has been associated with
significantly higher levels of J2 cytokinesand impaired 1 immunity[482 483. As IL-25

is a key driver of 2 response it stands to reasoattimhibiting its activity could lead to
reduced viral replication and symptom severBy. pertussisinfection in infants and mice
tends to drive a J1 cytokine profile and it is difficult to speculate upon the effects of
supressing IE25 in this respedi484. The number of proteinknown to be cancer markers
was surprising. Several of these have only transient ikaownrole inthe host response to
pathogengFigure 5.2 andTable5.1). NDK, RBBP9, PRDX3 and GSTP1 aegamples of
this trendandthustheir identificationas markers of host homeostatisreigulation whether

in a cancer or infection settingignals their importance to host homeostasis. Eitlagy, their
dynamic regulation during thhost responséo HRV16 signifies a possible role in host
defence against the virus or in viral subversion of the host resgamsieer experiments will

need to be undertaken in order to identify the exact natuhenfroles.

Two proteins that were significantly upregulated in respaiw HRV16 infection, stathmih
and D1 were further assessed using RNA interference to examine if they were involved in

mediating cytokine production in response to infection. &ggion of each protein
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individually led to slight increases in 4& production during HRV16 however this was not
significant. No change was similarly detected in the production of HRV16 or poly(l:C)
mediated RANTES or typk IFN upon suppression of eith@rotein. As no significant

phenotype was observgitheir exact role irthe host innate immune respongeal infection

can only be speculated updgtathminl 6s r ol e i n microtubule form
is involved in modulating intracellulartractures or trafficking in response to viral entr
within the cell. DL 6s rol e in host protection against
collateral damage to the host upon activation of ROS, a known human defence mechanism

against virusep485.

In conclusion,multiple proteins have been identified as being dynamically regulated in
response to HRV16 infection. These proteins haseudhented roles in a wide variety of
cellular processes and shed light on the host response to viral infection. Whilst no specific
HRV16 infection related function could be found upon the suppression of expression of two
of these proteins, more rigorouspapaches are likely to yield dividends. These approaches
would include the use of broad scale RNAI panels to supress many protein hits, both
individually and simultaneously as well as a wider range of functional assays such as the

monitoring of viral repication and ROS production in response to these protein knockdowns.
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Chapter 6

General Discussion
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6.1 Discussion
The overarching aim of the current work was to awv dimension(s) taur current

knowledge regardinthe host response to patlemgchallengeTo this end, the aim of chapter

3 was to examinghe effects of the loss of a single, relatively understudied TLR adaptor
molecule, TRAM, upon activation of multiple TLR signalling pathways. The central aim here
was not to confirm previousrfidi ngs regar di ng TRAMévaluattitsnct i or
role in TLR signalling.Although itis generally acceptethat TRAM functions solely as a
linker molecule, bridging TLR with TRIF to primarily drive antviral cytokine production

[15, 24], a careful readingf the primary papers that originalllye f i ned TRAMG6s i so
show that this hypothesihad not been stringently testgmjrticularly with regard tadts
possible rolés) in TLR4 independentRF mediated cytokine productidi23, 24]. Control
experments aiming to demonstratbat TRAM does not participaten TLR signalling
pathways that ardistinct from TLR4 have to date only examined NFeB driven
inflammatoy cytokiness u ¢ h  a and I-®lUpdh perturbation of TRANR3, 24]. This is
suprising asthe role ofTRAM in TLR4 signalling haslways beetinked to the production

of cytokines and chemokinessociatedavith strong IRF3 and IRF7 geilation, such as typé

IFN [15]. Thus reevduatingthe role of TRAM in TLR signalling whilst factoring in IRF3

and IRF7 modulated cytokinegvealed a number of unanticipated roles for TRAM in TLR2,
TLR7 and TLR9 signalling. Notably, these roles were not related t@rbaguction ofthe
pro-inflammatory, primarily NFeB controlled cytokine TNB but rathetthe IRF3 controlled
chemokine RANTES and the type IFN (Figure 3.5) The observed phenotypes were
unexpected for aumber of reasons. FirsflyLR2, TLR7 and TLR9 are primarily knowrsa
MyD88-dependent TLRswhich, upon recognition of their cognate PAMP, transduce their
intracellular signal using only MyD88 (TLR2 also utilises the adaptor MAL at low PAMP
concentrations)15, 21]. TRAM, on the othehand isprimarily known to mediate the MyD88

independent signalling axis via TLR4 and thus it was surprising that it was found to play a
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role in medating MyD88dependent TLR, TLR7 and TLR9 signallingHowever, he recent
demonstration that TRAM phystly interacts with MyD88 to mediate 1L8R signalling
provides a precedent for a role for TRAM in mediating signalling via MyD88 dependent
receptors.This result was verifiedn the current study, wherein anteraction between
TRAM and MyD88wasdemonstrated upon TLR7 stimulation and as elaborated upon earlier,
suggests that TRAM is capable of localising to endosomal compartments upon TLR7

signalling,just as it does during TLR4 signallipg4].

Another reason for the unexpected phenotype was the observation that TRAM, at least in the
case of TLR7 and TLR9gnalling, appears to mediate thsignalling through a mechanism

that involvesIRF3 (Figure 3.9) The finding thatIRF3 is activated in response to TLR#

TLR9 signallingis novel and perhapscontroversial as t haspreviausly been asserted that

IRF3 is not involved in TLR7 signalling irRaw264.7macrofages[212. In contrast to the
previows study that utilised the TLRijand R848 at @oncentration ol0e M t o thet i vat ¢
Raw264.7 macrophages, tberrent studydemonstratethat 2.8¢e M R 814 & /) resulted

in the activation ofiBMDMs. This suggest that iBMDMs may bemore sensitiveghan
Raw264.7 macrophagés TLR7 stimulation andhatthis may be duén part to theirability

to utilise IRF3 to supplement their signalling. Thtlse observedRAM-dependent IRF3
activationmay be cell type specifiszvherebyiBMDMs display a lower TLR7 activation
threshold dueto their ability to activate IRF3 in a TRAM @pendent manneFrom a
(patho)physiological perspective, theliancesole reliance on a MyD8BRF5 or MyD88

IRF7 for typel IFN production bythe endosomal TLRseemsa risky strategy for the cell.
Although other cytosolic PRRs caiso sense foreign nleotidedeading to the activation of

Typel IFN in an IRF3 and IRF7 dependent manf#8€q], the endsamsal TLRs nevertheless

play an important rolén pathogen e@sponseand thepotential to utiliselRF3, via aTLR7-

MyD88-TRAM-IRF3 axis,would at least expand their abyl to successfully transmit a
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dangersignal to the nucleus if IRF@nd in the case of TLR7, IRF5 alssere to become

antagonised by a viral subg&n mechanisi87].

It should be noted that the involvement of TRAM in TLRBignalling does nohegateits
reliance on MyD88The TLR7 dependent cammunopregpitation of TRAM and MyD88
suggests that TLRTRAM signalling is dependent upoiMyD88 (Figure 3.19) Thus a
remaining question is wheth€RAM is required forthe interaction oMyD88 with TLR7, as

it is for the interaction off RIF with TLR4, or is it thecase that TRAM binds downstream of
MyD88 to actas a linker to the IRF3 pathwagontrastingwith MyD88 deficient cell§40],
suppression of TRAM does nobmpleely abolish TLR7signalling figure 3.5, 3.1p
suggesting that there are still transcription factor(s), lIK&F5 andIRF7 via MyD88,
mediating typd IFN in the absence of the TRAMRF3 pathway.This would therefore
suggest that TRAM functions downstneaf MyD88. If it were upstrearaf MyD88, TRAM
deficient cells would be completely unresponsive to TLR7 or TLR9 stimulation, which is no
the case (Figure 3.5Thus, it may beproposed thafTLR7 signdling in BMDMs may be
mediated by thre®lyD88 dependensignalling pathways. These are a TL:=-RyD88-NF-a B
axis, aTLR7-MyD88-IRF5/IRF7 axis and a novel TLR¥MyD88-TRAM-IRF3 axiswhich
complementghe IRF5/IRF7 pathway Future work would includelucidation of the factors
that modulate TLR7 signalling downstreainTRAM but upstream of IRF3 in this pathway.

|l RF3 is known to be phosphorylated by the
and would therefore be expected to be involved in any activation of[HE8R Furthermore,
confocal imaging of TRAM, TLR7, TLR9 and IRF3 upon stimulation with the corresponding
TLR ligands would be hugely useful in both visualising the trafficking patterns of these
proteins dring active signalling and also in conforming the roles of TRAM and IRF3 in

these pathways.
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If such novel insigts can still be made regarding the function of the adaptor TRAM, one of
the basic tenants of TLR signalling, then one must wonder astathtddlse of t he &éno
still to be discovered with roles in the host daefe against pathogen invasiddne could

argue that almost all proteins in a cedin potentially play some role in this regard as any
change to cell homeostasis, be it from a pathag cancerous, aging or autoimmune source,
can signal to host systems to mobilise in order to revert the cell back to its homeostatic
equilibrium The host respa@e to a pathogen for exampleutd therefore be considered not

just in terms of the immunessponse, but should also consider thealtitude of ways in

which cellular process are disrupted and thus respond to thid&8ls Paying attention to
these processes and how they dictate the balance of suriiwalelnesay pathogen and host
could provide many new targetsr therapeutic interventions or at the very least bring a

greater understand of what exactly occurs to a cell during pathogenic insult.

With the above @ncept in mind, the aim of chapters fouddive were to delineatthe host
response to pathogenic insulhot at the level of a singlgrotein, namelyTRAM, buton a

global scale utilising a whole cell proteomic approach Proteins whose expression is
significantly modified in response to infemt are considered mediators of host homeostatic
change and are there#opotential targets for therapigmst seeks to restore homeostasis. Two
respiratoy pathogens, one bacteridl. (pertussi$ and one viral (HRV16), were chosas the
model pathogenswmning to their contrasting taxonomy and comparable target in humans, the
respiratory tract. Humans are @lhe primary reservoir fd8. pertussisand HRV16 and both
have thus evolved remarkable abilities to stubbornly resist eradication despite adwances i
medical science. ilé host proteomic responseon infection witheachpathogenwas thus
characterised with comparisons between the two also made in order to more succinctly

illustrate protein responses that are exclusive to either pathogen or thatusweénof both.
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Chapter foursought toexaminethe host wholecell proteomic response tB. pertussis

infection and is the first time such a study hasrbattemptedPreviously, aranscriptomic

study using high density DNA microarrays examined theitho host respnse toB.
pertussisinfection inthe same celine (BEAS-2B) that was used the currestudy [181].

The researchers investigated the transomgt of BEAS2B cells following exposure t@.
pertussis at a single time pointand MOI in order to create an easily controlled and
reproducible model of the interaction between the pathogen and its target cellhgpe.
transcriptomic study found that up@ pertussisinfection for three hoursa dominant pre
inflammatory responsevas generatedvith numerous inflammatory genes upregulated
includingthose encodingl--8, IL-6 and IL-1 §181]. It was interesting thaioth IL-6 and IL-

1 b mRWNekesupregulated as the cemt work documented copious-8.production in

resporse toB. pertussis(Figure 4.19, however no detectable-1 bwvas detectedit may be
possiblethat while I-b  mR N A regulated inpesponse ®. pertussis its secretion at the

protein kevel mgy be somehow inhibited by 8. pertussisvirulence factor A further

possibility is that BEASB cells either lack, or express low levels of the inflarmonae
machinery required to senBe pertussisand thus processptb-1 b i nt o it s mat ur ¢
form. The expression of NLRP12 was shown to be upregulated in respoBseexiussis

however as no detectable-Lb was secreted, tl2his ot asmagrg e st s
sensor oB. pertussisin BEAS-2B cells, at least with regardtoeaturelL-1 b pr oduct i on.
disconnect between gene and protein expression was a recurring theme in the analysis of hits
obtained through both 2DIGE MS and LFQ MS. Manyrpteins which were upregulated in
response td. pertussisinfection such as SOD, TPI, NLRP12 and ferritin were not due to
increased gene expression (Figutess 49 and 4.1). Similarly, thedisconnect between L

1 b mRIp&ulationin [18]] and the lack of secreted maturedlb i n t he curre

illustrates a key drawback tfanscriptomicstudies. Dynamic gene expressiarresponse to
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cell perturbationdoes notecessarily correlate with protein expresdid8d. Inferring that

this is the case, without verification of corresponding protein levels, leads to false
conclusions being drawn. Thus,key benefit othe proteomic approach is simultaneously
illustrated Taking the trancriptomic study at facalue, one could beofgiven for expecting
bothiIl-6andI-1 b t o be key effect or-2Broells i cespbneesto pr o d

B. pertussiswhen in fact only IL6 is secreteth detectableuantities

Both the transcptomic [181] and current proteomic studies revealed the upregulation of
several apoptosis factors with aapoptotic genes such agaip3andapi2 dominating in the
transcriptomic study and more papoptoic proteins such as caspase 3 and caspase 7 in the
proteomic studyTable 4.1, 4.2 This apparent shift to a papoptotic fate can be explained

by the different time points used in both studies with the transcriptional study infeatigg fo
hr ard the poteomic study for 12 hrAs B. pertussisis known to drive apoptosis in infected
cells [438 491], the shift from antiapoptotic to preapoptotic proteins likely reflects the
detrimental effect theeplicatingbacteria are having on the host cédlbility atthe later time
point of 12 hr. ThusB. pertussismediated apoptosis offected cellsn likely to proceed in a

caspase 3 and caspasdependent manner

Another interesting pattern was the relatively large coutiob that proteins associated with
cancer and transcriptional/DNA editing procesappear tomake to the changes in host
homeostasis updB. pertussisinfection (Figure 4.1 It is estimated that approximately 15%

of malignant cancers are attributed to infections with bacteria and vi488s Examples

include Hylobacteia pyori and gastric cancer ar@reptococcus bovisvith colon cancer

[493 494. There is no known tk betweenB. pertussisand cancer, however the large
number of detected proteimwith roles in DNA damage repair, DNA and RNA modifications

and the cell cycle agree with the consensus that bacterial agents are capable of causing or at
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least inducing simér pathways involved in tumorigeneqid92. Pathogens such &3.
pertussis that are capable of residing within the cell, like tumours, require metabolic
resources which must be deriviedm the host. Thus like tumouf495, theserequirements
could potentially be targeted for disruption to supress bacterial replicatmarticularly
during chronic infectios. B. pertussis if undetected regularly cagschronicinfections[496
andthis paradigm could potentially be used to tamgefpertussis However, a more useful
intervention would be againstntibiotic resistant bacterisuch as methidiin-resistant
Staphylococcuserus (MRSA), which is also capable of survivingtracellularly [497].
Preventing these bacteffiam increasindhost intracellular metabolisind subvertingt for

their own needsould inhibit intracellular survivalrad thus reduce lethality

Suppression of a number of protein hits failed to elicit any changedretion of IL6 (Figure
4.19A). However, this does not in any way mean that these proteins have no role to play in
the host response ®. pertussis Cytokine secretion is but one effector mechanism used by
the cell and does not pait complete picture regarding host response. Other defence
mechanisms such &0 production could also be monitored as well as levels of bacterial
replication and host cell deatkven better would be the use ohvivo studies using mice
deficientin each protein of interesAlteration ofsurvival uponloss of one of the protein hits
would be the ideallustration of a role for a particular protein B. pertussispathogenesis
Despite the lack of a cykne related phenotype upd@h pertussisinfection, suppression of

P P P 1 & sathmin 1 caused a significant reduction in TLR4edieted IL-6 secretion
(Figure 4.18). The TLR4 ligand, LPS, is a noted virulence faabB. pertissishowever
whilst B. pertussisis known to be recognised by TLR4, it is a relatively weak activator of this
PRR compared to other members of the Bordetella fapdi®d. Thus B. pertussismay
purposely seek to avoid or suppress the TLR4 responsestprbteins tsithmin and PPP1C

both upregulated b. pertussis appearto mediafEL R46s 1 nf |l ammatory r
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in turn negatively impact upoB. pertussissurvival. Addition of TIR4 agonists as adjuvants
to B. pertussisvaccine preparations may therefore aid the protectgponse generated.
Indeed both acellular and whole cell pertussis vaccines show defective protection against

disease in TLR4 deficient mi¢é43.

Chapter five sought to examine the proteome of BB ellsin response to infean with
another respiratory pathogen, HRV16. The aims of the study were to ascertain the proteins
that may potentially be involved in the host response to viral infection, whether these had any
effect on the immune response to HRV16 and also to probeasiied obseved between the

proteome alteations upon HRV16 anB. pertussisinfection.

The reduction inthe number oHRV16 mediatedprotein hits with functions in metabolism
compared td. pertussishas #ready been discussed (Section 52dhd serve to illustrate

the difference in the hostgmonse to both pathogens. Anotheteresting observation was

that approximately 25%6 of protein his altered upon HRV16 infectiomere also altered upon

B. pertussisinfection (Figure 5.3. Focusing on these qieins that were identified in both
studies, 3%, had previously demonstrated immune function, one qubaadrdocumented

links to cancer progression and one sixth have known involvements in redox pathways
(Figure 5.3. Viral and bacterial cinfections h humans have been extensively reported upon
with one of the best known examples being thgnergism betweerSreptococcus
pneumoni@and i nfluenza which caused [M99eThid Spani ¢
ability to coexist may be the result of shared patteof host intracellular modification by
certain bacteria and viruses thus rendering theveetlkened and amenalile coinfection

[499. Additionally, immune subversion mechanisms initiated by bacterial infectionld
increase susceptibilityo viral coinfection and viceversa. Indeed, the propensity for
coinfection betweeB. pertussisand HRV was illustrated in @@centDutch studyon a cohort
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of children who experienced prolonged coughing episdol@sd that thewo most frequent
pathogens encounteredofin swabs taken from the children were HRV @3} and B.
pertussis(17 %) [500. Moreover, he most frequent mixed infection was also HRV &nd
pertussiswhich occurred in 10% of cas¢sS0(. Thus it is proposed that the similarities in

host proteome remodelling observed in response to Boflertussisand HRV16infection
suggests that there are similar pathways utilised by both pathogens to supplement their
individual replication.Future work will involve perttbing these pathways with the intention

of curbing either individual pathogens or both. Again, the afsenockout mice comiied

with both individual and canfection models with a focus on alterations in bacterial or viral
load and mouse survival in knockout mice compared to WT strains would be the preferred

model.

Knockdown of two protein hits that wer@negulated upon HRV16 infectiontashmin 1 and

DJ-1 did not have any effect on 46 production in response to HRV1Bigure 5.9. This

result mimics that obseed uporB. pertussisinfection as these two proteins, which were also
found to beupregulated n response td. pertussis did not play a role irB. pertussis
mediated 16 production(Figure 4.19A. Suppression of stathmid and DJ1 followed by
stimulation of BEAS2B cells with a HRV& PAMP, dsRNA in the form of poly.C) also

had no effect on ther IL-6, RANTES or typel IFN secretion(Figure 5.9. It therefore
remains to be seen what roles these proteins play in the host response to HRV16 infection.
Further studies looking other cellular processes such as INOS production and metabolism
could beinvestigated. As mentioned earlier, alterations to viral replication calsld be
studiedupon knockdown of these proteins. One interestinge@iathat emerged from the
poly(l:C) stimulations was that stathmih syppression had no effect on pdhg) - TLR3
mediated [L6 production(Figure 5.®). This contrasts with LPS (TLR4) mediated- IL

productionwhich was significantly reduced upon $iain 1 knockdown(Figure 4.18).
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Thus it would appear that stathminds r ol e i n TLR sigeyaledst ng i S
to the TLR4 pathway. St at hmi alréasly beea hlidediton mi ¢
(Table 4.1,5.1). It has also been shown that both TLR4 and TLR2 colocalise with-alpha

tubulin and align with microtubules in both dendritic cells andhooytes[501]. Moreover,
microtubuledisruption disturbed TLR2 and TLRexpression antked to inhibition of 1L-:12
production[50]]. Thus mtential roles irthe signalling pathways obther TLRs particularly
thosecapable of trafficking between the plasma membrane and endossuchsas TLR2

[502 will haveto be investigated in the future in orde further elucidate stathmih6s r ol e

in TLR signalling.

6.2 Future work
Regarding Chapter 3hére are a maber of further experiments that could supplement the

current datalt was previously attempted to obtain primary WT and TRAMMDMs in

order to confirm the observed phenotygdesvever theonce shipped, theells failed to grow.

This experiement should e attempted again. TRAMG6s rol e
shown to be dependent uptite adaptoRIF which is immediately downstram of TRAM.
Therefore, obtaining primary TRIE BMDMs i n order to define T

signalling would also be hgiul.

RNA interference of TRAM in human cells indicated a similar role for human TRAM in the
TLR7 pathway However these experiements looked only @&tokine mRNA induction.
Measurement of protein secretion by ELISA could nobpemised in time andghaild be

examined in future experiments.

't would be beneficial to provide further ¢

the TLR7 pathway and t hus TRAM@gdeininteractions ¢ ki n g
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could be monitored at multiple tepoints using confocal microscopy to probe the position of
fluorescentlytagged TRAM and othdiuorescentlytaggedproteins of interest such as TLR7,

MyD88, TRIF,IRF3, IRF5, IRF7, TRAF6 and TRAF3.

Finally, it would be interesting to see if the survighlTRAM deficient mice is in any way
altered compared to WT mice upon infection withTRR7 activatingssRNA virus. One
would have to be certain however, that only the TLR7 pathway is being activated. Thus
perhaps an intrperitoneal injection of the TLRTigand R848 could be attengut and

survival motiored from ére.

Focusing on Chaptersés 4 and 5, again there
present data. Regarding the LFQ MS studyBofpertussismodulated proteinsit was
disappointing tht more proteins known to be involved in innate immune signalling were not
identified as well as the fact that only two proteins identified by LFQ MS were also found
using 2DDIGE MS. Thus it would be useful to further optimise the LFQ MS protocol
particularly the protein lysis, peptide preparation and the specific protocol used for the Q
Exactive MS/MS runOnce optimised, this technique could be applied to studying the whole

cell lysate of HRV16 infected cells also.

The experiements veneby esiRNA was @sl to reducethe endogenoudexpression of
selectedhit proteins during infection withB. pertussisor HRV16 did producesome
interesting results however they were limitedtbg small number of cytokine readouts. It is
possible to purchase commercially guced cytokine arrays tailored to specific cell types
(such as the epithelial cells used in the current work) which could simultaneously profile the

secretion ofmany cytokines between control and knockdown stafgsn infection withB.
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pertussisor HRV16 This could therefore provide a much broader characterisation of the role

of the selected proteins in cytokine secretion during an infection scerario.

Cytokines are not the only possible downstream effector funtti@incould benodulated by

the selecteé proteinshowever Other processes such as ROS production could also be
monitored Additionally, both bacterial and viral load could be tracked in order to see if the
survival of B. pertussior HRV16 is being impeded or indeed facilitated by the supjpress

of the selected proteins.
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value
No. Change Code Score (kDa) Matched (%)
1221  Thioredoxin 91.5 P10599 194 11.7 4.82 4 34 7.1E-04
1221  Replication protein A 14 kDa subunit y1.5 P35244 86 135 4.96 2 33 7.1E-04
951  Triosephosphotase Isomerase  (TPI) y4.4 P60174 297 30.7 5.65 5 29 0.008
1179  Tubulin -specific chaperone A V1.4 075347 172 12.8 5.25 6 38 0.002
1120  Stathmin )71.5 P16949 142 17.2 5.76 3 21 0.015
1120  Stathmin -2 y1.5 Q93045 86 20.8 8.4 2 10 0.015
467 Protein disulfide -isomerase 1.3 P07237 916 57.0 4.76 25 50 0.015
103 Transitional endoplasmic reticulum ATPase 215 P55072 791 89.2 5.14 19 29 8E-04
338 heat shock 70kDa protein 9B 1.4 BAD96478 376 73.5 5.87 8 15 0.005
527 Tapasin ERP57 1.4 3F8U_A 946 54.1 5.61 18 46 1.8E-05
1312  Superoxide dismutase [Cu -Zn] y1.3 Q6NR85 55 15.9 5.7 1 9 9.8E-05
1199 HGSTP1-1 91.3 4PGT_A 436 23.3 5.43 11 52 0.043
1434  Ubiquitin -conjugating enzyme E2 N (Ubcl3) y1.3 P61088 281 171 6.13 6 51 5.8E-04
1347  Cofilin-1 21.7 P23528 256 18.4 8.22 4 42 0.007
1191 PRDX3 91.3 P30048 238 27.6 7.67 4 18 0.02
1032 Clicl )71.4 3QR6_A 359 26.9 5.01 9 39 0.001
997 EB1 )71.3 Q15691 446 29.9 5.02 10 45 0.021
1061  Glutathione S -transferase omega -1 )71.4 P78417 204 27.5 6.23 7 24 0.017
1019 NLRP12 )71.3 NP_150639 52 102 8.85 2 13 8E-05

Table Al.1 Proteins identified by DIGE/ LC/MS showing changes in expreson in respase toB. pertussisinfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliabémpiiotsiond
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value
No. Change Code Score (kDa) Matched (%)
1032  Proteasome subunit beta type -4 y1.5 P28070 372 29.1 5.72 9 36 0.005
826 Annexin A2 )71.5 3GPD_R 125 385 7.57 2 6 3.7E-04
1509  Thioredoxin domain -containing protein 12 y1.5 075347 200 19.1 5.27 4 30 0.022
1444  Mitotic spindle -associated M MXD complex y1.5 Q9Y3DO0 84 17.6 5.07 2 26 0.002
1374  Nucleoside diphosphate kinase A (NME!) y1.4 Q96Q81 461 17.1 5.83 18 64 5.8E-06
1539  Peroxiredoxin -6 y1.3 1SOA_A 256 25.0 6 9 44 0.023
1488 Dj-1 y1.3 2RK6_A 490 19.8 6.33 16 66 0.011
1093 Acyl-prote in thioesterase 1 y1.3 P18669 89 24.6 6.29 2 8 0.004
997 Phosphoglycerate mutase 1 y1.4 P37837 110 28.7 6.67 2 15 0.025
806  Transaldolase y1.3 P62136 323 375 5.26 7 21 0.005
1382  Serine/threonine -pr ot ei n phosphat y1.4 BAA11928 379 374 5.74 7 22 0.007
1415 ER-60 protease 71.3 P38657 609 56.7 5.98 13 27 5.9E-05
1442  Galectin-1 )71.3 P25398 260 14.5 5.34 7 44 0.001
1342  40S ribosomal protein S12 yi1.4 Q969H8 73 14.5 6.81 3 13 9E-07
1325 IL-25 91.3 P09211 235 18.7 6.2 6 27 0.002
1047  Caspase 3 )71.3 075832 63 214 7.67 3 19 0.004
1087 PSMB10 )71.4 Q6IBR6 100 244 571 3 17 0.011
1492  Platelet -activating factor acetylhydrolase y1.4 1QUQ_A 80 25.5 5.57 2 12 0.003

Table Al.1 Proteins identified by DIGE/ LC/MS showing changes in expresion in response tdB. pertussisinfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliabém{fiotgiand
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value
No. Change Code Score (kDa) Matched (%)

972 Replication Protein A (Rpal4 And Rpa32) y1.3 P06730 260 14.4 5.43 6 44 0.008
1028  Eukaryotic translation initiation factor 4E y1.3 Q9UC36 74 25.0 5.79 2 11 0.047
1037  Heat shock protein be ta-1 yi.4 P13693 73 22.7 5.98 1 4 4E-04
1109 DNA replication complex GINS protein PSF2 y1.3 075947 58 21.4 5.29 1 13 6E-04
1128  ATP synthase subunit d, mitochondrial y1.4 P04632 476 18.4 5.21 12 67 1.4E-04
1019  Calpain small subunit 1 y1.4 Q96L46 485 28.2 5.05 9 51 1.6E-04
1500 14-3-3 protein epsilon yi1.4 Q07021 123 29.1 4.63 3 15 0.004

886 Complement component 1 Q )71.4 P28066 289 31.3 4.74 8 31 3E-04
1494  Putative hydrolase RBBP9 91.4 1SOA_A 131 20.9 5.79 2 18 0.017

Table Al.1 Proteins identified by DIGE/ LC/MS showing changes in expreson in response tdB. pertussisinfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliabéamifioteiond
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Protein Name Accession Code LFQ Intensity LFQ Intensity Matched Fold PEP ANOVA
(Control ) (Infected) Peptides Change
Elongation Factor gamma IPI:IPI00000875.7 NaN 26.1588 4 N/A 2.49E16 N/A
Sodium/potassim-transporting ATPase IP1:1P100006482.1 NaN 25.2055 6 N/A 8.69E14 N/A
Adenylyl cyclasassociated protein 1 IPI:IPI00008274.7 NaN 24.056 3 N/A 3.92E16 N/A
Exportin2 IP1:1P100022744.5 NaN 25.1535 7 N/A 1.03E20 N/A
Pre mRNA slicing factor SYF2 IP1:P100022963.3 NaN 24.6667 3 N/A 3.93E13 N/A
60S ribosomal protein L9 IPI1:IP100031691.1 NaN 25.0996 2 N/A 8.65E05 N/A
PrerRNAprocessing protein TSR2 IP1:1P100056314.1 NaN 23.5004 2 N/A 0.000226 N/A
Glucose6-phosphate idehydrogenase IP1:1P100216008. NaN 26.0543 8 N/A 1.20E25 N/A
Caspase IP1:1P100216674.1 NaN 24.9004 2 N/A 0.001409 N/A
B-cell receptorassociated protein 31 IPI:IP100642984.2 NaN 23.1694 4 N/A 1.96E06 N/A
Small kinetochoressociated protein IPI:IP100294680.5 NaN 25.5811 2 N/A 7.50E05 N/A
DNAdependent protein kinase IPI:IP100296337.2 NaN 26.1313 19 N/A 1.55E46 N/A
Laminin subunit gamma IPI1:1P100298281.4 NaN 25.1725 3 N/A 1.25E18 N/A
60S ribosomal protein L7a IP1:1P100299573.12 NaN 24.8042 2 N/A 0.000365 N/A
60S ribosoral protein L17 IP1:1P100413324.6 NaN 25.5323 2 N/A 1.78E05 N/A
Ribosomebinding protein p34 (p34) IP1:1P100396321.1 NaN 25.7962 3 N/A 5.30E14 N/A
RACK1 IP1:1P100848226.1 NaN 25.7188 6 N/A 5.44E32 N/A
RNAbinding protein 4 IP1:1P100003704.4 25.0283 NaN 3 N/A 2.12E07 N/A
Protein S10€A13 IPI1:1PI00016179.1 26.4933 NaN 2 N/A 1.86E26 N/A

Table Al.2 Proteins identified by LFQ MS showing changes in expreson in response toB. pertussisInfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliabém{fiottiand
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Protein Name Accession Code LFQ Intensity LFQ Intensity Matched Fold PEP ANOVA
(Control) (Infected) Peptides Change

NUDT15 IP1:1P100019487.3 24.8133 NaN 3 N/A 6.96E08 N/A
Upstream stimulatory factor 2 IP1:1P100020037.1 25.3726 NaN 3 N/A 7.44E10 N/A
Nckl IP1:1P100028065.1 24.7187 NaN 4 N/A 9.56E20 N/A
BRO1 domakgontaining protein BROX IPI:IPI00065500.3 25.2597 NaN 2 N/A 1.28E08 N/A
E3 ubiquitinprotein ligase RNF181 IP1:1P100292354.8 25.1869 NaN 2 N/A 5.56E09 N/A
Caspase activity and apoptosis inhibitor 1 [PI:IP100303812.7 25.4128 NaN 3 N/A 5.77E05 N/A
RNA polymerasassociated protein RTF1 IP1:1P100303832.6 25.3318 NaN 6 N/A 5.49E17 N/A
Kanaaptin IP1:1PI00306749.8 24.5912 NaN 3 N/A 1.00E08 N/A
Cx9C motitontaining protein 4 IPI:IPI00446798.1 25.1599 NaN 2 N/A 4.32E15 N/A
RNAbinding protein 8A IPI:1IPI00001757.1 31.3137 30.9937 10 -0.64 1.98E228 +
Serine/argininerich splicing factor 2 IP1:1P100005978.8 32.3223 31.9449 12 -0.75 0 ¥
Putative RNAinding protein LucTike 2 IP1:1PI00006932.4 28.1672 28.5935 10 0.85 3.52E123 +
UV excision repair protein RAD23 IP1:1P100008219.1 26.0555 25.4419 -1.23 6.40E18 +
Intercellular adhesion wiecule 1 IP1:1PI00008494.4 24.3462 26.2793 3.87 4.29E26 +
Serine/argininerich splicing factor 6 IP1:1P100012345.2 31.5658 31.1274 14 -0.88 1.71E99 ¥
Calponin2 IP1:1P100910593.1 32.0846 31.7908 17 -0.59 0 +
Uncharacterized protein C140rf119 IP1:1F00016726.3 25.4719 26.2364 3 1.53 1.26E12 +
SNX15 IPI1:1P100016820.1 26.9393 26.6184 7 -0.64 1.15E20 +
U4/U6.U5 Nuclear ribonucleoprotein IP1:1P100017289.3 27.4412 26.8387 5 -1.21 2.13E36 +

Table Al.2 Proteins identified by LFQ MS showing changes in expreson in response toB. pertussisinfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliabémiproationd
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Protein Name Accession LFQ Intensity LFQ I ntensity Matched Fold PEP ANOVA
Code (Control) (Infected) Peptides Change
SH3containing GriR-like 1 protein IP1:1P100019169.: 25.9905 24.7994 5 -2.38 4.06E31 +
Calreticulin / ER resident protein 60 IP1:1P100020599.1 32.4786 31.8841 22 -1.19 0 +
Superoxide dismutas IP1:1P100022314.1 26.5621 28.6293 6 4.13 4.54E57 +
Zinc finger Rabinding domain protein 2 IP1:1P100029400.2 30.5409 30.158 12 -0.77 2.64E70 ¥
Tenascin IP1:1P100031008.1 25.256 26.1233 5 1.73 2.16E27 +
U6 snRNAssociated Srike protein IP1:1PD0032460.3 27.5791 28.196 3 1.23 7.88E34 ¥
RNAbinding protein IPI:1PI00033561.: 30.6525 29.7869 7 -1.73 1.42E109 +
Coiledcoil domaincontaining protein 97 IP1:IP100061777. 27.8229 27.401 6 -0.84 1.13E38 ¥
40S ribosomal protein S29 IP1:1P100182288. 25.5816 26.0145 2 0.87 6.93E06 +
Galectinl IPI:1P100219219.: 34.1862 34.5223 16 0.67 0 +
N-alphaacetyltransferase 38 IPI:1P100219871.t 28.4039 27.9208 4 -0.97 6.85E19 ¥
Cdc42 effector protein 3 IP1:1P100294391 .2 26.3264 25.7559 3 -1.14 5.49E08 +
TSC22 domain family protein 1 IPI1:1P100301610.¢ 27.7164 28.2144 8 +1.00 5.10E69 +
Protein TSSC4 IPI:1P100305144.1 29.2542 28.9348 5 -0.64 1.07E30 +
Serine/arginine repetitive matrix protein 1 IPI:IP100328293.: 28.0004 26.944 6 -2.11 2.74E40 ¥
Feriitin IPI:1PI00375676.5 27.9658 29.4761 6 3.02 4.09E47 +
Periphilinl IPI1:1P100410039.] 26.5231 27.0506 7 1.06 3.41E31 +
Transcription elongation factor A protelike  IPI:IPI00478127.: 30.6756 30.2284 9 -0.89 3.55E65 ¥
Iierritin heavy chain IP1:1R00554521.2 31.962 33.7804 16 3.64 1.06E255 ¥

Table Al.2 Proteins identified by LFQ MS showing changes in expreson in response toB. pertussisiInfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicatimgtainaiolentification.
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Protein Name Accession Code LFQ Intensity LFQ Intensity Matched Fold PEP ANOVA
(Control) (Infected) Peptides Change

Transcription elongation factor A protelike IP1:IP100647163.1 29.142 28.6857 11 -0.91 3.46E58 +

4

Serine/arginine repetitive matrix protein 2 IP1:1P100782992.3 30.0636 29.0563 24 -2.01 1.29E221 +

Suppressor of G2 allele of SKP1 homolog IP1:1P100828150.1 27.7404 27.4011 6 -0.68 2.53E70 n

Table Al1.2 Proteins identified by LFQ MS showing changes in expreson in response toB. pertussisInfection. All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated a mascot scoret#@ iatiable protein identification.
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value

No. Change Code Score (kDa) Matched (%)

1361  Stathmin y1.6 P16949 154 17.2 5.76 3 21 0.009
1375  Actin -related protein 2/3 complex subunit 5 y1.6 015511 193 16.3 5.47 5 41 0.003
1383  Prefoldin subunit 5 y1.5 099471 97 17.3 5.93 3 21 0.006
1345  Superoxide Dismutase (Cu -Zn) ¥1.7 Q904262A 56 15.9 8.76 2 16 0.009
1325 DUTP y1.6 Q96Q81 254 26.5 9.46 8 30 0.006
1334  Nucleoside diphosphate kinase A (NME1) y1.5 P15531 379 171 5.83 14 63 0.012
1291  Putative hydrolase RBBP9 y1.5 075884 202 20.9 5.79 4 30 0.025
1250 /7 hydrolase domain -containing protein 14B y1.5 Q96IU4 206 22.3 5.94 4 28 0.028
1550 DJ-1 y1.6 ISOA_A 473 19.8 6.33 14 68 0.003
1549 PRDX3 91.5 P30048 173 27.6 7.67 4 18 0.01
1326  Lysozyme C y1.6 P61626 62 16.5 9.38 1 8 0.045
1581  Myosin regulatory light chain 12A 1.7 P19105 151 19.7 5.67 3 17 0.001
1417  60S acidic ribosomal protein P2 y1.5 P05387 261 11.6 4.42 9 69 0.005
1373  Eukaryotic translation factor Eif  5a y1.6 3CPF_A 321 15.1 5.8 9 40 4.35E-04
1374  Glia maturation factor beta y1.5 P60983 199 16.7 5.19 3 29 0.006
1265 Heme -binding prote in1 71.3 Q9NRV9 481 21.0 5.71 12 50 0.011
1492  Glutathione S -Transferase P1 )71.4 1QUQ_A 80 25.5 5.57 2 12 0.003
1240 26S proteasome non -ATPase reg. subunit 10 y1.5 4PGT_A 644 23335 543 16 55 0.003
1261 Caspase 3 ¥1.3 EAX04676 57 214 7.67 2 21 0.01

Table A1.3 Proteins identified by DIGE/ LC/MS showing changes in expreson in response to HRV16All proteins were identified using
the NCBI and Swiss Prot protein databases and demonstrated a mascot scaleati2gimeliable protein identification.
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value

No. Change Code Score (kDa) Matched (%)
1190 RPABC1 )71. 5 NP_002686 251 245 5.69 6 30 0.002
1154  Phosphoglycerate mutase 1 y1.5 P18669 150 28.7 6.67 4 16 0.033
1518 Unnamed pr otein product 71.3 BAG63158 76 55.7 6.12 3 5 0.022
1429  40S ribosomal protein S12 91.5 P25398 69 14.5 6.81 3 13 0.022
1434  HINT1 91.5 P49773 88 13.7 6.43 2 24 0.006
1651  S-phase kinase -associated protein 1 y1.5 P63208 299 18.6 4.4 5 46 0.009
1254  DNA replication complex GINA protein PSF2 y1.5 Q9Y248 128 21.4 5.29 3 24 0.004
512 Lamin B1 71.5 P20700 758 66.3 511 7 32 0.012
526 MAP3K1 or ASK1 71.6 Q99683 62 1544  5.52 2 61 0.012
66 Splicing factor 3A subunit 1 y1.5 Q15459 252 88.3 5.15 8 13 0.009
15 Menin 21.7 000632 54 67.9 6.14 1 2 0.004
17 Glycogen debranching enzyme 1.7 Q9UF08 52 1746 6.31 2 1 0.005
21 Tetratricopeptide repeat protein 21B 71.6 Q9HAKS 62 150.8 6.53 2 1 0.006
1411 IL-25 91.4 Q969H8 153 18.7 6.2 4 27 0.02
1413  Histidine triad nucleotide -binding protein 2 y1.4 Q9BX68 147 17.1 9.2 4 36 0.009
1342  Cofilin-1 )71.4 P23528 242 18.4 8.22 5 42 0.031
1408  Ubquitin -conjugatin enzyme E2 N y1.4 P61088 397 17.1 6.13 9 67 0.02
1192  Triose phosphate isomerase y1.4 P60174 339 30.7 5.65 8 27 0.003
963 Coiled-coiled domain contai ning 69 ¥1.3 EAW61682 59 346 549 2 7 0.006

Table Al1.3 Proteins identified by DIGE/ LC/MS showing changes in expreson in response to HRV16 Infection All proteins were
identified using the NCBI and Swiss Prot protein databases and demonstrated ssomsceb?2 indicating reliable protein identification.
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Spot Protein Name Fold Accession Mascot Mw pl Peptides Cov P Value

No. Change Code Score (kDa) Matched (%)

1224 Prefoldin subunit 3 )71.4 P61758 160 22.6 6.63 4 19 0.033

1236  Acyl-protein thioesterase y1.4 075608 88 24.6 6.29 2 8 0.022

1189 NME1-NME2(Nucleoside diphosphate kinase A )71.4 NP001018146 340 30.1 9.06 12 36 0.022
and B)

Table A1.3 Proteins identified by DIGE/ LC/MS showing changes in expreson in response to HRV16All proteins were identified using
the NCBI and Swiss Prot protein databases and demonstrated a mascot score >52 indicating reliable protein identification.
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Table Al.4 List of antibodies used

Antibody Company
PhosphaRF3 Cell Signalling
Total IRF3 Santa Cruz

| aBU Cell Signalling
b-Actin Sigma Aldrich
Lamin A/C Cell Signalling
NLRP12 Biorbyt

DJ-1 Biorbyt
Stathminl Biorbyt

SOD1 Abcam
NME1/NME2 Abcam
GSTO1 Santa Cruz
Ferritin HC Abcam
Ferritin LC Abcam
PPP1CU Biorbyt
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Figure A1.1IRF3 phosphorylation in WT and TRAM deficient iBMDMs in response to
R848and LPS stimulation
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Figure A1.2 IRF3 phosphorylation in WT and TRAM deficient iBMDMs in response to
CpG stimulation
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Figure Al.4 IRF3 nuclear translocation in WT and TRAM deficient iBMDMs in
response to R848 stimulation
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