Investigationsnto Resistance and
Suscepti bi Diseasgint o
Red Deer

By Blake Gibson

Thesis component of MSc

28/2/2012



Abstract

Johneods di sease (JD) Mycobarterisne dviunsubspeciédse p a
paratuberculosis(MAP), is a chronic inflammatory bowel disease of ruminants that is
charactesed in its clinical stage by progressive weight loss/wastind profuse diarrhea.
Immune responsdo MAP infectionareinitially characterised by a Thl T cell response that
subsequently decreases over disease progression. Detection of MAP occurs via pathogen
recognition receptors (PRR) includi?NOD2 andthetoll like receptors (TLR). Mutations in
NOD2 have been identified as a susceptibility factor to JD. To cause infectiéh 8 a
documented role in manipulating its environment including gene expression profiles. The
aims of this project was to map thEDD2 gene for mutationsissociated withesistance or
susceptibility to JD in red dee€Cérvus elaphys and to investigatéhe gene expression
profiles of deer oflemonstratedesistance and susceptibility for informative factors in disease

progression.

Foundatioml work, carried out at AgResearch Invermay investigating the heritability
of resistance/susceptibility to JD ed deer, includedartificially infecting 18 4 month old
fawns with MAP. These deer then had mesenteric lymph node biopsies at weeks 4, 12, and 49
of the infection trial. Messenger RNA (mRNA) was extracted from the biopsied tissue from 6
animals chosen tcepresent the polesed extremesof resistance and susceptibility, purified,
and reverse transcribed to produce cDNA that was usegPfGRof immune related genes.
Blood collectedvia vascular venepuncture at the week 49 time point was used for mRNA
extradion for reverse transcribing to investigate the CARD15 sequence.

The primary finding from the CARD15 sequence evaluation identified one non
synonymous mutation namekB16 and five synonymous mutations. Using histopathology
data from the 14 dedthe CARD15 sequence was obtained fjoas a measure of disease
severity indicated that this mutation does not affect resistance or susceptibility. Profiling of
multiple immune related genes indicatéilely diseaseseverity phenotypes, including
heightened INb related genes at week 4 being associated with resistance as well as
heightened NLRP3 expression. Expression of immune genes throughout this infection trial
has ledto some insightful factorancluding IFNs and NLRP3nfluencing susceptibility and

resstance to JD in red deer.
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Chapter 1: Introduction

1.1 Purpose ofResearch

Foundatioml work for this thesis, carried out at AgResearch Invermay under Dr. Colin
Mackint osh, explored the heritability of r
in Red Deer. An atrtificial infection model wasilised whereby the deer were infectadth
MAP and subsequently investigated at 4, 12, and 49 weeks after infectionsagingntial
intestinal lymph nodebiopsies. From this experiment the ability to investigate the topics
covered in this thesis was obtained; firstly the pathogen recogmiémeptor NOD2 was
investigated in deer ademonstrategphenotype and secondly genetic profilingcaihdidate
immune genes of known function were investigated. The value of gaining a greater
understanding of these two points includes not only the abilgglect deer biased upon their
ability to produce healthy offspring, but also to gain a greater level of insight into the immune

activitiesof red deerwithin the mesenteric lymph nodekiring JD progression.
1.2 Johneb6s Disease

JD, a@used by the bactati pathogen Mycobacterium avium subspecies
paratuberculosigMAP), also known as paratuberculosis, is a chronic inflammatory bowel
disease of ruminants that is characterized in its clinical stage by progressive weight
loss/wasting, profuse diarrhea, grasmktous enteritis and typically enlarged mesenteric
lymph nodes(Mackintosh et al, 2007) First described in 1895 as an intestinal disease
affectingcattle, JD is an economically significant disease that has been estimated to cost the
United States agricultural industry up to $1.5 billion a y&ata S.,2005;Whittingtonet al,

2017). Within New Zealandhis diseasehassignificanty negatively impactedarmed deer;

one conservative report published in 1998 estimated that JD costs this industry $205,000 to
$341,000 per year (Brett E., 1998). The Neealdnd dairy industry may suffer estimated
losses of $3.8 to $18.9 million a year (Brett E., 1998). Recent estimates suggest that between
10-68% of cattle herds ideveloped countrieareaffected byJD (Eda S., 2005Whittington

et al, 201). Within New Zealand bovine JD has an estimated dairy herd prevalence of 60 %
(Eda S., 2005; Pardt al, 2007) Disease prevalence in youngi8 month old) red deer
(Cervus elaphyscan accountor lossesof up to 15 % (Griffin et al, 2005). Spread of JD

within a deer herd can occur horizalhy as infected individuals spread disease amongst their
herd matesand vertically during pregnancy (Mackintoskt al, 2005). Infection may be

exacebated by risk factors including thage of the animal, size of infectious dose,



organism/strain involved,genetic susceptibility/resistance of the animal and lastly
environmental factors aratherstressor¢Chaconet al., 2004; Mackintoslet al., 2007)

1.3 MAP HostRange,Models, andDetection ofDisease
1.3.1Host range, models and resistance/susceptibility to disease

A recentsurveyundertaken in the South Island of New Zealand found MA® not
only a broad ruminant host range it also has the abiligutaive within the gastrointestinal
tract ofa variety of animals and birds as diversgpassums, hares, hedgehogs, cats, rabbits
and the paradise shelducks (Nugental, 2011). Withinthese species MAP can actively
infect possums, cats, ferrets, and hares (Nugeat, 2011).In a similarstudyin Scotland the
range of animals that can be infected by MAP also incldoees, stoats, weasels, rats, mice
and crowgBeardet al, 2001).In some of these specitdss infection results ipathologically
detectable disease and bacterial sheddiigréby these hoss act as a reservoir for MAP
providing the potential for infection in previously uninfectéiglestock as thesenfected
animals shed bacterieontaminatinglivestock feed or water (Bearét al, 2001).Chronic
wasting and profuse didoeaassociated with diseasee not usually observed unglto 10
years after infection in cattiend 3 to 4 years in sheépeard et al., 2001; Mackintosh et al.,
2007; Secott et al., 200¥Vhittingtonet al, 201). The delay in disease manifestatinakes
most ruminant species unsuitable eperimentalinfection models, however aervine
infection model has recently been developed which allows for the development of clinical JD
within one yeairMackintoshet al, 2007) While mouse radels for disease are availaltihat
can take as little as 8 months to observe segastrointestinapathology(Hamilton et al,
1991); the current studywas undertaken ia natural host anthe animal of interest theed
deer the most commonly farmed deer worldwids, this disease represents a clear challenge

to farmers productivity

Innate esistanceor suscetibility to JD in red deerns influenced by the genetic
makeup(genotype)of the animgl parental genotypes may have a significant impact on the
phenotypeof their progeny(Mackintoshet al, 2011).Heritable resistance to JD has been
demonstrated icattle, sheepgoats and more recently in red dg&@ondaet al, 2006;Korou
et al, 2010;Mackintoshet al, 2011 Reddacliffet al, 2005. Furthermorg heritability of
resistance has been previously reported for bovine tuberculosis infection irereaffdering
of resistant siregxhibited similar responseto pathogenic challenge givingh a&stimated
heritability of disease resistance of 0.48)(096 R0.01) (Mackintostlet al, 2000).
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1.3.2Detection ofJD

Early cetection of infectedndividualsi s par amount t o fteaAr mer :
animals not only rapidly ke condition and therefore valdae to decreased carcase weight,
but also these infected animals can go on to infect other members of the herd. In severe cases
of JD in cattle infecté adults can lose over 100 kg (Hamilteh al, 1991). The figol d
standardo for the detection of mycobacter.i
method whereby samples are taken from an animal either from the faeces or from tissue
samples colletedusuallyafter necropsynd cultured for mycobacterial growth (Bhiekal,
2006). A major disadvantage to this method is that it may také Wweeks for detectable
growth to become evident (Eda al, 2005). Indirect rathods for the detection of MAP
infection in animals includenmunodiagnosti¢estingfor circulating antibodies against MAP
in peripheralblood using an enzymelinked immunosorbent assay (ELISA)yhe adaptive
immune system is characterisedtimp branches of immune function amll be discussed in
greaterdetail in the adaptive immunity sectigSection 1.1} It includesthe cell mediated
immune respons@hl) and the antibody immune response (Th2). As MAP is an intracellular
pathogen the Thl immune responsedasidered to be ajreat importancéor the clearance
of this pathogenSerum antibody levels are invelgeelatedwith cellular effector mediated
immunity and arefound later indiseasegorogressionhigh antibody levels are suggestive of
the failure of the Thl immune resms®e to clear the pathogéBurrells et al, 1991).Along
with the ELISA and culturing method for MAP detection there is also a polymerase chain
reaction (PCR) based technique usually conducted using faecal or tissue samples that provides
a fast and highlyspecific detection method using either 900 MAP specific insertion

sequence or other species specific genes (Biidg 2006).
1.4 Mycobacterium aviunsubspeciegparatuberculosis
1.4.1 Mycobacterial Pathogens

The mycobacterialgenus includesevaal major species ofpathogensncluding M.
avium MAP, M. leprae,M. bovisandM. tuberculosisall of which are obligate intracellular
pathogens (Chacon et al, 2004) While these diversepathogenic members of the
mycobacteriungenus affect different hosts and have a predilection for different tissues they
share patterns of diseass sucheach mycobacteal pathogenproduces pathology and
patterns of pathology thas genericfor other mycobacté&l species(Whittington et al,

2011).Within the mycobacterial pathologies one common hallmark includes the formation of
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granulomas definedsia compact (organized) <coll ection
which may or may not be accompani eAtlamb,y ac
1976).

Mycobacterium aviunsubspecieparatuberculosifMAP), the causative agent of JD,
is itself a slow growingobligateintracellularparasite with amcid fastcell wall and abacilli
(rod shaped) morphologhat causes infection via the faecaal route(Chacon et al., 2004;
Mackintosh et al., 2007; Secott et al., 200#vo different strainsof MAP have been
identified which exhibitgenotypic differences, these being thevinedstrain andhe Gvined
strain named as they were first identified in and predominantly irdaeitte and sheep
respectively(Begg and Whittington, 2008; Collins et al., 2002dth of these strains of MAP
may cause infection in otheuminart speciessuch as deer and goats with varying levels of
infectivity and severity(Collins et al., 2002) While the dvined MAP strain may establish
infection and disease oteerthis species is typicallnore susceptible to thovinedstrain of
MAP (Mackintoshet al, 2011).

1.4.2 MAP Infection andDiseaseProgression

Disease progression, asitlinedin Table 1, begins wittMAP ingestionafter which
the bacteria are taken up yducngM cellsf ound upon Platgsenaldysiphp at c
nodes) in the intestinenediated bya fibronectin attachment protein homolod@ecottet al,
2004) Following M cell infiltration MAP bacilli are phagaytosed by macrophages where
they reside within the phagosome, activeiphibiting phagelysosomal fusion as well as
suppressing immune activation of the infected cell, metabolizing and dii@maronet al,
2004) Post ingestion MAPRsurvives the acidity of the stomach and then the-daygen,
hyperosmotic conditions found in the small intestine and subsequently the cationic
antimicrobial environment found within macrophages due to the complex nature of its cell
wall and cellular envepe (AlonseHearnet al, 2010). Responding to these changes in
environmental conditions MAP utilises quorum sensing moleculas system of
communication, based around production/detection of small proteins, utilised by bacteria
affecting gene expressioaltering this expressiorto suit different environmental factors)
specifically a LuxR homologue detected through a Luxl quorum sensing system. These
guorum sensing mechanisms are upreguldigohgan infection affecting the gene expression
of the mycobaarium cell wall and envelope composition as well as affecting other metabolic

pathways that facilitate pathogen survival (Alosk$earnet al, 2010).
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Following infection with MAPthe infected animal goes through a subclinical phase

during which there areefv or no deteable consequences of the infection although the animal

may be actively excreting MAP organisms capable of infecting atheceptible animals

(Begget al, 2010). Shedding of MAPmay continueduring the subclinical phase of disease,

typically increasing in severity, throughout disease progression to the death of the host

(Whittington et al, 20094. MAP can persist in the environment from weeks up to over one

year before the cell loses integrilbecoming nonviable}Whittington et al, 2009. The

sheddingof MAP from the intestinal lumen occurghen environmental conditions within the

infected macrophage become unsuitable for continued mycobacterial replication triggering the

mycobacteria to ase the host cell to undergo a necrotic cell lysis to aid in the further

dissemination of the pathogéwhittingtonet al, 2011).

Tablel
Stages of disease progression Time after Pathological
infection phase
a MAP is ingested and attaches todells Hours
overlying Peyerb6s patche:
a Phagocytosed by macrophages Silent infection
a Replication within macrophages and subseque T
di ssemination to other mi Days Disease regression o
patches, intestinal lamina propria and draining lymph progression
nodes
a Macrophages and lymphocytes recruited and Weeks l
development of early granulomas
a MAP survives the acquired immune response . Months Subclinical, heavy
is actively shed shedding
u Thl responserogresses to becomanan
protectiveTh2 response
a Infected aninal develops clinical diseas®sing Years Clinical disease

body condition and developing extensive gastric lesion

Table 1 DiseaseProgressionRegressionPostl nfection with MAP

Table 1 has been adapted from Whittingegnal 2011The infection

cycle of MAP, shown abovein red deerdD can result in clinical disease in

susceptible animals in less than one year.
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14. 3 MAP | Dise@xeohnos

Currently MAP is considered a potentmionosisandhas been suggested to have an
etiol ogical rol e in Cr olesdbserved beganweensie and CID ) d
pathology (Beard et al, 2001; Collinset al, 2002; Pinedcet al, 2009) An association
betweenCD and JDis seen by theecovey of MAP from some CD patient@Hamiltonet al,

1991). In addition to the commomatholoy seen betweerCD and JD,MAP has been
observed in CD tissues and a pathology called creepir{grfefue to CD in humans) seén

CD is identical to lymphatic engorgemenbserved in JD (Pierce, 200%vidence of an
association of MAP and Clran be deduced frona recent American Academy of
Microbiology colloquium in which it was concluded that people with CD had a seven fold
greater risk of being infected with MAP than hbglindividuals(Whittington et al, 2011).

While the role of MAP in CD is uncleait could act as either a causal or exacerbating
pathogenic ager(iVhittington et al, 2011).While CD is not the focus of this thesis and will

not be explored in detail, theathogenesis of CD does resemble JD and has led to some
authors using CD associated susceptibility genes to look into JD. Association between MAP
and CDs importance is further emphasised as there is great potential damage to export
markets and food safetponsiderations to account for if MAP was found to be a contributing
factor.

1.5 Innatel mmunity

The vertebrate immune system is comprisedhattiple cell types sharing a common
origin that differentiate from hematopoietic stem cells, providingy broad branches of
immune protection;the innate and the adaptive immune syst&eigsmanret al, 2010;
Williams et al, 2010). The innate arm of the immusgstemrepresents the firgiesponse
cells of the immune system and is not specific to individual patmghile the adaptive arm
provides a very specifictargetedresponse (Williamset al, 2010). Innate immunity is an
evolutionarily conserved system of protection mediated by phagocytes such as macrophages
and neutrophils(Kawia and Akira, 2009). While thanate arm of the immune system is
controlled byphagocyteghe adaptive immune system relies on antigen specific T and B
lymphocytes (Kawia and Akira, 2009). Pathoigearganisms have been shown to exhibit
conservedantigenstermed pathogen associated lewnlar patterns (PAMP), that can be
sensed by germline encoded pattern recognition receptors (PRR) in innate immune cells
(Williams et al, 2010).0One key mechanism by whid®RR function involvesa Leucine rich
repeat (LRR) regiorthat isfound in somePRRs consistingoft he conser ved 0x

14



amino acidmotif, where by O6éx6onsepresedntami aonaai d
responsible for recognition gpecificcognate ligandsAkira, 2003;Kawia and Akia, 2009).
There aremultiple classes ofPRR including Toll Like Receptors (TLR) andNOD like
receptors (NLR) that collectivelsecognisea variety of target§PAMPs) as well as others
such asRIG-1 like receptors that are responsible for the detection of viral RNA (Willetms
al., 2010).Cellsexpressing these PRR can differentiate self froms®dhand therefore cause
immune activationn responsdo conserved PAMP antigens specifically, however they can
also in some instances deteglf-antigensin specific contextdKawia and Akira, 2009).
Detection ofself-antigensby PRR is tightly linked to autoimmune and inflammatory diseases
althoughin some instances this activation is appropriéde example TLR and NLR can
detect necrotic cellular debrimcluding damage associated molecular pastefRAMP)
(Kawia and Akira, 2009)An overview of the innate immune system involved in JD is

represented diagrammatically belowFigurel.
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Figure 1
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Figure 1. Overview oActivation ofthe InnatelmmuneResponse

Figure 1 representa simplified overview of the innate immune response against
PAMP and DAMP moleculesre shown. Thiscartoonhas been simplified to represent

specific pathwayaspects of thinnateimmune response investigated in thiedis.
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1.5.1 Toll like receptors

Members of the TLR family are an example of RRfolved in activating the innate
immune system by sensing consermadrobial PAMPs (Barton and Medzhitov, 200Bhide
et al, 2009) TLRs consist of a family of transmembrane receptors that have an intfacellu
Toll/interleukinl domain and an extracellular/vesicle LRR region responsible for pathogen
recognition in eitherthe extracellular environment or within the lumen of intracellular
vesicles(Akira, 2003; Bellet al, 2003;Gay and Gangloff, 2007Kawia and Akira, 2009
Medzhitov, 2001; Xwet al, 2000) Currently over 12 members of the TLR family have been
identified in mammals (11 of which are a&iin humans), illustrated iRigure 2, that can
confer protection from a wide range of PAMP including lipids, lipoproteins, proteins, glycans
and nucleic acids (Kawia and Akira, 200®9ue to localisation differences TIlsRcan be
divided into two subpopulations based on their cellular location. The first TLR subpopulation
consists ofthose localisedbn the cell surfacevhich include TLR1, TLR2, TLR4, TLRS5,
TLR6 and TLR11 and are responsible for the recognitiopatiiogenianicrobial membrane
components (Kawia and Akira, 2009). While the first subpopulation is found on the cellular
surface the second population are found in intracellular vesicles such as endosomes,
lysosomes or the endoplasmic reticuland includes TLR, TLR7, TLR8 andTLR9 (Kawia
and Akira, 2009). This second population of HEiR predominantly responsible for sensing
microbial/viral nucleic acid in the host cell (Kawia and Akira, 200@)order to activatéhe
appropriate response to the antigenic e@mge TLRs have specific adaptproteins
associated with their cytosolic region (Kawia and Akira, 2009). MyD&8chis utilized by
all of the TLRs, with the exception of TLR8rivesthe activation of NFkB and the MAPK
pathways (Kawia and Akira, 2009).

Aberrant activation of TLRs has been associated with various diseases including
inflammatory diseases, autoimmune diseases and tumour progression (Kawia and Akira,
2009).While aberrant activation of TLRs is associated with inflammatory diseagatioms
in these pathogen recognitiand bindingmechanisms have been associated with increases in
susceptibility todiseasesuch as tuberculosis ameprosyas well as being associated with
disease conditions such as acute rheumatic fever an@kiBe et al., 2006; Franchimoret
al., 2004A; Henckaert®t al, 2007; Xuet al, 2000. Mutations in TLR1, TLR2, TLR4enes
along with CARD15 have been identified as factors increasing susceptitilityAP

infections in sheep and cat{l#inozzi et al, 2010).
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Figure 2
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Figure 2. Human TLRs

A simplified representation of the 11 TLRs found in humans with their
corresponding ligandand the subsequent activation of inflammatory mediators
following activation of the TLRs$s shownin Figure 2. Depicted above these
TLRs are spanning the cytoplasmic membranmyeverthese TLRs are not all
found on this membrane (mfto section 1.5.1)hisis a modified figure from

Medzhitov(NatureReviewsImmunology 2001

1.5.1.1 CellularMembrane TLRs

TLR4 is responsible for detecting lipopolysacharifle’S), one of the major
components ofhegram negative bacterial cell Wand functionsby forming a multimer with
thenonTLR molecules CD14 and MD-2 (Akira, 2003;Kawia and Akira, 2009)Conversely
TLR2 is responsible for the recognition of a range of PAMPs derived from various pathogens
ranging from bacteria, fungi, parees and viruses, sensing in particular triacyl and diacyl
lipopeptides, and lipoteichoic acid (Kawia and Akira, 2008)relation to MAPTLR2 can

sense not only lipoteichoic acid but also peptidoglycan @lydolipid mannoseapped
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lipoarabinomannan(LAM) (Kawia and Akira, 2009). Functionally TLR®peratesin
association with TLRDr TLR6 forming heterodimerer alternatively like TLR4 majorm a
multimer with nonTLR molecules such as CD1€D36 andor dectinl allowing TLR2 to
discriminate and respond tobroadrange of PAMP<Bhide et al., 2009; Kawia and Akira,
2009; Taylor et al., 2008) In the instance of TLR2 forming a heterodimer with TL.R&h

the hdép of CD36, the resulting PRRcomplex can recognise mycobacterial diacylated
lipopetide while TLR2TLR1 heterodimers recognise bacterial triacylated lipopeptides
(Kawia and Akira, 2009)When TLR2 associates with the CD14 protein the resulting
multimer isresponsible for the detection of LAMKawia and Akira, 2009). Once activated
TLR2 can cause the production of proinflammatory or-gfi@mmatory cytokineswhile

TLR4 activation is associated with proinflammatory cytokine produdi@awia and Akira,

2009; Tayloret al, 2008).Some PRR can detect endogenous molecules, these include TLR2
and TLR4 that can sense heat shock proteins along with other markers of inflammation
related tissue damage and necrotic cells (Kawia and Akira, 2009). OtherstitRas TLR5

and TLR11recognise flagellin and uropathogenic bacteria respectaatlylike TLR4 and
TLR2 (along with TLR2 associated TLR1 and TLR&)e also found on the surface of the cell
(Kawia and Akira, 2009).

TLR2 and TLR4 have both been implied in MAP infection(Ferwerdaet al, 2007)
Pathogen detection properties for TLR2 is achiewsd the TLR2 molecule forming
heterodimers with either TLR1, TLR6, or ndhR proteins The TLR2i TLR6 heterodimer
is the maincomplexresponsible for recognition for mycobacterial antigens (Whittington
al., 2011). Activation of TLR2 and TLR4 involves the adapter pmot&IRAP that binds
myeloid differentiation primary response gene 88 (MyD88), which signals through the
TRAF6 protein intermediary to activatbe MAPK pathwaysand NFkB (Ferwerdaet al,
2007;Kawia and Akira, 2009). TLR4 also has the adapter protein TRAM that links TLR4 to
TRIF that is responsible for the activation of interferon regulatory factor 3 (IRF3), wbgth
activation forms a homo dimer and translocates to the nucleus to initiate a type one IFN and
inflammatory cytokine responséllowing challenge (Kawia and Akira, 2009). Upon
antigenic challenge of TLR4 by lipopolysacharide or fed-antigenheat shok proteins
activation results inactivatingthe two signding pathways: the MyD88 and TRIF pathways
(Ferwerdaet al, 2007; Kawia and Akira, 2009Activation of IRF3 occurs after the initial
activation of TLR4, and posthe MyD88 pathway, as first TLR4 and its corresponding
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activation ligand are internalised in a phagosome after which the TRIF signalling occurs
(Kawia and Akira, 2009).

A natural infection surveillancstudy in outbred sheeparried out by Tayloet al.in
2007, demonstrated that both TLR2 and TLR4 are upregulated in the intestine and mesenteric
lymph nodes of animals infected withAP (Taylor et al, 2008) TLR2 and its heterodimeric
partner proteins TLR1 or TLR6 have recently also been shown to be unregulated in ovine
MAP infection (Plain et al, 2010) Excess of TLR2 activation causes expression of
conventional type 2 immune cytokinaswell aslL-10 and as such if TLR2 iblockedthis
has been demonstrated to enhance bovine macrophage clearance of TdyBr et al,
2008) While excessTLR2 activation is involved in production ofantrinflammatory
cytokinesTLR4 produced hl promoting IFN as well as thpgoinflammatory cytokines TNF
a and IL-12 as well as activating costimulatory molecules such as @78Dand CB&6/B7-
2 via activation of NF-kB (Dabbaglet al, 2002)

1.5.1.2 Intracellular TLRs

Intracellular TLRs are not involved directly in tlketectionof MAP during an
infectionand are discussed only briefly heféne detection of PAMP byLR3, TLR7, TLR8
and TLR9occurs witlin intracellular compartments primigron the endoplasmic reticulum
and act as sensors of foreign nucleic gcumsce activatedhese PRRsare involved in
triggering antiviral innate immune responses by produdypg one interferorand other
inflammatory cytokines (Kawia and Akira, 2009s with TLR4, TLR3 is linked to the
adapter protein TRIF, leading to the activation of IRF3 and subsequentlprigpaterferon
production (Kawia and Akira, 2009). TLR3 is responsible for the detection of double
stranded RNA, a virus specific motif, apwith small interfering RNAas well asbeing
paramount in causing dendritic cells to cross present antigenMid@il to MHCI (Kawia
and Akira, 2009). While TLR3 detectluble strand(RNA TLR7 is responsible for sensing
foreign single strand RNA and isghly expressed in dendritic cells (Kawia and Akira, 2009).
To carry out its sensing role TLR7 recognises guanosine rich, uridine rich RNA along with
some small interfering RNA and once activated TLR7 causes production of type one
interferons (Kawia and Aka, 2009). TLR8 is physiologically similar to TRL7. Pathogen
bacterial and viraDNA is detected by TLR9 distinguistg self and non self DNAvia
recognition of unmethylated6 Cp G  mfound insbacteriviruses and as the other
intracellular TLRs uporactivation causes the production of type amerferon(Kawia and
Akira, 2009).
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1.5.2 NOD like receptors

NOD like receptor proteins (NL$R also known as Nucleotidginding domain
Leucinerich repeatproteins are a class of pattern recognition molecules specifically
interact wih soluble intracellulaPAMPsor DAMPs within the cytoplasm of a cdlChaplin
et al, 2010; Turvey and Broide, 2010). Presently there are over 20 NLR proteins identified in
the human genome with conservede@minal associatd Leucine rich repeats (Chapénal.,
2010). NLRs consist of three domains including a protein bindirggridinal domain
containing CARD motifs which post activation lead ttrans homophilic CARDCARD
protein bondsa central nucleotide binding domalmt has potential ATPase activity and is
responsible for self oligomestion, and a LRR region responsible éther PAMP or DAMP
sensingeither directly or indirectly(lnoharaet al, 2003; Kawia and Akira, 2009). Post
activation the CARD domaingrans homophilic interaction with other CARD containing
proteins, RICK and CARD9 in the case of NOD1 and NOD2, esuthe activation of NF
kB and subsequently an inflammatory immune respghsgharaet al, 2003 Kawia and
Akira, 2009 Pantet al, 20073. NOD1, NOD2, and NOD like receptor pyrin 3 (NLRP3) are
the three NLR dicussed in this thesis due to their role in shaping the immune response to
MAP infection.

NOD1 and NOD2 are well studied members of the NLR family and are responsible
for the detection of bacterial products, in the cytoplasm, such-Rsgglgtamylmese
diaminopimelic acid (iEDAP) and muramyl dipeptide (MDP) respectively (Kawia and Akira,
2009). While the NOD1 ligand is mainly associated with gram negative bacterial cell walls
some gram positive bacteria have been reported to cont&FEIn their cell wd (Kawia
and Akira, 2009). NOD2 senses the minimal bioactive unit MDP of the cell wall of both gram
positive and negative bacterjRantet al, 2007) Activated NOD1 and NOD?2 lead to the

activation of the inflammatory mediator NB (Kawia and Akira, 2009).
1.5.2.1 NOD Like Receptor Pyrin 3 (NLRP3)

NLRP3 is a component of a complex of proteins collectively termed the
inflammasome and is responsible for the detection of metabolic stress related ligands (Chaplin
et al., 2010; Turvey and Broide, 2010ifferent NLRs have different functions and are
regonsible for the detection of different ligands; for examNI@D2 is responsible for
sensing intracellulaMDP (Pantet al, 2007) Sensing microbial structureas is the case for
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NOD?2,is not the only function of NLR proteins; they can also recognise endog signals

of cellular damagsuch as uric acid crystals, extrdakdr ATP and or potassium effladl of
which NLRP3 is responsible for detectiresponding to(Chaplin et al., 2010). Once
activated NLRs caproceedo activate NFkB, as described for NOD1 and NODgxhibit a
specific enzymatic function, as NLRP3 has,lead to cellular apoptosis via recruiting and
activating cysteine proteinases (Chapéinal., 2010; Turvey and Broide, 2010). For the
production of the active NLRP3 inflammasome to occur two danger signals are required, the
activation of NFkB by a PRRor STAT signalwhich causes the production of the NLRP3
unit of the inflammasome antle DAMP signal which results in NLRP3 activation (Williams
et al., 2010). NLRP3 binds to the adaptprotein Gapoptosisassociated spedike protein
containing acaspae recruitment domad(ASC), which as the name suggests binds to and
activatesCaspase 1 (Chapliet al., 2010). This three protein complex, the inflammasome,
functiors to activate inflammatory mediators such aslbh and IL-18 by cleaving the
biologically inactive form of prelL-1b and prelL-18 into diffusible bioactive cytokines
(Chaplinet al.,2010; Turvey and Broide, 2010; Za#ial, 2010).

Gain of function mutations in NLRP3 have been linked to severaliafléonmatory
disorders typicallycharacterised by skin rashes and prolonged episodes of fever with no
apparent infection, while loss of function mutations have been linkegDtdZaki et al,
2010).

1.6 CARD15/NOD2 GeneticPolymorphisms

MAP is an intracellular pathogen and as such is eskny the intracellular
cytoplasmic pathogen recognition protein NOD2 (nucleeligheling oligomerisation domain
2) encoded byhe CARD15 gene(Pinedoet al, 2009) The NOD2 PRR consists of three
distinct regions and senses MDP, the minimal bioactive component of the bacterial cell wall
of both gram positive and gram negative bactéifantet al, 2007) Primarily NOD2 is
expressed in cells involved in the innatenune system, including monocytes, macrophages,
DC, epithelial cells and Paneth cells (Stroratal, 2008). Genetic susceptibility studies in
CD patients have revealed that CARD15 mutations are associated with an increase in risk for
development of CO0Ferwerdaet al, 2007) In the western hemisphere 309650% of CD
patients carry NOD2 mutations on at least alele (Turvey and Broide, 2010). Three main
susceptibility mutations have been identified in CARD15 in humans with CD, which are
located in or near the LRR domain or in the near vicinity suggesting an alteration of this area

results in susceptibility to @ potentially through impaired bacterial sensii@ggyaet d.,
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2006; Henckaertet al, 2007) These polymorphisms are designated R702W, G908R, and
1007fs due to their position and effect (Taykdral, 2006). Two of these mutations are
missense mutations while the third is a frame shift resulting in a truncation mutation. These
amino acids are higynconservedindicative of their importancé)etween humans, cows and
mice with the exception of R702 which is only conserved between humans and cows (Taylor
et al, 2006). Heterozygotes with one of these mutations have been associated witbld.5
increased risk, while homozygotes/compound heterozyg@esmnpound heterozygotes: a
genotype in which both alleles are mutated but in different locatioagg a 1540 fold
increased riskBuning et al, 2005; Chacoret al, 2004) An association study between
CARD15 gene polymorphisms and JD in cattle, performed by Pieedb2009 identified a
single nucleotide polymorphism (SN®jthin the LRR domain that resulted in an amino acid
substitution, designated C733R, that increases JD risk by 3.35 times in hetero@meates

et al, 2009) In CD patients it has been shown that increased levels of CARD15 expression is
associated with increased infiltrates of mononuclear cells within the inflamed tissues
supporting NOD2 haug a pivotal role during and/or following the formation of a granuloma
(Berrebi D, 2003) Once again in CD, it was shown by Berradti al. (2003), that the
expression ratios of CARD15 mRNA were more than five times higher irc@pared to
healthy controls indicating a potential role of NOD2 ratios in inflammg@amrebi D, 2003)

In a similar line of study Stronati and colleagues found elevated NOD2 expression levels in
children suffering from CDrad interestingly were able to link the activesdF B bi ndi ng
the promoter of the CARD15 sequence (Stroegdl, 2008).

1.7 Nuclear factor-kB (NF-kB)

Originally identified as a factor that regulated the expression of antibody in murine B
lymphocytes inl986 by Sen and colleagué$i;-kB is an integral transcriptional activator of
immune activityresponsible for the activation of early response gémasexist in virtually
all cell types(Epsteinet al, 1997;Ghoshet al, 1998 Sen and Baltimore, 1986NF-kB
belongs to a family of transcription factdtsown as the Rel family, a family sharing a 300
amino acid homologous domain responsible for protein dimerisation, nucleasdtioaliand
binding to a target element in genes promoters calledkBieelement (Barnes, 1997).
Structurally NFkB is a heterdimer consisting of two subunits, while there are 6 distinct
potential subunits (p50, p65/Rel A;Rel, Rel B, vRel, and p52) the most common
composition is comprised of the p50 subunit bound p&% subunit that together comprise
the transcription faor (Barnes, 1997Epsteinet al, 1997. While the p50 p65 heterodimer
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NF-kB is the most common the different forms may allow for some variation in the target
gene activation profiles (Barnes, 1997). The activatioNekB is achievedby some NLRs

as wellas by TLR and other sensory mechaniqidawia and Akira, 2009)These PRR
activate NFkB via the MyD88 and MAPKs pathwaysas well as activating other
transcription factors such as AR ATF and CREB(Barnes, 1997Dabbaghet al, 2002;
Kawia and Akira, 2009)Inactive NFkB is found in the cytoplasfound toone ofthe four
inhibitor of NF-kB activation(IkB) proteins (kB-a, IkB-b, IkB-g, and Bci3) that in the case

of IkB-a and kB-b causes inhibition of NdkB by blocking the nuclear localization signal
(Barnes, 1997)After an activation signdkB is phosphorylated by a protein kinase and then
ubiquitinated for proteasomal degradation causki®) tb release NFkB allowing NFkB to
subsequently translocate to the nucl@Barnes, 1997; Barnes and Karin, 19&hoshet al,
1998) Within the nucleus NFKB causes transcription of various target gewes the
previously mentioneckB bi ndi ng target characteriised
GGGPuUNNPyYPyCC 3 @Barnes, 1997Ghoshet al, 1998) Some NFkB targets transcribed

are shown inTable 2 below, however it is important to note that in different cell types

different expression profiles due to MB will be observed.

Table2
Targets Molecules

Cytokines TNF-a, GM-CSF, MCSF, GCSF, IL-1b,
IL-2, IL-6, IL-11, IL-17, and 11-18

Chemokines IL-8, RANTES, Macrophage inflammato
protein &, MCP-2, Macrophage chemotact
protein 1, and Eotaxin

Adhesionmolecules ICAM-1, VCAM-1, and Eselectin

Enzymes INOS and inducible cyclooxygenase

Receptors IL-2 receptoy NOD2 and T cell receptorb(
chain)

Table2. GenesTranscribed byActive NFaB

Above can be seen a representative sample of different effector
molecules foimmune function expressed by MB classed according to their

specific function. This table has been adapted from Barnes and Karin 1997.
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Infection and inflammation can result in tissue damage causing cellular necrosis which
activates TLR tosignal NFkB producing further inflammation and activating tissue repair
mechanismgLi et al, 2001) The downstream products of activated-k&; such as the
proinflammatorycytokines IL-1b and TNFa, cause further expression of MB causing a
positive regulatory loopshown inFigure 3, that can perpetuate a local inflammatory response
(Barnes, 1997; de Pragt al, 2005) Combating uncontrolled NkB activaton one of the
IkB genes kB-a has akB target site that allows for NkKB binding and subsequent
transcription of this gene that can once translated into protein can enter the nucleus and bind
to NFkB and cause its export out of the nucleus terminatingNRe&kB induced gene

expression (Barnes, 199arnesand Karin, 1997).

Figure 3

Inflammatory signals Inflammatory immune

PAMP activity
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Protein kinases
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Figure 3. PositiveFeedback_oop of NFaB Activation

There are many activators of NdB that post activation leads to target
gene expression. In the case of the proinflammatory cytokinesaraid IL-
1b, transcribed as a result of NB activation, can activate NKB causing a

positive feedback Iqm Figure3 has been taken from Barnes and Karin 1997.
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1.8 Cytokines, Chemokines and Interferon

Immune cell signalling is achieved through the use of small secreted proteins called
cytokines, chemokines and or interfesoffhese signalling molecules have effeots the
immune response to a stimultisougheffecting cell growth, differentiation, and activation
functions Different cell types produce different cytokines in a response to various antigenic
stimuli. Someantigenpresenting cellfAPC) such as dendritic cells and macrophages are
extremely effective in signalling both the innate and adaptive elements of the immune system
(Comminset al.,2010).APC produce cytokines in response to activation of fARIRsuch as
the TLR andNLR classes of receptqrer alternatively they can cause the production of
cytokines as a result of activating other immune cells such as T helper lymphocytes
(Comminset al., 2010). Signalling moleculegproduced by APCdiffer depending orthe
immune activation pathway and which kind of APC is stimulakea dendritic cells and
macrophages some common cytokimedude TNF-a, IL-1b, IL-6, IL-12, IL-18 andGM-
CSFand the chemokinRANTES (Comminset al.,2010;Medzhitiov, 200).

1.8.1 Interlaukin-16 and Interleukin-18

Interleukinl1b (IL-1b) is a key patrticipant in the generation of a response to infection
and cellular injury produced in response to NB activation(Barnes and Karin, 1997Zaki
et al, 2010). This cytokine carries out this @oby generating fevefpyrexia) activating
lymphocytes and causing leukocyte infiltration at the sight of infection or injury @tai,
2010). IL-18 is a cytokine related to 4lb and has an effect on several secondary
inflammatory cytokines, chemolas, cell adhesion molecules and nitric oxide synthesis (Zaki
et al, 2010). During natural MAP infection of red deer it has been documented by Galindo
and coleagues that IE1b was upregulated (Galindet al, 2010). While IL-1b has been
linked with pyrexa and generation/activation of cellular mediatord 8_has been linked with
not only a role in promoting secondary inflammatory signals, but also tissue repaie(Zaki
al., 2010). Zaki and colleagues found in a mouse model of experimental colitis régirese
of inflammatory bowel syndrome in humans (CD and ulcerative colitis) th&8)lactivated
via NLRP3, is a crucial mediator of epithelial repair (Zakial, 2010). TLR4was also
identified by Zaki and colleagues msportant in intestinal immunyt via its MyD88 NFkB
signalling pathway, in maintaining epithelial cell homeostasis and conferring protection
against colitis (Zaket al, 2010). This effect could be due to the abilityTafR4 activated
NF-kB to produce the cytokine 418 (Zakiet al, 2010).
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1.8.2Interleukin-6 and Interleukin-2

Primarily IL-6 is produced by APE with some secondary production by T and B
cells, and is involved inctivating B cells to differentiate into mature plasma cells, T cell
activation particularly into Thl7 #e, as well as sharing some activities with-1h
(Comminset al, 2010).In a manner similar ttL-1b, IL-6 can induce pyrexia and activation
of leukocyte function (Comminst al, 2010). Unlike Il-6, the primary source of H2 is from
activated T celland is essential for T cell proliferation, activation of NK cells, B cells, TD8
cells, and macrophages (Commeisal, 2010). Production of H2 from activated T cells
requiresprevious exposure to #L and IL-6 followed bystimulation of the T cell byne T cell

specific antigerandcostimulation via CD80 or CD86 (Commiasal, 2010).
1.8.3 Type one Interferon

Interferons are a class of cytokine that have been named after their ability to interfere
with viral growth. Within the IFN class of cytokindisere are three subtypes; type one, type
two, and type three. Produced primarily by APC, B lymphocytes and NK cells, in response to
various PAMPS type one IFN consisting of the three main typesa/ll/iiv each
encompassing a range of different subtypes (Cowm@t al, 2010). These type one IFNs
have immunologic effect by increasing the ability of cellular effectors to combat infection,
primarily by stimulating CD8 lymphocytes and NK cells, as well as by increasing the
expression of MHC (Comminset al, 2010). While type two IFN will be discussed below
type three IFN shares some commonality with type one IFN having antiviral and antitumor

activates (Comminet al, 2010).
1.8.4 Type two Interferomnd RANTES

IFNg A T h e mo st i mportantfor cebmedkii antee dr eisproun
(Comminset al, 2010)is the sole member of the type two IFN family commonly referred to
as the signature cytokine of Thl cellular immunity andreadducedby Thl T cells, cytotoxic
T cells and NK cells (Comminst al, 2010). Following signalling by IFNy there is an
increase in both MHICand MHQI expression, antigen presentation, and cytokine production
from APC,; specifically for macrophages it induces adherence, phagocytosis, cellular product
transportation mechanisms, anbguction of INOS and other respiratory burst associated
mechanisms accumulatively resulting in macrophage infiltration and activation (Comimins
al., 2010). Macrophages, like T Ilymphocytes, have different subsets including the
proinflammatory antimicrolal M1 phenotype and the Th2 promoting M2 macrophage
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phenotype(Geissmannet al, 2010). Detection of PAMP andexposure tolFNg results
macrophages are directed along a M1 phenotype associated with potent antimicrobial
properties and enhanced-12 producton that selectively upregulates Bhl response
(Geissmanret al, 2010).In addition tomacrophage activation IFMNalso activates NK cells

and neutrophils. Neutrophil infiltration into the site of cellular immune response is due to
IFNg, in association wit IL-8 which has a similar effect upon neutrophilg upregulates the

cell adhesion molecule ICAN upon the granulocysg§Comminset al, 2010Q. Specifically

for JD, IFNg has a reported heightened expression ratio in animals suffering from JD
particularly during early stages of infection that decreases during disease progression
(Khalifeh and Stabel, 2004). This observed decrease i tEBUIts in defctive bacterial
handing, asexogenous IFNysupplementation can partially restore bacterial killing (Khalifeh
and Stabel, 2004). Modulation of lghbroduction could be aimct result of the observed
upregulation of Il-:10 and TGB that occurs during JD progression (KhalifetdaStabel,
2004). Activated T cells, specifically Thl T cells, produce cytokines such agalbNg with

many otherghat activate macrophages and other T cells (Khalifeh and Stabel, Z0g).
chemokine RANTES sharefunctionality with both IFN and IL-12 as it acs in a
proinflammatory manner. Chemokines are small proteins that induce cellular migration to the
site of inflammatory process. Responsible for the recruitment and activation of leukocytes
RANTES can actively promote the development of angHAM1 T cell response eithe
directly or by causing the wggulation of 11-:12 from APC (Commingt al, 2010).In some
conditions, such as hypersensitivity reactiiosind in granulomagresulting inexposire to

TNFU and IFNb, RANTES is also produced by epittatlicells causing accumulation of

memory T cells and monocyt@garfainget al, 1995).
1.8.5Interleukin-4

While IFNg has potent Thitimulatingimmune propertiedL-4 has Th2 stimulating
properties (Comminst al, 2010). Signalling via STAT6, H4 promotes the activation of the
transcription factor GATA3; It4 is primarily produced from active Th2 T cells, basophils,
NK T cells, and mast cells, although initial differentiation into Th2 T cells can be difeto
T cells producing ItE4 (Comminset al, 2010).In the context of macrophage subpopulatjons
M1 is enhanced by IFjand suppoga Thl immune responsehile the M2 phenotype is
enhanced by 4 (Geissmanmet al, 2010). M2 macrophages support Th2 immeesponses
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and play an important role imot only this function but also during the resolution of
inflammatory processes (Geissmaatiral, 2010).

1.8.6 GMCSF

Granulocyte macrophage colony stimulating factor (GBIF) is a cytokine that helps
the differentiation of hematopoietic stem cell progemicells into dendritic cells,
macrophages, and neutrophils, as well aling the maturation of these immune cells
(Comminset al, 201Q Morrisseyet al, 1989. Specifically GMCSF is associated with, in
combination with -4, the differentiation of mmocytes into dendritic cells, as well as the
previously stated enhanced activation and maturation ofdifferentiated monocytes
(Geissmanret al, 2010). While dendritic cells are produced from monocytes viaCDW#
macrophages are produced in responsenagrophage colony stimulating factavi{CSH
(Geissmanret al, 2010). Morphologically similar to H3 and I-:5 GM-CSF signals through
the STATS @thway (Commingt al, 2010).

1.8.7 RANKL

Receptor activator of NkB ligand (RANKL) is a member of the TNF family of
cytokines that has the function of stimulating T cells, macrophages, and dendritic cells, as
well as being involved in lymphocyte differgation, signalling through RANKL receptor
RANK (Franchimontet al, 2004 B; Lam et al, 2001). Different TNF cytokines have
different functions ranging from modulation of inflammatory processes, organogenesis,
autoimmunity, and apoptosis (Laset al, 200L). Predominantly TNF cytokines have the
pleiotropic capacity to coordinate the development and function of different tissue groups;
RANKL has important roles in the immune system, osteogenesis, and mammary epithelium
modulations (Lamet al, 2001). In theimmune system RANKL is involved in T cell and
dendritic cell processes as RANKL mediates the differentiation of T and B lymphocytes and
dendritic cell survival and cytokine production (Franchimental, 2004B). CD4" T cell
precursors require autocrinRANKL signalling for survival and differentiation during
migration from the bone marrow to lymphoid tissues (ledral, 2001). RANKL detection by
the receptor RANK causes the downstream activation of the MAPK arkiBNfathways
(Lam et al, 2001). RANKL-RANK interactions occur post CD40D40L interactions
implicating this cytokine to have a role in later stages of T cell func8opporting this role
RANKL mRNA is constitutively expressed in memory T cells (Franchinetral, 2004B).

Mature dendritic dés and macrophages in Jidsues and colonic tissues fraddDbp at i ent s
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expresshigh levels of RANKproteinon their cell surfacesawell as having increasedRNA
expression of both RANK and RANKL within coldissuegFranchimongt al, 2004B).

1.8.8Interluekin-10

Somekey cytokineshave been discusseldie to their ability tgoromotk inflammatory
processes or direct T cell responses have been disc¥gglbdut mediators of inflammation
excessive levelsf these factorsnayresult in hypercytokinemialso known as @ytokine
stormj with the potentialto causethe death of théost The key antrinflammatorymediator
is the cytokine IE10, which is primarily produced from T cells, macrophages, and B cells
(Comminset al, 2010).The immunosuppressiviunction of IL-10 is achieved byorming a
homodimer that signals via STAT1 STAT3 heterodimers to cause the inhibition gf IFN
production by Th1l T cells, down regulation of costimulataygnd onT cells CD28, as well
as down regulating the expressionlibf4 and IL-5 by Th2 T cells (Comminst al, 2010).
Monocytesexposure tdL-10 causes down regulation of-1b, IL-6, IL-8, IL-12, and TNR
production as well as the inhibition of expression of MHCICAM-1, CD80 and CD86
expression (Comminet al, 2010). Finally 1:10 causeslown regulatiorof IFNgand TNFR
from NK cells (Comminset al, 2010). In a healthy individual the expression ofllL is
associated with tolerance to allergens while in the JD infection model increased expression of
IL-10 duing MAP infectionhas beerassociated with a worsening disease state (Coussens,
2004).

1.9Signal transducer and activator of transcription

The inflammatory response to MAP is achieved through signal transducer and
activator of transcription (STATpathwgs via cytokine signalling, shown irrigure 4.
Phosporylation of the STAT proteins, carried out by the Janus kinase (JAK) family of
tyrosine kinases in response to cytokine binding, is required for dimerisdtibre STAT
proteinsafter which the STAT meicule translocates to the nucleuserethey have theirole
as transcription factsmactivating appropriate genes to the given stir(iiiplanet al, 1996).

In Figure 5 each STAT is shown witbne of itscorresponding ligargland the downstream
effect is shown in response to the activation of the STAT molecule. Each STAT has a
different subset of ligands allowing for specific responses to different stimuli; STAT
responds to IFYy STAT-2 in association with STATtesponddo type 1 interferons, STAB

is activated via IL6, STAT4 by IL-12, STAT5 by GM-CSF and STAT6 by IE4
(Greenhalghet al, 2005; Kaplaret al, 1996; Mudteret al, 2005).STAT1 signal cascade
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also have cross talking functiras in response to IENsignaling not only STATL1 is
activated, but also the MAPK pathway (de Pattal, 2005). This is due to the requirement

of STAT1 to be further phosphorylated post dimerisation to enhance its transcriptional
potentialresulting in MAPK activatior{de Pratiet d., 2005). Cytokine signalling causes the
production of numerous downstream effector molecules includitniz oxide a signature
molecule forinflammation (de Pratt al, 2005). The production of the enzyme inducible NO
synthase (iINOS) is upregulatedrasponse to pronflammatory cytokines including IFand

IL-1b as well as in response to TLR signalling (de Reaél, 2005).

Aberrant activation of the immune system is responsible for negadsequences
such as autoimune diseases and inflammatatiseases so to combat over expression of
immune activating molecules different mechanisms exist to regulate immune activation.
constitutively expressed mechanism employed by the cell to prevent excesses of cytokine
signalling are the protein inhibitorsf activated STATs (PIAS) family that act to repress
activated STAT activity $huai and Liu, 2005Vormald and Hilton, 209. Of these PIAS
molecules PIAS1, PIAS2 and PIAS4 will be looked at in further detail due to their role in
limiting the extent of iflammatory processes. PIAS target various STAT members
specifically; PIAS1 targets STAT1 as does PIAS2 (also known as PIASXx), while PIAS4 (also
known as PIA§) targets STAT4 (Wormald and Hilton, 2000 Mode of function for the PIAS
inhibition of STAT signalling occurs through different mechanisms, PIAS1 inhibits STAT1
by binding to the active form and preventing DNA interactions, while both PIAS2 and PIAS4
appear to prevent the downstream activatibis©AT activated genes by acting as the E3
subunit of a 3 component ubiquitin ligase system that results in the modification of the STAT
via a process called sumoylatioBhuai and Liu, 2005Wormald and Hilton, 204). This
sumoylation occurs near the sitd phosphorylation (Ly&¥03 being sumoylated while
position Tyr701 is phosphorylated) of the STAT protein, however the mechanism for the
inhibitory function of the PIAS via sumoylation is not fully understood (Wormald and Hilton,
2004). One potential mdwmnism proposed for the function of the sumoylation involves the
targeting of the STAT to an alternative cellular location, preventing the function of the
activated STAT, such as nuclear bodies (Wormald and Hiltor#)200

A class of cytokine signalling sumes®rs activated in response to
prolonged/excessive activation of a signal pathveag known assuppressors of cytokine
signalling (SOCS) moleculdbat are investigated in this context due to their ability to cause

antrinflammatory mechanismspecifcally targeing the JAK/STAT pathwayde Pratiet al,
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2005) This resultsin a down regulabn of inflammatoryimmune activation There are
currently 8 known members of the SOCS family sevefalvhich share high levels of
promiscuity intargetshoweverwithin specific cells SOC®ave a clear physiological role
(Greenhalghet al, 2005).SOCS are composed of a variableggdminal domain, a central

SH2 domain and a 4@mino acid long @erminal domain known as the SOCS box that acts

as a binding site focomponents of the ubiquitin ligase system (Wormald and Hiltor4)200
Suppression by SOCS is achieved either by the SH2 domain binding the phosphotyrosine
residue in the activated STAT protein (as is done for SOCS2 and SOCS3) or alternatively by
suppressig the activity of the JAK molecule (Wormald and Hilton, 2DQnhibition of the

JAK protein function is achieveloly out competing STAT molecules for the phosphorylation
binding site or alternatively by ubiquitination of the JAK molecule for proteosomal
degradation (Wormald and Hilton, 28D Examples of physiological function of SOCS
inhibition include IFNy signalling inhibition by SOCS1, growth hormone signalling by
SOCS2and IL-6 and G/-CSF signalling by SOCS@Ereenhalgret al, 2005 Wormald and
Hilton, 20@1). In the context of a mycobacterial infection up regulation of SQC&d
SOCS3 has been previously identified (Whittingtehal, 2011).
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Figure 4
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Figure 4. Simplified Overview of Cytokine Signalling

lllustratedin Figure4 is asimplified cartoonof the signalling cascades
activated in response to cytokine signalling. This figure depicts pathways

involved withthe cytokine signalling cascade.
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Figure 5 Continued
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Figure 5 CytokineSignalling and DownstreamEffectors

Above is a representation of the signalling through tHReKBTAT
pathway in response to cytokine/growth factor stimulagdm@andB). Shown in
green boxes are the effector transcription factors formed post activation and
dimerisation of the STAT moleculeand accessory factors where required
Conversely the purple boxes representing the constitutively expressed PIAS and
the induced SOC&re shown repressing their specific ligands. This figure is a
modified figure originally designedfrom Aaronson and Hovarth, 2002
obtained from Invitrogen life technologies

(www.invitrogen.com/site/us/en/home/Produats}

Services/Applications/Celhnalysis/SignalingPathways/JaSTAT.html).
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1.10Mitogen activated Protein Kinases (MAPK)

MAPK are a highly conservedamily of serinethreonine kinases containing the
hi ghly co&Xsxelrywedd pholsrphoryl ation motif; com
regulated kinases (ERK), p3&8nd e¢Jun Nterminal kinases (JNK) pathways activated in
response to PAMPs/cytokinegsialling/and or DAMPs (Schorey and Cooper, 2003). This
pathway of intra cellular signalling is responsible for a range of cellular functions including
proliferation, apoptosis, cytokine production and cytoskeletal reorganization (Schorey and
Cooper, 2003)Typically the ERK pathwayof the MAPK familyis activated in response to
detection of growth factors, while both the p38 and JNK pathways are activated in response to
environmental stress anghthogen detectio(Schorey and Cooper, 2003. diagrammatic
representationf the MAPK pathway can be seenkigure 6. Phosphorylation of the MAPK
pathway leads to the activatiohvarious transcription factofshownin Figure 6), leading to
the subsequent expression of qmlammatory mediatorencluding TNF-a, IL-1b, IL-6 and
INOS (Schorey and Cooper, 2003). Mycobacteria have been shown to activate the MAPK
pathway, however the more virulent strains have the ability to limit the extent of this
activation accounting for some of the previously described redsctioninflammatory

potential of the infected macrophages (Schorey and Cooper, 2003).
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Figure 6
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Figure 6. MAPK Pathways ofCell Signalling

Representation of theMAPK pathway post eéivation by TLR4
signalling in response to LPS. As can be seen the three main families of MAPK
signal transduction are present; JNK, ERK and p38. Activation of these
pathways results in the activation of different transcription factors including
AP-1, SRE, CRE and NKB, via activation of their individual components
shown below each transcription factéigure6 has beerpased orSchorey and
Cooper, 2003.

1.11 Adaptive I mmunity

Once CD4 T helper lymphocytes have been activabgdtheir specific antigen via
APC interaction coupled with costimulatory activation they can differentiate into various
effector cell lines withvariable function and cytokine profilesBpnilla and Oettgen, 2010;
Szaboet al, 2000). Active T helper cellsan differentiate intodifferent effectors including
Thl, Th2 and Th17 cells produced in resporspdthogenic challengend subsequently play
a pivotal role in responding to set challer{denneret al, 2009). Thl cells are critical for
protection against intracellular pathogens suehiauses and intracellular bacteria, while Th2
and Th17 cells confer protection against extracellular parasites and bacteria gieaher

2009).As previously described even macrophages differentiate into multiple different subsets
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based upon the natuof the immune reaction to a given stimuli. The M1 and M2 phenotype
actively promote the Thl and Th2 immune respaaspectivelyhowever the differentiation

of these macrophagemay have a plasticity in viveM1l macrophages under the right
conditions ca class switch to M2 and vice versaharing similarity to T cell plasticity,

changng phenotype in response to changing immune cues (Geisshahrni2010).

For theoptimal generation of Th1l cells to occur-2 andIFNg signalling via STAT4
and STATL1 respectively is required (Jenegral, 2009; Szabeet al, 2000). STATland
STAT4 signalling in response to IFf\Nand 1L-12 induces the expression of the transcription
factor T-box expressed in T cells (Tbe&hd Eomesodernthat combined have activity
through transcription offhl specific pathways while simultaneously suppressing Th2 and
Th17 pathways (Jenneet al, 2009; Szabcet al, 200Q Yang et al, 2009. While Thl
differentiation requires IFdland IL-12, and Th17 ragres IL-6 signalling via STAT3,Th2
cell production requires K4 that signals througthe STAT6 pathway which promotes the
transcription of the transcription factor GATA (Jenneret al, 2009). After differentiation
into either Thl Th2, or Th1l7 cells the T-bet GATA-3, or RORC expres®n actively
represses the expression of the ofhearell profilesinducingthese cells signatureytokine
(Jenneret al, 2009). Tbet induces expression of IBNRANTES, CCR5 (the ligand for
RANTES), transcription facterincluding CREB, and the repressor of GABARUNX1
(Jenneret al, 2009; Szabeet al, 2000). GATA3 conversely activates expression of4L
along withSTAT6 (Jenneet al, 2009).Although T-bet and GATAS3 are hall marks of Thl
and Th2 celldifferentiationrespectivelyjt has been previously found that Thl cells express
not only T-bet, but also GATA3 and the range of genes that these transcription factors target
overlap withfew T-bet specific targets (Jennet al, 2009). The extent of éhtargeting
overlap in Thl cells due to GATA compared to Th2 cells is as high as 78% (Jeenat,
2009).Within Th2 cells theThl lineage specific gendlsat can be activated BGATA-3 in
Th2 cells are targeted in Thl cells via GABAN 92% of instaces (Jenneet al, 2009).
Taken together this indicates a significant overlap of these two transcription factors function
in targeting similar genes that are required in Thl and Th2 lymphocyte differentiation.
Although the target sequences of these twandcription factors overlap differential
expression of genes required to produce the Thl and Th2 phenotype is obtained via the ability
of T-bet to act as a repressor of transcription of some Th2 genes incluein@énneet al,
2009; Szaboet al, 2000.Interestingly Susanne Szabo aodlleagus have shown that

retroviral gene transduction offet into polarized Th2 cells was sufficient tedieect these
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cells into a Thl phenotype (Szakt al, 2000). As with CD4 T cells, CD8 cells also
differentiage into type 1 and type 2 phenotypes (Tcl and Tc2 respectively) and as has been
seen for redirecting Th2 CD4ells into a Th1 phenotypesing retroviral Toetthis also holds

true for polarised CD8Tc2 cells as it will redirect them into a Tcl phenotyBeaboet al,

2000).

1.12 Host Immune ResponseagainstMAP

MAP infection causes the formation of ¢
and draining lymph nodes often resulting in hyperplasia of T cells, B cells and infiltrating
macrophagegCoussens, 2004Active MAP infection causeintestinal granulomas that can
present as a paucibacillary form that is mediated by a type 1 cellular immune response and
associated with small scattered granulomas containing few organisms and a multibacillary
form that is mediated by a type 2 humoralimne r esponse and s as
l i ke d, ndense grapuomaBerrellset al.,1998; Gillanet al, 2010; Nalubambat
al., 2008 Stabel, 2006 Granulomas observed in JD shaaghplogical similarities with those
found in human leprosy and CD patie@hamberlin and Nase2006; Whittingtonet al,

2011).

In both susceptible and resistant animals the immune respmh&P infections is
characterized by an initial Th1l-@ell immune activation. In susceptible anim#ig initial
immune response fails to contain or elimingte infection andntestinal damageccurs
causing amalabsorbtion syndrome responsible for the wasting observed during disease
progression(Chaconet al, 2004 Stabel 2006 While the Thl immune response in the
resistant animakiresponsible for the clearance of infection, in the susceptible animal this Thl
cellular immune reaction decreases to weak or undetectable levels gradually shifting to a Th2
immune response that is ineffective against intracellular pathogens, indichthe animal
succumbing to disease (Burreisal, 1998;Coussens, 2004; Paet al, 201Q. Suppression
of the Thl immune response by T regulatory ceflay play a major role in disease
progression as in susceptible animals the proliferation of suppressor T cells and their
subsequent production of 410 play an important role in the downgegation of immune

pathways capable of clearing the pathogenic challenge (Coussens, 2004).
1.12.1MAP Manipulation of theHostlmmuneResponse

MAP may have aole in modifying gene expression profiles in infected ruminants

causing macrophage dysfuncti@@alindoet al, 2010). Pathogenic mycobacteria manipulate
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the activation of the Mitogen activated Protein Kinases (MAPK) pathdiayinishing the

level of inflammatory mediators produced by that cell (Schorey and Cooper, 2003; H¢stvik
al., 2005). Alongwith MAPK manipulation mycobacterial inhibition of phagolysosomal
fusion is considered a hallmark of mycobacterial infection, representing one of the definitive
key mechanisms that the mycobacterial pathogens employ to avoid host killing mechanisms
andsurvive within macrophages (Hestvik al, 2005).

1.12.2MAP Manipulation of TLR2

Pathogenic mycobacteria have evolved HtgHular survival mechanismsvithin
macrophagethat can down regulate major histocompatibility complex 2 (MH&{pression
along with pro-inflammatory cytokines like GMCSF, chemokines such as RANTES, and
reactive oxygen and nitrogen species (i.e. nitric oxide) as well as upreguwéathe anti
inflammatory and antapoptotic cytokinglL-10 (Buzaet al, 2003;Coussens, 2004 hacon
et al, 2004; Chamberlin W. M., 2006; Hestwgt al, 2005; Koulet al, 2004; Racet al,
2000; Russellet al, 1997) MAP, M. aviumand M. tuberculosishyperactivate tollike
receptor 2 (TLR2) to produce an amflammatory response hindering the immune activation
of the cell and subsequent clearance of infedtideteaet al, 2004; Nos®t al, 2001; Weiss
et al, 2008) Hyper activation of TLR2, irthe macrophage, is achieved by the use of a
mycobacterial phenolic glycolipid (PGL) produced by the mycobacterium resulting in
production of I-10- preventing infected macrophage apoptosis as well as actively interfering
with interferong (IFNg) production, which is essential for complete macrophage activation
and MAP clearancéKhalifeh and Stabel, 2004, Hestwit al., 2005) These MAP survival
mechanismsisohelp it block the Thl T cell gendent immune response that is required for
disease clearance (Burreli$ al, 1998). In addition to infected macrophage abnormalities
including reduced responsivenesdRdlg, and reduced production of cytokines and reactive
oxygen and nitrogen specids, the macrophagéseduced efficiency in antigen processing
(Hestviket al, 2005).

1.12.3MacrophagePhagosomakilling Inhibition

Following antigen/bacterial uptake to a phagosome a series of events designed to
result in microbial killing ensue including: acidification of the phagosome due to proton
ATPase pumps located in the phagosomal membrane, phagosome lysosomal fusion resulting
in bactericidal proteolytic enzymes in the phagosome, induction of reactive oxygen and
nitrogen species and finally antigen processing (Hesvill, 2005). Mycobacteria contain
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the cell wall glycolipid mannoseapped lipoarabinomannan (LAM) that caudesexclusion

of early endosomal antigen 1 (EEAffom the phagosomal membrariéhis isa necessary
intermediary protein for phagosomal maturatitimat the exclusionof causesnhibition of
phagosomal maturation and as a result the inhibition of the accumulation of ATPase proton
pumps on the phagosomal membrane (Hesgtilal, 2005). The inhibition of the EEA1
protein also results in decreased calcium signalling which in turn abrogatesivtitg af the
PI3-kinase pathway blocking thiteans-Golgi network from the phagosome (Hestwk al,

2005; Schorey and Cooper, 2003). LAM also has a role in mycobacterial survival in that it
causes fusion eventd phagosome and early components of théoeytic pathway resulting

in the transfer of nutrients to the phagosomal compartment (Hedttak 2005). So far the
mechanisms behind the inhibition of phagosomal maturation have been discussed as being
based upon the cell wall glycolipid LAM, howevitre mechanism behind the prevention of
phagolysosomal fusion is based around a mycobacterial serine/threonine kinase known as
protein kinase G (PknG) (Walburget al, 2004). PknG is actively secreted by mycobacteria
(following phagocytosis) and can betdcted in the phagosome as well as in the cytosol of the
infected macrophage where PknG exhibits its effect of blocking lysosomal delivery
(Walburgeret al, 2004).

1.12.4Inhibition of MacrophageApoptosis

The apoptosis of infected macrophage acts hesa defence mechanism to counter
mycobacteriapathogensThis isseen from studies usirgjtenuatedvl. bovisvaccine strain
BCG where macrophage infectiorresults in significantly more infected macrophages
undergang apoptosis than macrophages infectethwa wild-type M. bovisstrain (Hestviket
al., 2005). Once an infected cell undergoes apoptosis that cell is subsequently taken up by the
process of efferocytosis, whereby the apoptotic cell is phagocytosed by another primary
phagocyte (i.e. a macrophagw neutrophil), further enhancing MAP killing due to
mechanisms related to the degradation of the apoptosed cell within the phagocyte
(Whittington et al, 2011). Efferocytosis not only enhances mycobacterial killing it also
promotes Thl immune response processing of the mycobacterial antigens on antigen
presenting cells (APC) that phagocytosed the apoptotic cell (Whittiregtah, 2011). One
mechanism employed by mycobacteria to circumvent host cell apoptosis is the up regulation
of antrinflammatory cytokines such as HLO (Hestvik et al, 2005). To infect other

macrophages and continue to proliferate MAP initiates a necrotic cell death of the infected
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macrophage, which due to the cheattvactant nature of cellular lysates further enhances
macrophagenfiltration and the potential for infection of these cells (Whittingtbal, 2011).

1.12.5Global Manipulation of theHostlmmuneResponse

Mycobacterial manipulation of the host immune response does not stop at the cellular
level as seen by the increased expression ofirdfdmmatory mediators such as-10, but
also by decreasing the expression of MHCII on the surface upon the infectemphzaye
(Hestvik et al, 2005). This decrease in MHCII disrupts the activation of the adaptive arm of
the immune system as macrophages play a key role in the activation of T cell populations,
preventing the amplification of the inflamnoay response (Hesiw et al, 2005). One
mechanism by which mycobacteria can manipulate the production ehffmmatory
mediators in macrophages is by the production of the mycobacterial PGL that decreases the
release of pranflammatory mediators via the sustained adiora of TLR2 causing the
subsequent increase in-II0 (Khalifeh and Stabel, 20Q4estvik et al, 2005). Current
understanding as to the mechanism by which mycobacteria suppress the expfddsianl
are based upon the interference that mycobaatege on the INFg pathway This may be
due toa negative feedback loogsa consequence of sustained TLR2 signallorgdue to the
antrinflammatory effects that occur as a result of a successfcobacterial infection such as
the inhibition of the MAPK pathway (Fultoet al, 2004; Hestviket al, 2005). While the
production oflFNg and its subsequeminding to a cytokine receptaig STAT activation is
unaffected by the mycobacterial pathogérere is evidence to indicate suppression of the
activated STAT at the transcriptional level via attenuation of gene transcription by the
transcription factor inhibiter p19 effectively suppressing the transcription of not only pro
inflammatory mediatorghcludingthe MHCII genes (Hestvikt al, 2005). Another proposed
mechanism for the down regulation of MHCIlIbg blocking the transport and processing of
the MHCII by the predescribed mycobacterial manipulation of the phagosomal lysosomal
systems (Hesik et al, 2005).

1.13 Quantitative PolymeraseChain Reaction QPCR)

Analysing the genetic makeup of an organism has had an important role in advancing
current knowledge in the field of biology. In 1996 several authors developed different
methods for improving the efficiency gfPCR, for example Heid and colleagues created
method for real time quantification of cDNA by measuring the accumulation of PCR products
using a fluorogenic probe activated during amplification of the target gene ¢Halid1996).
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An alternative, cheaper and less complicated method involvesdiusion of dyes such as
SYBR Green that binds to double stranded DNA (Witteteal, 2001). These new methods
became available in 1997 as part of the LightCycler system, providing a new and less labour
intensive technique for measuring the amount of d@inget product without the need for post
PCR handling preventing post PCR contamination and allowing for increased efficiency of
the assay (Klein, 2002). Using these systems has enabled researchers to measure the
expression of genes of interest by takingMARpreparations and reverse transcribing them
into cDNA (Bustinet al, 2005). While the process of converting RNA into cDiAverse
transcription)template is a fundamental step in 4RRCR process this step has been reported

to add an element of varidby and therefore adversely affect the reproducibility of the
experiments (Bustiret al, 2005). Factors influencing quality and reproducibilitygffCR
specifically during reverse transcription include the dynamic state of cells RNA pools, the
quality of the RNA, and the method of the RNA to cDNA conversion and the efficiency of
this conversion (Bustiet al, 2005). During the PCR itself several parameters also influence
the efficiency of the amplification such as magnesium and salt concentrationgnreact
conditions including time and temperatures, PCR target size and composition, primer
efficiency and specificity, and sample purity (Hatlal, 1996). To test the specificity of
primers one of the best methods utilises the melt curve method achieévgdnedting curve
analysis at the end ofg?CR assay (Bustiet al, 2005).

Quantification of the cDNA is based upon the cycle threshold (Ct) of detection value,
an fAarbitrary number o t hat c halinegdata shioova me d o
Figure7, intersecting the log phase of theCR reaction (Heiet al, 1996). Using this Ct
detection method samples with fewer starting copies of cDNA will have a higher Ct value and
targets with a high starting number will conversely have a very low Qe #leidet al,
1996).
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Figure 7. Representation of a typicalPCR amplification plot

Ct value intersects the log phase (represented by the blue line) of

increase in fluorescence. In this instance the Ct value is at cycle 23. This figure

has been taken from Head al. 2006.

To take into account differences in initial cONA concentratiaroanalising gene is

included for every sample which allows for comparison of different samples as a good

normalisation gene isonsidered to bexpressed at a constant rate (Hetichl, 1996). These

genes are preferably constitutively expressed at aaaonst

rat e

for

nstanc

gene (Klein, 2002). Somsmommonly utilisechormalising genes include GAPDBHBLactin and

the MHQA component bo-microglobulin (Livak and Schmittgen, 2001). Using these

normalising genes allows for the comparative qtigation method known as the delta Ct

method DCt) (Livak and Schmittgen, 2001). This method allows for the determination of the

fold change in gene expression across the samples using the equation sliogureir.

Initially delta Ct OCt) is found via gne of interest (GOI) minus the normalising gene. Using

the DCt is informative for looking at expression ratios of a target against the normalising

44



gene. Fold change can then be determined by either assuming the primer efficiency is 100 %

or by using the pmer specific efficiencyLivak and Schmittgen, 2001).

Figure 8
A) DCt=GOI- normalising gene

B) Fold change =&

Figure 8. Delta Ct method offPCRdata interpritation

An equation commonly used to obtain the fold change for target genes
after which fold change differences can then be compared and conclusions
drawn. A) Equations to obtain tiXCt, B) the fold change. Fold change in B) is
assumed to be 100 % as each cyckettdrget doubles, however if the primer
efficiency is known it would replace the absolute maximum efficiency of 2.

This equation has been adapted from (Livak and Schmittgen, 2001).
1.14 Automation of Laboratory techniques

Using robotics to automate reqete tasks as a timand laboursaving procedure is a
practise that has been utilisedandfor many laboratory tasks (Greenspaetral, 2006). In
laboratories automation of techniques such as PCR allows for enhanced throughput without
sacrificing qualiy of the results gained (Greenspaatnal, 2006). Automation can also help
to reduce some of the common sources of contamination of PCR samples including sample
mix-up and aerosolised contagions (Greenspetoal., 2006; Wilkeet al, 1995). During the
course of Wilke and colleagues trial comparing the practicality of automation, specifically the
effect on PCR setup time and contamination, it was determined that of the manual PCR
reactions run over a 21 month period 7% of the total 3404 reactions welidate due to
carryover contamination (Wilket al, 1995). This 7% contamination for the manual PCR
procedure was compared to a robotic automated procedure that not only greatly decreased the
time required for PCR setup but also decreased the contasnimate to a contamination rate
of <0.1% of 7002 reactions (Wilketal, 1995). Wil kes concluding
t hat automation be seriously considered wt

further emphasises the potential of this technology (Wétka,, 1995).
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1.15 Significance of research

Informed alteration of the genetic makeup of domestic livestock is one potential
application of the knowledge of whether an animal is resistant or susceptible(RadDet
al., 2007) Using this knowledge could reduce the incidence of JD via selective breeding and
or culling of susceptible animals and result in a greaw@fitpnargin for farmergPantet al,
2007; Bearcet al, 2001) As the control strategief JD is hampered not only by difficulties
in disease diagnosis, especially during the subclinical stage of the disease, but also the
complex epidemiology of JD selective breeding of resistance associated tnaitg be a
viable optionto combat this diseagBeardet al., 2001). While vaccination programs have
been shown toeduce the severityD symptomsand spread ahfectionthey do not prevent
infection (Brett E., 1998). Current vaccination strategies use heat killed or atteMsied
that interferes with diagnostic tests for bovine tuberculosis and as such vaccination regimes
are not usually appropriat®ackintoshet al, 2005; Muskenst al, 2002) Treating infected
animals is not feasible due to the high cost per animal and poor clinical re§ypgmtengton
et al, 2011).While new generatiowvaccines and treatments for JD are still in development
selective breeding is a age old proven metbbohcreagng a desired phenotype in If®ck
(Pantet al, 2007) Natural resistance against pathogens produced by selective breeding can
cause an increase in generic resistance to multiple other pathogens due to enhanced

immunologic factors.
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1.16 Hypothesis and Aims

Mutations in theCARD15 gene will be contributing ®usceptibity in deer,linked to
the LRR region of theCARD15 gene to Johneds di seaseThecause
second hypothesis investigated questionedrtimune response against MASusceptibility
to JD maybe a result of abnormal expression aghime response genes in animals of this
phenotype. Finally, expression patterngndfammatory mediators resistant animalwill be
elevated earlier in the infection trial representing resistance mechanisms that will show

different patterns of expressitm susceptible animals.
To test these hypothesis the following aims were established:

1. Scan/map the cervine CARD15 LRR region for potential polymorphisms
associated witdD severityin red deer of demonstrated phenotype

2. Establish a model by which the egpsion ratios of immune related genes can
be compared between the resistant and susceptible animals.

3. Compare gene expression ratios of established JD susceptibility genes along
with immune genes of established function in this cervine infection model to

identify any resistant/susceptible phenotypes.
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Chapter 2: Methods

2.1 Experimental infection model(Previous Work)

A previous studyof heritability, immunological, and pathological responses of red
deer Cervus elaphysto an experimental challenge of MAP, was conducted at AgResearch
Invermay, Otago, New Zealarehding in 201QMackintoshet al, 2011). To carry out the
experimental infection mod@4 mixed aged hinds were artificially inseminated using frozen
semen fran either aresistantor susceptible stag. The resistamresusceptibilityof the stags
was tested in a previous experiment based on intensive observation of their offsprings
incidences of natural JD infection. Of tBd hinds inseminated 18 became prednaith a
final pool of 9 resistant and 9 susceptible fawitthed8 months later. These 18 fawns were
left for four months and then challenged with high doses wafulent bovine strain d¥1IAP
isolated directlyfrom the lymph node of a clinical JD anima&sulting in an inoculatioof
approximatelyl®® colony forming unitseachday for4 days usinghis virulent bovine strain
of MAP. There currently is no standard dose for MAP infection models, but typically doses of
10°-10" are usedBegg and Whittington, 2008 hesedeer werestudiedfor 49 weeksafter
experimental infection with the animals that developed clinical JD beinigctvely
slaughteredht time of disease manifestation. Tissue biopsies of the jejunal lymph node were
recovered at weeks 4, 12 aaicthe slaughter time poinvéek 49 as described in Mackintosh
et al, 2011. Samples of these biopsies were usethigtopathologyand culturing of MAP
independently of this studysing the BACTEC 12 B liquid culture mediunand the

subsequently described gPCR research (Section 2.3 onwards)
2.2 TRIzol RNA extraction

One week prior to time of necropsy 10 ml of peripheral blood was acquirediiay
verepuncture and temporarily preserved usingan@panticoagulantThe TRIzol(Invitrogen
Ltd.) extraction method was carried auttlising consumables suppliedth the kit This is a
method that utilises the phendhloroform extraction techniquériefly; white blood cells
(WBC) were separated fronvhole bloodsamples via centrifugation at 13,000 rpm for 10
minutes. Using a pasie pipette the WBC were removed from the sample and placed into a
50 ml falcon tube containing 30 ml of chilled eryttyte lysis buffer to lyse any red blood
cells carried over. These samples were incubated at room temperature for 10 minutes after
which the WBC were pelleted via centrifugation at 13,000 rpm for 10 minutes. After

centrifugation the supernatant was remoeed 1 ml of TRIzol was added to the pelleted
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WBC. These samples were incubated for 5 minutes at room temperature and 200
chloroform was addedo separate the organic phase and aqueous plragdhe samples
mixed. After mixing the samples were theentrifuged at 10,000 rpm for 15 minutes aiC4

to further help the separation of the agueous phase and the organiclplessgieous phase
contaired the RNA that was transferred to a cleanpepdorf tube and 5001 of isopropyl
alcohol was addetb precipitate out the RNAafter which the samples were incubated for 15
minutes at room temperature then the tubes were centrifug&DadIpm for 10 minutes at

4 C. Following centrifugation the supernatant was removed and the RNA pellet was washed
with 1 ml of 75 % ethanol via vortexing. Post vortexing the samples were then centrifuged for
5 minutes at 7,500 rpm at €. The ethanol was aspirated off and the sample was allowed to
air dry after which 50nL of water was then added to each sample. thiig stage RNA
recovery was quantified byV spectroscopyresulting ina range of 3748144 ngi over all

RNA preparations undertaken during this study. RNA samples were stoi@@ &. Crude

RNA was supplied to the researcher from i@psied samplefRNA extracted via théssue
TRIzol method (based upon the manufacturers methoslependently at the time of

sampling and then hdbeen stored aB0 C.
2.3 Qiagen RNeasy RNA cleanup

Crude atracted RNA(produced via the above Invitrogen TRIzol methwas further
purified using Qiagen RNeasy Mini KiRNA cleanup protocolaccording to the
manufacturers specificationisonsumables supplied with kitsamples were diluted using
RNase free wateto a concentration of 1MgL in a final volume of 100nL (Qiagen)
Following dilution,350 nL RLT lysis bufferwas added to the RNA and mixed, after which
250 nL of 95 % ethanol was added. The resulting solution was placed into an RNeasy Mini
spin column (Qiagen) within a collection tube; one spin column and collection tube per
sample. Following centrifugation at 13,000 rpm for 15 seconds the RNA was bound to the
spin column and the flow through discarded. Each spin column was then weghdrPE
buffer twice via centrifugation initially using 508L for 13,000 rpm for 15 seconds, and then
using 500nL for 2 minutes to allow the column to dry, removing the flbmotigh each time.

The column was then centrifuged for a further minute at 13,000 rpm to ensure all ethanol had
been removed. The ethanol free column was trersferredo a fresh 1.5 ml collection tube
thathad 50ni of water added to ithenwascentrifuged for 1 minute at 13,000 rpm etute

the RNA.
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2.4 Bioanalyser

RNA integrity was assessed using an Agilent BioAnalyser instrument as per
manufacturerdds protocol. An RNA Nano micr of
ratio of 28S and 18S ribomal RNA to produceraRNA integrity score (RIN). RIN values
greater than 8 are considered to represent high quality RNA prepargeige and Pfaffl
2006. As a test of RNA integrity 12 samples were chosem animals77, 79, 80, 81, 82,

84, 85, 86, 88, 89, 90 and 91, tested using the Bioamdtyggoduce RNA integrity number

scores.
2.5 RNA reverse transcription

The RNA samples were reverse transcribed using Invitrogen SuperScript VILO cDNA
Synthesis Kit as per the manufactuéeecommended methdthvitrogen) For each sample 4
m of 53 VILO Reaction Mix, 2m of 10 3 superscript Enzyme Mixl ng of RNA, and
DEPGtreatedwater to make a final volume of 2 was prepared. The contents of this tube
were mixed gently and incubated at room temperature for 10 minutes, then Gitfdi260
minutes and lastly to terminate the reaction at@3or 5 minutes. The resulting cDNA was

diluted by a factor of 100 arstored at20 C.
2.6 CARD15 genotyping Primers and PCR protocol

In total 12 primer pairgSigma)were tested to span as much of the Leuctah
Repeat (LRR) regiorof CARD15 as possible, those used are shown belovable 3; all
were tested via PCR reactions that were checked via gel electrophoresis using 1 % agarose.
The primerswerebased upon hone sequenceor primer pair B Jeverse primer to obtain
t he extreme 30 end of t Heecervibd ReQukrice availdRle s e
independentlyproduced previous|ywas utilised to obtain the forward B 3 primer and the
forward B 12 primerPrimerpai r 3 was used for getting 1iIni
to make new more specific primers suchhasreverse primer for B2. Each primer pair was
optimised using temperature gradients, ffafnto 65 C, and MgC} curves ranging from 0.5

mM to 5mM raised incrementally by 0r8M to find the optimum concentration.
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Table3

Primer Purpose and sequence length Sequence 6 t o 30

B3 Forward| P CR for extr en GGGGCTCAGAACTAACAACTCCTT
CARD15; forward primer was

B 3 Reverse| based oncervine sequencevhile | GGCTGCCCCTCTTCAACATCC
thereverseprimer based orbovine
sequence NM_001002889. The
primers produced @95bpproduct

B 12 820bpCARD15LRR for TCCGGAGCCTGTACGAGATGC
Forward sequencing.

B12 ACTTCCCGAATGCTGTCA
Reverse

Table 3. Primers for sequencing CARD15

The primerdisted above werased for attaining the CARD15 sequence

andare shown along with the purpose of each primer pair.

For each PCR reaction the final concentration of reagents used consisted of: 1
Bioline reaction buffer, 1.5 mM Mggl 0.2 mM primers, 0.2niM dNTPs, 1.5 units offaq
polymerase/reaction, & of the dilutedcDNA, produced from the reverse transcriptions, per
reaction, 5 % DMSO and water to make 3dQfor 10 PCR reactions &3CR wee done in 30

m volumes).

PCR regime for the sequencing of the LRR region consisted of:C9#for 1.30
minutes, 94 C for 30 seconds, annealing temperature (B4or B 3 and 55C for B 12) for
30 seconds, 72C for 1.30 minutesfollowed by cycling from stage2 to 4 30 times, and

finally 72 C for 5 minutes.

The PCR products were gel purified over 0.7 % agarose and were stained using

ethidium bromide and visualised under UV light.
2.7 Gel purification and Sequence interpretation

Purification of theamplified CARD15LRR regionfrom the agarose gel was done
using the Promega Wizard SV Gel and PCR CldprSystem following the manufacturérs
instructions (consumables supplied with kitBriefly; the DNA band wasvisualised and

excised from the gel undésV illumination. Following band excision membrane binding
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solution was added to each tube at a ratio ofl binbinding solution to 1 gram of agarose,
these tubes were then mixed via vortexing and subsequently incubated in a water bath at 60
“C for 10 minutes to melt the agarose. DNA purification was performed on the molten
agarose by placing each sample into a SV minicolumn inside a 2 ml collection tube. The
sample was then passed through the spin column, after a 1 minute incubation, at@,000

for 1 minute. The spin column, now with the DNA bound to ¢cbkimn was then washed

using 700m of membrane solution via centrifuging as previously at 13,000 rpm for 1 minute.
Flow through was discarded and the wash was repeated using 50@vashsolution and
centrifuged avefore Post washing the spin column was centrifuged for 1 minute to allow all
remainingethanol to pass through after which the spin column was then placed into a new
collection tube and the DNAvas recovered in 561 of watervia centrifugation at 13,000

rpm for 1 minute The gel purified PCR products were then submitted to the Allan Wilson
Centre, Massey University, for sequencing. Sequence data has been interpreted using
DNASTAR Lasergene 8 SegMan software. Previous CARD#fjhiesecing work in the DRL

lab provided a template cervine sequence to act as a reference against which to align the
obtained sequences against.

2.8gPCR Primers, Protocol and data interpretation

gPCRassays were perfor medgPORSYBR)GednBLove ne 6 s

ROX Mix (ABgene, UK) for the genes TLR1, TLR2, TLR4, TLR6, MyD88, TRAF6,
MAPKS8, MAPK11, MAPK14, P53,ATF2, CREB, cFOS, cJUN, GNMSF,NOD1, NOD2,

NF-kB, IL-1b, IL-18, NLRP3, IRF3, INOS, STAT1l, STAT2, STAT3, STAT4, STAT5a,
STATS5b, STAT6, Thet, IFN IL-19, GATA3, RORC, RANK, PIAS1, PIAS2, PIAS4,
SOCS1, SOCS2, SOCS3, IBNHLA-DMB and B2M as a controlThese primers were
designed usin@rimer Express (Applied Biosystenm®)ftware. The concentration of primers

used for gPCR was 100 mM for all gPCR reactidrne primergesignedor MAPK14, P53,

NOD1, IL-19, and SOCSL1 failed froduce specific targetd will not bediscussedurther.

Primers for the forward and reversaction for each gene can be seen in Appehdix

The gPCRtemperature and time settings for both the 384 and 96 well format plates
includes an initiatemperature of 95C for 15 minutes to denature the cDNA. Following this
step the machine cycles betwedh C for 15 seconds followed by 6@ for 1 minuteforty
times. The reaction is then terminated at @5for 15 secondand a subsequent melt curve

run to ensure product purity concludes ¢fCRrun.
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2.9384 wellgPCR

Six animalsthat exhibited polariskdisease states followimgecropsy were selected to
represent the resistant and susceptible phenatyipese included the three most resistant
animals R92, R91 and S89, while the three most susceptible animals were represented by
R86, S90 and S9@he gPCRreactions werearried oubn aRocheLightCycler 480 machine
using 384 well platesData obtained was then analysed using LightCycler 480 software
version 1.5.0.39.

Each well for the 384 well plate contained a final volume of,Owith the cDNA
used per reaction at 81. As with the automated protocdie gPCRwas done using master
mix 2 3 AbsoluteqPCRSYBR Greenlow ROX mix (Thermo Scientific) primers ata final
concentration ol00 nM,and water to make a final volume of &Dper reactionlUseof 2 x
Absolute gPCR SYBR low ROX mix was optimum as this mix, with the exception of primers

and template, contains all the required components for the gPCR reaction.

Fluorescence ata wasobtained from the 384 well plates atiten converted and
standarded in Microsoft ExceVia the Delta Ct (DCT) method in which the Ct values are
converted to relative expression of B2M (B2Mpression representing the standaydy
standardising the Ct values against the control gene B2M. For this to be viable t#iaest v
of the replicates had to be within 1 Ct value of each other to provide meaningful results. The
resulting values were then determined using the previously determined primer efficiency
score.Primer efficiency scores are important for defining thecefficy of the PCR reaction
and are obtained using dilution series of DNA, making a standard emdvaitilising the
e g u a teffiolency ® 10M1/slopep t o obt ai n t.MAethisestageiotdatan c y
manipulation the results are referred to as tiddan DCT (EDCT). E-DCT values were
then used in GraphPad PrignfGraphPad Software, USAdftware to produckne graphs

Plates with 384 wells were selected for flgCRformat asa large selection of genes
had been selected for study due to their nature in the immune systems reaction to MAP

infection.
2.10gPCR Automated plate loading trials

To test whether the potential of loading 384 well plates usingiomek 2000
automatediquid handlingsystemwas viableto produce informative consistent data a 96 well
plate format was tested due to the reduced demand on materials. This 96 well plate format

was set up for eight genes done in triplicate, with cDNA from animals 92 and 9¢rasfa
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of concept study for this system. This initial proof of cond@pPtCRwas done in a Micro
Amp Fast Optical 96 well platéApplied Biosystems)lsing optical adhesive covers to seal
the plates. Each well was set up for a final volume ofR0rhe QPCRwere done using
master mix 3 AbsoluteQPCRSYBR Greenlow ROX mix (Thermo Scientific) primers at
100 nM, and 5 of cDNA per reaction. Primers for the genes B2M, HDMB, RORC,
STAT1, STAT6, TLR2, PIAS1 and RANK were usegPCR protocol followed the pe-
described method in the 384 w&lPCRsection.

Following promising results utilising the automated plate loading system for the 96
well plate a 384 well plate format was ®&tin this system. Each well was set up as
previously described for the 96 well plates with the 96 wellQPCRprotocol the 384 well
automated plate wasin in the manner described in the 384 W&PCR section of the

methods.
2.11gPCR Automated 96 well to 384well Automated blotting

To test the application of a 96 channel
96 well plates were set up as showrFigure 9 below. For each well an initial master mix
was made following previously describ€@PCR protocol withthe exception that each well
has a final volume of 4B1.. After loading the 96 well plate 4@L of the mix was pipetted
out using the Biomek NXP multichannel pipette machine into the format sdeéguire 10,

effectively quadrupling the 96 well plate@MNing for four replicates of each sample.
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Figure 9. 96 Well Pate Format

Above is showrthe layout of the 96 well plate. Each well is set up with
the corresponding cDNA with each colour representative of a different gene

targetallowing for the testing of 12 genes and one normalising.gene
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Figure 10
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Figure 10. 384Well Plate Format.

The corresponding 384 well plate format after blotting fthe 96 well
plate format The colour coding indicates the origin of the target in the 96 well
plate. This protocol has allowed for quadruplicates to be duinthe 96 well
plate.

2.12 Data analysis

Analysis of the sequence data for the CARD15 gene was carried out on Segman
(DNASTAR) as described above. InterpretationQRPCRCt values was carried out using a
manual technique on Microsoft Excel (Microsoft) using the Delta Ct method described in the
introduction (sectionl.13) this data was checked for significance via Graph Prism
(GraphPad Software, USA)
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Chapter 3: Results

3.1 Previous Results

Work undertaken durinthe challenge/biopsy trial (dyr. Mackintosh and colleagues
determinedor each of the sampling pointse histopathology of the 14 deat survived to
the end of the trial measurga histopathology scorin¢Clark et al, 2019 Mackintoshet al,
2017). Table4 outlinesthe histopathology of the deer at the time of necropsy as well as the
infection status okachanimal. At the necropsy time point based upon their histopathology
grade the three most polarised diseasée stieer representing resistant and susceptible
phenotypes werselected for subsequegene expressiomvestigationandfor most ofthese
animalsthe CARD15 LRRsequence was determindditial work on the LRR region of the
CARD15 gene was performed usibipod taken at week 49 of the infection model. Genotype
of these animals is depict&d Table4 aseither anR (resistant) or S (susceptible) beside the
animal identification number. Based upon their ability to combat the disease these animals
have beenlassed phenotypically resistant or susceptible withatiimals R 92, R91 and S 89
representing the resistacthortof animals in th€QPCRexperiments and the animals R 86, S
90, and S 96 represent the susceptible cohort.

3.1.1 JDInfection States

While susceptibility isa comparatively straightforwarghhenotype to identify as
susceptible animals willisplay clinical symptoms within the time frame, resistance on the
other hand is more problemats a seemingly resistant animal may succumb to the disease
given more timeHistopathology scores are based upon Céarél, 2010 criteria: in short a
histopathologyscoreof O represents a healthy gut, 1 and 2 as very mildspegific enteric
infection, 3 as very mild JD,-4 as mild JD, 810 as moderate J@nd 1113 as seser JDas
suggested through histopathalogy examination of biopsied rtexial (Mackintoshet al,
2011).As can be seen in Table &,week 4 theravas no diseasdetectedwith the exception
of animals S 77 and S 80 thathibitedhistopahology of 5 and 2 respectivelyhe 14 week
biopsies all of the animals show histopathaagscoresof 6 or higher, of which animals R
92, R 91 R 88, and S 90 had thistopathological scoref 6 while the remainder of the
animals haageverelD with hisbpathologcal scoreof 11 or higherAt week 14 the majority
of animals hd paucibacillary disease with the exception of animals S 80 and S 81 which had
multibacillary disease. Finally when considering the necropsy samples, animals that

develomd clinical cases of JD during this study were euthanised, of the 14 animals that
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survived until the end of the trial 8 of these animals had histopathology scores of 5 or under.
These animals therefore had either mild JD/apecific disease or no disease. While ¢hes
animals had more seere pathology at the week 12 time point indicative of at least partial
recoverybut the question remainedbuld the animals now with mild JD progress to clinical
disease or carry on with their current trend and successfully overttemefection had the
infection model time frame been exten@ddinfortunately this will remain an unanswered
question. Of the total pool of animals that survived until the end of the trial only animal R 92
showed no sign of MAP infection at this final tippeint having a histopathology of 0 and no
detectible MAP via ZiehNeelsen staining of intestinal biopsies and mesenteric lymph nodes
(Mackintoshet al, 2011). The next most resistant animal R 91 had a histopathology of 2 as
well as having no detectibErganisms in the biopsied tissues in a similar manner to animal S
89 with the exception that S 89 had a histopathology of 3. These three animals, R 92, R 91
and S 89 being the three most resistant animals based upon disease severity represent the
resistantgroup of animals in th@PCRtrials. Following the three most resistant animals

order of histopathological scoexe five animals, R 79, R 84, R 88, R 94, and R 98 that all
have a histopathology of 5 as well as having paucibacillary infections. Next #mimals

have a histopathology of 11 including: S 77 that has a multibacillary disease state, S 80 and S
81 that both have paucibacillary disease. While the three most resistant animals are
represented by R 92, R 91 and S 89, the three most susceypiitials include R 86, S 90,

and S 96 all of which have a histopathology of 13 and multibacillary disease (Maclkettosh

al., 2011).
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Tabled

Animal | 1816 | Sex Disease state Histopathology
12 weeks | Necropsy | 4 weeks | 12 weeks | Necropsy
R92 Yes F PB None 0 6 0
R91 Yes M PB None 0 6 2
S89 No M PB None 0 11 &
R79 Yes M PB PB 0 13 5
R84 Yes M PB PB 0 11 5
R88 Yes M PB PB 0 6 5
R94 No F PB PB 0 13 5
R98 No M PB PB 0 11 5
S77 No M PB MB 5 13 11
S80 No M MB PB 2 13 11
S81 Yes M MB PB 0 13 11
R86 Yes F PB MB 0 11 13
S0 [No M [PE M8 j0 & 18
S 85 ‘ No F MB ‘ MB 13 13
S93 No MB MB 11 13
R 82 No F PB MB 0 11 13
Table 4. Animal Histopathology and nfection States over the course of the
Trial

Each animal wagraded for its respective JD histopathology and disease
state (paucibacillary/PB or multibacillary/MBAIl of the animals displayed
above had CARD15 sequences produced from tAdma.animals in blu¢and
the green animal S 89¢present the resistant arhfor the subseque@PCR
expression assay3hosein red (and the green animal R 86¢present the
susceptible cohort based upon the severity of disease at the end time point of
the trial. The green animals are still included in but are separate frem th
resistant and susceptible cohort as these animals are genotypically opposed
from the other animals in their respective cohorts and act as confounding
factors in the gPCR assay&nimals shown inyellow did not survive to the
week 49 time point and as $uwere not investigated in the qPCR tridlbis
table has been adapted from (Mackinteshl, 2011).
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3.2 RNAIntegrity Verification

To determineghe quality of the RNA extracted from the tissue biopsies taken from the
animals a representative sample was tested wsifigilert 2100 Bioanalyser.Bioanalysers
are a useful tool for checking the feasibility of an experiment via ensuring the quality of
sample tested. Over the course of this thesis the Bioanalyser was utilised to ensure the quality
of extracted mRNApreparations. fie intensity and clarity of the 18S and 28S ribosomal
RNA subunits are measured \laorescenceand the clarity of thissi used to find the RNA
concentration, while the RNA integrity score is a measure of the entire electrophoretic trace of
the RNA sample sensitive to RNA degradatidn example of the results from the
Bioanalyser is shown ilppendix 2. This assay indicatethe RNA integrity score for the
representative sample were all within acceptable limits for subsequent RAintegrity
numbers range from 0 to 10, with anything above 8 considered high qualitgf the

representative sample were above 8.

3.3Aim 1: CARD15 Polymorphisms

Following verification of the quality of the RNA via the Bioanalyser, the cDNA
produced from these samples was used substrate f@rimer pair B 3 Using primer pair B
3 the extreme 306 end of t hasddvétogedthat gpammed theva s
LRR sequence Sequence data was generated using psntrl2 by first using gel
electrophoresis and then by extracting the LRR band from the gel and purifying the DNA for
sequencingFigure 11 shows a gel photo prior to CARDI&nd excision. Using the primer
pair B 12the LRR region has beapannedor the animals 77, 780, 81,86, 89, 90 91, and
98 with incompletesequence datir 84, 88, 92, and 94T he sequencalatg aligned against
the bovine CARD15 sequence NM_0010828and the available cervine sequence

highlightedseveral areas of interest identifieddgymparison of the producegquence.

Five areas of synonymous heterogéndiave been detected aodenonsynonymous
nucleotidesubstitutionthatcause an amino acid change, at nucleotideifias 1816 where a
cytosine (C) is substitutedith a guaningG) causing alycine to arginingpolymorphism,
this nucleotide substitution is illustratedfigure12. The polarities othe amino acid@lycine
compard to arginineare different and this shift changes thmsutral hydrophilic glycine to
the positive hydrophobic arginine potentially altering the ability of this protein to function.

When comparing the effect of this polymorphism against the diseasefsthéeanimals with
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this genotype there was no significant difference between the histopathology between the two
genotypesshown inFigure13. The substitution at position 1816 was found in 79,831 86,

88, 91 and 92all of which are heterozygotes ahdve both cytosine and guanine at position

1816 Interestingly of the 7 animals with 1816 6 areg@nhdype and only animaBl, is S
genotypeand 5 of the 7 of ik group ofanimals histopathological scorage5 or lessAs the

R animals are fathered from a single resistant sire the 1816 genotype may have been passed
down paternally potentially causing an association betw@smpolymorphism andesistance
Although the majority of these animals have low histopatholbgicares the exceptions to

this trend prevented the potential significance of this data set.

Figure 11

Ladder A B C D E

CARD15
Band

Figure 11. CARD15 band on a\garoseGel

An example of agarosepurification gel Left to right the lanes are 1 Kb
Molecular weight ladder(Sigma) followed by the PCR product for the
representativanimalsA, B, C, D and Eusing primer pair B 12Numbers on
the left edge are indicative of the band size of the ladder and are measured in
kilo bases. The CARD15 LRR products size is 820 base pairs in length and can

be seen as expected.
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Figure 12

1720 1800 1810 1820

IIIIIIIIIII|IIII|IIII|IIII|IIII|
’Translate PCDnsensus CTGGACCABCLALACTCTGTGIGGCGAECLTICGGIC G T
Cerwv CARD1S.seq(lx2762) — CTGGACCACALACTCTGTGGGOCGACLTICGG|IC G T
’90.12—reverse.abl[19:}'?81] — CTGGACCACALACTCTGTGGGOCGACLTICGG|IC G T
’89.6—f0rward.ablt16>525] — CTGGACCACALACTCTGTGGGOCGACLTICGG|ICG T
- V7.Forward.abl (13>610) —

C TG GARCCABCALCTCTGTGGGC G ACLTICGGIC GT
w 9Z.1Z-reverse.abl (16>239) —*

C TG G ARCCRLBCAMLCTCTGTGGGCGLCAMLTICS GIC G T
w 9l.6-forward.abl(le>872) —

CTGGARARCCRBLCILILCTCTGTGGGCGLCMLTICS GIC G T
w S88.6-forward.abl (31>302) —

C TG GARCCABCALCTCTGTGGGC G ACLUTICS GIC G T
- G2.6-forward.abl (17>394) —*

Al

C TG GARCC ABCLLCTCTGTGGGC G ACLT

C

3

)

Figure 12. Polymorphism 1816

Polymorphism 181éhas beerhighlighted(red box),shown insamples
92, 91, 88 and Bto represent the group of animals showing this genotype.
Animals 90, 89 and 77 are displayed to represent the animals without this

polymorphisn.
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Figure 13

Wild-type versus Polymorphism 1816
disease Histopathology

154
o0 |
>
o ° |
S 104 -1
o
e
IS .
&
*@' 5+ (X ] l!l
L [ J
|
0 T *
2 ©
S ¥
$\\
Genotype

Figure 13. Histopathology of deer wildype versus 1816

Above the wildtype versus animals containing the 1816 polymorphism

shows no significant difference in the distributmindisease severities between

thes two genotypes.

Areas of synonymous heterogeneity were found at positions 1728, 1740, 1935 and
2232 shown in Figuré4. In these four areas of heterogeneity the animals found within, with
two exceptions, were heterozygotes for both alleles. The polymsarghi728 has a common
base G that in six samples has both G and adenine (A). Polymorphism 1740 is an area where
the common base C is-&xpressed with a thiamine (T) in three samples, however in samples
84 and 93 only the T residue is present at this lotilee 1728 1935 is only seen in
heterozygotes and it also represents a G common base with a less common A, however 1935
unlike 1728 has only been seen in three samples. The most common polymorphism/area of
heterogeneity was 2232, which like 1935 and 1f@a8 a G common base-eapressed with
an A, that was heterozygotic in seven samples and in sample 86 only the allele with A at this
locus was present. A diagrammatic depictiontled CARD15 geneancluding nucleotide

domains, the area sequenced using primer pa 3 and B12, and the sites of the
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polymorphisms detecteare shown inFigure 14. While analysing the cervine CARD15 LRR

domain 9 putative LRR motifs have been identified, whidfers fromthe 10reported for the
bovine CARD15 LRR regiotfTaylor et al, 2006)

Figure 14

A)

—

CARD Nucleotide LRR Domain

B) binding Domain

e T e -

Bovine
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C)

Cervine

2ARTRIN

Cervine LRR

Figure 14. The CARD15 gensequence

A) Nucleotide domainsThe blue arrows represent the primer pair B3,
while the red arrows represent BIR) Bovine sequence with the available
cervine sequenc€) Area that has been amplified using BThe black arrows

represent areas of synonymous heterogenelitije the redarrow represents
polymorphism 1816
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3.4 Aim 2: production of a working model
3.4.1Normalising gene selection

The inclusion of a normalising gene is extremely important to provide the ability to
compare different sample&.commonly used normalising gemvas selected (B2M) based on
its previously identified ability to be used in this r@le a gene expressed at a standard rate
across different animal¥alidation of this normalising gene was carried out ugfRGERwith
3 well known normalising genes aladile for cervine worKindependently madg)ncluding
B2M, PPIB and TMBIM4. As seen iRigure 15, the spread of the Ct value fold change for
the genes validates the selection of B2M as the normalising gene used as when it was tested it
resulted in thanost consistent spread of data points with the least extreme fold changes in
between sampleddowever there was a slight decreasing trend in B2M expression in the
resistant animals and an increasing trend in the susceptible animals over the course of this
trial. During the course of the normalising gene assay an intermediary disease state animal

was selectedsthe calibrator; animal R79 that hadngd-rangehistopathology score.
3.4.2 gPCR Primer Specificity

Specificity of the primers produced (Appendix 1) ugithe relevant cervine sequence
(obtained via correspondenceps testeditilising a melt curve function at the end of each
gPCR run. Using this method to test the primers was the most practical due to time
constraints, as sequencing each product was eaditfle, and as this allowed checking of
gPCR contamination of other primers. Specific primers were obtained for the genes seen in
Table 5, while the primers for MAPK14, P53, NOD1;1B, and SOCS1 failed to produce
specific products. An example of botrspecific and nosspecific primer pair are shown in

Appendix 3.
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Ct value fold change

Ct value fold change

Figure 15

Testing B2M via PPIB

Time point of trial

Testing B2M via TMBIM4

Time point of trial

Figure 15. B2M verification via testing with other normalising genes
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Above can be seghe normalising gendsstedagainst each other in an animal
specific setting using the animal 79 as a calibrdtop graphsB2M as the gene being
tested using PPIB and then TMBIM4 as the calibrattiddle graphs;testing PPIB
first using B2M and subsequently by TMBIMBottom graphs,using B2M and PPIB
to test TMBIM4 The differences in fold change between samples supports B2M

selection
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3.43 gPCRgene expression ratios

Using B2M as th@eneagainst which the target genes would be normalibedjPCR
expression of geneslated to various immune functiomeremeasured. For clarity the genes
tested have been divided into specific pathways representative of the genes primary function,

illustrated inTableb.

Table5
Pathway Representative genes
PRR TLR1, TLR2, TLR6, IRF3MyD88, TRAF6, NOD2, and NfeB
Type one interferon IFNb, STAT1, STATZ2, and PIAS2
Type two interferon IFNg, STAT1, PIAS1, and SOCS3
IL-6 STAT3, RORC, and SOCS3
IL-12 STAT4, Thbet, IFN, SOCSS3, and PIAS4
GM-CSF GM-CSF, STAT5a, STAT5b, and SOCS3
IL-4 STAT6 and GATA3
NLR NLRP3, IL-1b, and IL-18
NF-kB NF-kB, GM-CSF, HLADMB, RANK, INOS, RANTES, and NLRP]
MAPK MAPKS8, MAPK11, CREB, cFOS, cJUN, and ATF2

Table5. Representative immune genes

The immune pathways investigated have been shown with the
corresponding representative genes tesié@ term pathways have been used
over the course of this thesis for simplc#take even though this analogy may

not be entirely correct
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3.4.4 Interpretation of Results

For easy interpretation of the results of the expression agsaysean expression of
each pathwayobtained by averaging out the results of the total sample) represelsidee
to expressiorof B2M areshown on a graph with the animal sifie information displayed in
the correspondingable. Animals with an increased expressrefative to the meanare
depicted bya yodvhile animals with aelative decrease in expression are depicted ki¢da
animals showing little differenckom the meanarer e pr esent ed 16yelowv 6 0 6 .
illustrateshow the interpretation of the results have been achiéveel table, Figure 18),
show the layout of the subsequent resiliteesedataareassigned th§/0/Z value based on a
number chosenot illustrate robust differences in expression profiles, found in the figure

legends.

An example of how this data was interpreted: taking the Ct values of the target gene
and normalising them against B2M (target minus B2M) provides the Del@3Dt As B2M
has been expressed at such high levels in this trial compaired to the target genes selected this
gCt is a positive value. Due to the inverse relationship between the Ct value and expression a
low Ct depicts high expressiomheefficiency of the primepairs are then taken into account
andthis value is then squared by the miogt. The resulting value is target gene expression
relative to B2M. These values have been used to produce the tables and graphs displayed
throughout the resultsThe values theassigned symbol used in the tables was chosen to
represent clear differences between animals and is representative of the expression levels of

this gene relative to B2M.
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Figure 16
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Figure 16. Data interpretation model

Aboveis illustrated the method for the interpretation of the results, the
bl ack | ine within t he indichtingelittlezdiffarence( t he o6 n
from the mean expressiondspicted as a b the subsequent tab)agpresents
the target and its expression over thal, while the red line represents B2M
expressionA). Table B) shows an example of the layout of the subsequent
results.The cohors, row not subsequently includede separated by dark lines,
however the animals that show genotypaadl phenotypical eversal (animals
89 and 86) are shown in green as the g®CReseanimals frequently behase
differently from the phenotype and genotypé pur e 6 resistant/ st

animals.
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3.5Aim 3: gPCR analysis of immune genes
3.5.1PRR pathway

Gene expressioPCR assays of the PRR pathway focused on the genes TLR1,
TLR2, TLR6, IRF3, MyD88, TRAF6, NOD2, and N#B as displayed in Figure 17The
results for the expression of these genes, using B2M as the calibrator (results are displayed as
a fraction of B2M) aretsown inFigure18 A. Overall expression of the TLR pathway shows
two trends in expression, one in which the sample increases in expression by the end of the
trial, while the second trend shows genes decreasing in expression. Compared to TLR1 and
TLR6 TLR2 has a greatly decreased expression over the entire trial and unlike these two
TLRs follows the declining trend. NOD2 was the other gene showing this declining trend,
while the remainder of the genes increased in expression by the end of the trial. When
corsidering animal specific expressi@Agure 18, B.) at the week 4 time point each animal
shows variation in the expression of these genes compared to the mean with few consistent
trends. Animal 92 sho&d in general increased or neutral expression of these genes, along
with animal 91, and 89 with the exception of the TLR genes. This mixed expression carries on
into the 12 week time point excluding the animals 90 and 96 that show a general decreases
acrossthis gene set. While both the first two time points for this set of genes have a lot of
variation within each animal the 49 week time point shows more consistent expression of
these gene profiles. The resistant cohort has with few exceptions a decrgassdiex of
these PRR genes while the susceptible cohort have an increased expression the exception

being animal 96 that has a mixed expression of these genes.
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Figure 17

{:f( <€<—— PAMP

<€—— DAMP

IRF

TRAF6
Transcription

factors

Nucleus

DNA

Cytokines Precytokines

Inflammasome

Figure 17. Pathogen recognition receptanmuneactivation pathway

This Figuredepicts the signal cascades associated with PAMP/DAMP
detection. In this instancéhe relevant members of the PRR pathvaag
represented diagrammaticaitya simplified format
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