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Abstract
Abstract

Mycobacterium tuberculosis an important global cause of mortality and
morbidity. The major host cell dflycobacterium tuberculosis the macrophage,
andMycobacterium tuberculosis able to subvert the macrophage response in order
to survive and replicate. The majority of infected individuals mount an immune
response capable of controlliycobacterium tuberculosisfection. This requigs
the cytokines Ik1 2, TNF Uand LI FNo, which promot e
infection. However, other immune factors, includingll@ and type | IFN, can
inhibit this protective response.

In this study we have used microarray analysis to stueytémporal
response of macrophages Ntycobacterium tuberculosigmfection, in an unbiased
fashion. In response tdMycobacterium tuberculosignfection, macrophages
produced cytokines and chemokines, upregulated genes involved nvéjbr
histocompatabilityclass | antigen presentation, activated both anal antiapoptotic
genes and downregulated many genes involved irdsadlion and metabolism. We
also observed the early induction of genes regulated by the extracediyldaited
kinase (ERK) MAP kinas pathway, and the upregulation of genes known to be
induced by type | IFN, leading us to further investigate the role of these pathways in
the macrophage responseMgcobacterium tuberculosiBoth pathways were found
to regulate the production of protee and detrimental cytokines in macrophages in

response tdvlycobacterium tuberculosigfection. In addition, microarray analysis

found that these pathways controlled the transcription of numerous genes in response

to Mycobacterium tuberculosiafection Finally, type | IFN was found to inhibit the

macrophage r espons e -nedated KN aofMydobacdriumd i n g

tuberculosisin macrophages, a crucial step in the control Myfcobacterium
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Abstract
tuberculosisinfection in vivo. We have therefore idefied important regulatory
mechanisms in macrophages, which are likely have an important role during

Mycobacterium tuberculosiafectionin vivo.
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Chapter 1: Introduction

1.1.Tuberculosis andMycobacterium tuberculos

1.1.1.Tuberculosis: a major global health problem

Tuberculosis (TB), caused by the bacteribhycobacterium tuberculosis
(Mtb), has been a cause of mortality in human beings for thousands of Salarst
al, 1994) However, despitgreat progress in the understanding of BBce the
discovery ofMtb by Robert Koch(Koch, 1882)there were3.8 million newTB cases
in 2010and 1.4 million deathdWHO, 2011) The majority of the global TB burden
is in the developing world, particularly in Asia anfubSaharanAfrica (WHO,
2011)

Following thediscoveryof effective antibiotics for the treatment of TB, such
as Streptomycin, it was thought th@B could be controlled and potentially
eradicatedHowever, there has beensteadyincrease in the global burden of TB
overthe last 20 years, for three important reasg@nge and Williams, 2010)First,
although antibiotics are a highly efficacious and esfétctive means of treating TB,
the rise inmulti-drug resistanfMDR) strains ofMtb has hampered these efforts, and
threatens to become a major health prob(@assal and Bishai, 200 ssentially
untreatable extensively drugsistant (XDR) strains are now being reported, which
are assoctad with high mortality in HIV patient€lassal and Bishai, 2008econd,
the human immunodeficiency virus (HIV) epidemic has fuelled the global rise in TB
cases. HIV infects and kills CD4T cells, leading toa greatlyincreased risk of
developing TB(Kwan and Ernst, 2012)Almost a quarter of TB deaths in 2010
occurred in HIV positive individuaJsand TB is the biggest killeof patients wih
acquired immune deficiency syndrome (AID8YHO, 2011) Finally, the lack of an

effective vaccine againdfltb is a major problenfKaufmann, 2012)Although the
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current vaccineMycobacterium bovibacillus CalmetteGuérin BCG), can protect
children against rare forms of disseminated (TBunz et al, 2006) its efficacy in
protecting adult§rom pulmonary TB, the most common form of the disease, is

highly variable(Colditz et al, 1994; Fine, 1995)

1.1.2.The autcome of infectionwith Mthb

TB is predominantly a lung infection, although it cdisseminatdo other
organs(Lawn and Zumla, 2011Mtb is spread from person to person via the aerosol
route, in water dropletscontaining infectious bacteriavhich penetrate into the
alveoli and initiate infectior{lLawn and Zumla, 2011)There are severglossible
outcomes for an individual following infection witidtb (Flynn and Chan, 2001b)
which are summarised in Figure 1.1.

A small percentage ahfectedindividuals are unable to control thiaitial
infection, anddevelop acué active disease, characterised by fever, weight loss, night
sweats and a persistent cou@tlynn and Chan, 2001b; Lawn and Zumla, 2011)
However, tle majority of infected individuals mount anmune response cagalof
controlling but not clearing, the infectiofBarry et al, 2009) This state, known as
latency is defined by evidence of an adaptive immune responstht@ntigens, as
shown by the tuberculin skin test (TST mycobacterialantigens,or the IFN2
releaseassay (IGRA)Yo Mtb-specific antigenswith anabsencef diseasesymptoms
and contagiousneg&lynn and Chan, 2001bHowever,it is becoming increasing
appreciated thdatency agleterminedoy the TST or IGRAS likely to encompass a
spectrum of different disease statemnging froma resolved infectiorto subclinical

diseasdBarryet al, 2009)
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Approximatelyong hi rd of the worl dbés popul ati
Mtb, and aroundL0% of thesewill go ondevelop activelB, often years after the
initial infection (Dye et al, 1999) (Figure 1.). The immune system is vital in
maintaining latencyand factorghat compromisehe immune systepsuch as HIV
coi nfection or neutr al i seadethe nsk of reactVatidghU, dr
(Keaneet al, 2001; Kwan and Ernst, 201@igure 1.1)

"
® < rth Info

tb Infection

o
Reactivation (10%) .
HIV Co-infection
Latent TNFao Neutralisation Active
Infection Disease

Figure 1.1. The outcome of infection withMtb

1.1.3.Different strains of Mtb show increased virulence and may

affect disease outcome

One factor that may have anfluence on disease outcome is the strailitif
with which an individual is infecte(Nicol and Wilkinson, 2008)Research intitb
geneticshas revealed that thdtb comgdex consists of seven main lineages (two of

which include strains ofM. africanunm) which are associated with different
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geographical regiongGagneux and Small, 2007; Hershbexgal, 2008) These
findings have promted research to address whether different strainkltb are
associated with changes in virulencand changes in the immune respgonse
predominantlyby comparing different strains in animal modé¢ldershberget al,
2008) or human and mouse cellReedet al, 2004; Newtoret al, 2006) Several
strainsof Mtb have been identified that show increased virulence in animal models
compared to reference strains such as H37Rv, aadhipent among these are
members of the WBeijing family (Parwatiet al, 2010) Members of this family such

as HN878are hypervirulent in mouse mode{#ancaet al, 2001)and infection of
humans with WBeijing family members has been associated with an increased
likelihood of reactivation(Kong et al, 2007) One mechanism behind the increased
virulence of WBeijing strains appears tme an ability to suppress tipeoduction of
important cytokines from innate immune cglReedet al, 2004) In addition, d¢her

Mtb strains not in the VBeijing lineage can suppress the host immune response;
study isolated anMtb strain from a large outbreak in Leicester, the CH strain, and
found that this strain induced higher levels of the immunosuppressive cytokine IL
10, but lower levels of the protective cytokine 1Rp40(Newtonet al, 2006) Thus,

the outcome of infection wittMtb may depend strongly on the virulence of the

infecting strain, and how effectively that strain can subvert the immune response.

1.2.Early events following Mtb infection

Given the importancef the immune response in controllindtb, how the
immune system responds kdtb infection has been studied extensively in recent
years,primarily usinganimal modelsThis has shown that the immune response to

Mtb consists of several key stageslminatng in the conwl of the infection in the
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lung (Figure 1.2).The first stages involve the interactionshtfb with cells of the

innate immune sstem, which is discussed below.
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Figure 1.2. An overview of theimmune response tdvitb.

1.2.1.The innate immune system

The first immune cells encountered bib following infection are those of
the innate immune systefffrigure 1.2) The role of innate immune cells, which
include macrophages, dendritic cel3Js) and neutphils, isto rapidly detect and
eliminate pathogens entering the body, emdctivate the adaptive immune response

(Medzhitov, 2007) Innate immune cells must therefore ladle to respond
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specifically topathogens, such &4tb, as inappropriate responses could lead to host
damageor immunosuppressiofsmale, 2010Q)

Specificity isinitially achieved through pattern recognition receptors (PRRS),
germtline encoded receptors expressed on immune GHiseway and Medzhitov,
2002) PRRs recognise molecular structures that are unique to argartisms,
which areknown as pathogeassociated molecular patterns (PAMPgedzhitov,

2007) A classic example of a PAMP is lipopolysaccharide (LPS), a molecule
specific b the cell walls of grammegative bacterigKawai and Akira, 2010)
Recognition of a PAMP by a PRR on an immune cell stimulates various processes
including phagocytosis, production of cytokines and chemokines and induction of

antigen presentatiofMedzhitov and Horng, 2009)

1.2.2.Mtb infects cells of thennate immune system in the lung

It is thought that the first innate immune cells to encoulttr are lung
resident alveolar macrophagéBlynn and Chan, 200laMtb infects alveolar
macrophages and although these cells are specialised to destroy foreign material
such as bacteria, it has long been recognisedMiiathas evolved to avoid these
killing mechanisms, and actively replicates within macrophg@emstrong and
Hart, 1971) Replication results in inflammation and the influx of furthenate
immune cells into the lung, including monocgjtenacrophages, DCs and neutrophils
(Wolf et al, 2007; Skold and Behar, 200&Ithough macrophages are thought to be
the major infectectell type experiments with GFP labellédtb have shown that

monocytes, DCs ral neutrophils caralso become infectedWolf et al 2007)
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Infected neutrophils have also been reported in the lungs of human TB pdiemts

et al, 2010)
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Figure 1.3. An overview of the macrophage response tdtb

1.2.3.The interactions betweenMtb and macrophages

As the macrophage isne of the major infectedcell types during Mtb
infection, and is thought to mediatdtb killing, the interactions betweddtb and
macrophages are crucial, and have been extensively st{Rletdrs, 2008)These

interactions are summarised in Figur8. Eeveral important processes are activated
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in macrophages upon encounteriMtp, including phagocytosis and the destruction
of Mtb, and the induction of cytokines downstream of recognition by RRRsers,
2008; Kleinnijenhuiset al, 2011) However, Mtb can subvert these processes,

allowing it to replicate within macrophagg@ieters, 2008{(Figure 13).

1.2.3.1. Mtb can avoid macophage killing mechanisms

A key function of macrophages o take up and destroy foreign material,
including bacteria, through a process called phagocytosis. Phagooftd4iis into
macrophageand other innate immune cells stimulated through variougceptors
on the macrophage surfadacluding the mannose receptor (MRIgndritic celt
specific intercellular adhesion moleeuWlCAM)-3-grabbing nonintegrifDC-SIGN)
(Tailleux et al, 20(B), Fc receptorandcomplement receptorrnst, 1998; Pieters,
2001) Phagocytosisesults inMtb being contained wiih an intracellularvesicle
known as the phagoson(iernst, 1998)Figure 1.3).

Under normal circumstances, the phagosome enters the endosomal pathway,
culminating in fusion with a lysasne a process known gshagsomelysosome
fusion (Vergneet al, 2004) Lysosomes contain potent hydrolytic enzymes, and are
highly ecidic (pH 4.55), and this destroys phagocytosed material ageherates
antigens that are loaded om@jor histocompatabilityM{HC) class Il molecules and
presented on the desurface (Pieters, 2008) Howeve, Mtb has a number of
strategies for blocking phagomelysosome fusioninvolving several differenitb
virulence factorg(Pieters, 2008)As a result, phagosomes containikgb fail to
acidify or to acquire mature lysosomal hydrolaggsurgill-Koszycki et al, 1994;
Russell, 2001) Mtb blocks the recruitment ophosphatidylinositol $hosphate

(PI13P)to the phagosome, process that is essential for phagosome matur@iratti
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et al 2003) This is achieved by the inhibition of the enzyme that generates PI3P,
hVP34, and by the breakdown of PI3P through the activity ofMtie encoded
phosphatase SapNPieters, 2008) The mycobacterialkinase protein kinase G
(PknG) is also required for the pmestion of phagosomlysosome fusion
(Walburgeret al, 2004) although the mechanisiior this is currently unknown.

Finally, Mtb actively induces the recruitment of Coro+lirto the phagosome, which

leads to the amtation of the enzyme calcineurin, resulting in prevention of
phagosomdysosome fusion(Jayachandraret al, 2007) As a resultof these
virulence strategiesnacrophages requictivationb y | F No ,  firatiatioro wi n g
of the adaptive immune response, in orderatbivate pathwaydeading to the

destruction ofntracellularMtb (Pieters, 2008jFigure 1.3).

1.2.3.2. Recognition ofMtb through PRRs on innate immune cells

An important response of macrophages Mtb infection is to produce
cytokines whit lead to the recruitmeiind activatiorof further immune cells to the
lung (Kleinnijenhuiset al, 2011) Mtb is known to possess several different PAMPs,
which are recognised bgeveral different types dPRRs oninnate cells such as

macrophagesral DCs(Figure 1.3)

1.2.3.2.1Toll-like receptors

A major family of PRRImplicated in the recognition d¥itb are the ToH
like receptors (TLRs), a family of type | transmembrane protexpsessed in innate
immune cells,that recognise diverse components of manganisms(Medzhitov,
2007) Two major pathways are activated downstream of TLR signalling depending

on the adaptor protein usédawai and Akira, 2010)All TLRs exceptTLR3 signal
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through the myeloid differentiatiom primary response gene 88 (MyD88) adaptor
protein activating the MyD8&lependent pathwafKawai and Akira, 2010)The
cytokines 1l-:1 and IL-:18 also signal through MyD88(Dinarello, 2009) This
pathway culminates in activation of the transcription factordNB and t he
activated protein (MAP) kinase$eading to the induction of many genes, including
pro-inflammatory cytokinegKawai and Akira, 2010)TLR2 and TLR4 also require
the adaptortoll-interleukin 1 receptor (TIR) amain containing adaptor protein
(TIRAP) to activate the MyD88 pathwdidornget al, 2002; Yamamotet al, 2002)
TLR3 and TLR4 activate the adaptor molecUllR-domainrcontaining adapter
inducing interferorb (TRIF), and the TRIF dependent pathway. The TRIF
dependenpathway is primarily involved in the induction of type | interferon (IFN)
throughactivatingthe transcription factors IRF3 and IRfawai and Akira, 2010)
The main TLRs involved inhe recognition ofMtb are TLR2, TLR4 and
TLR9 (Kleinnijenhuiset al, 2011) TLR2, in complex with either TLR1 or TLR6,
has been shown to recognise various cell waimponentsof Mtb such as
lipoarabinomannan(LAM), lipomannan M), and the 38kDa ad 19kDa
glycoproteins (Kleinnijenhuis et al, 2011) TLR9 recognisesunmethylated CpG
motifs in mycobacteriaDNA (Baficaet al, 2005. Finally, Mtb heatshock proteins
have beersuggestedo activate TLR4(Bulut et al, 2005) Macrophages and DCs
deficient in TLR2 TLR4 or TLR9 showed impaired production the cytokines
T NF U512, IL- and IL-10in response td/tb infection (Janget al, 2004; Bafica
et al, 2005; Pompeet al, 2007; Holscheet al, 2008; Kleinnijenhuit al, 2009)
However,despitea clear role for TLR signaltig in vitro, the relevance of

TLRs in the response tMtb in vivo has beercontroversial(Korbel et al, 2008;

27



Chapter 1: Introduction

Reiling et al, 2008) Various groups have infected TLR2, TLR4 and TL&®@ckout
mice, as well as doubland triple knockouts, but results have been contradictory,
with some observing a sere phenotype with single knamkt mice (Abel et al,
2002; Reilinget al, 2002; Drennaret al, 2004) whilst others find no effeceven
with mice triply deficientin TLR2, TLR4 and TLR9(Holscheret al, 2008) These
discrepancieare likely toresult from differences in th&rain and dose dfitb used

For exampleit has been suggested tAdtRs play a more important role in response
to highhdoseMtb infection (Reiling et al, 2002)

However MyD88" mice which are unable to signal through any TLR apart
from TLR3, have consistently been observedstoacumb rapidly tdMtb infection
(Fremondet al, 2004; Scangat al, 2004; Fremondet al, 2007; Holscheet al,
2008) The explanatiorfor this severe phenotype is now thoughb&due to loss of
IL-1 signalling,rather than TLR signallin¢Korbel et al, 2008; Reilinget al, 2008)
as IL-1 signak through MyD88(Sims and Smith, 20)0The role of I:1 in the

immune response dtb is discussed below.

1.23.2.2 Dectin1

Non-TLR PRRs can alsoecogniseMtb componentsand mediate lead to
cytokine production in innate immune ce(lKleinnijenhuiset al 2011) One of
these is dctinl, a receptor in theC-type lectinfamily expressed on monocytes,
macrophages, DCs andsabset of T cell§Brown, 2006) Dectinlr ecogRi ses f
glucans, carbohydrate polymers found in fungal cells\@rown et al, 2002) and
activates &8yk-CARD9-ERK dependent pathwdye adi ng t o i nducti on
2 and IL-:10 (Brown et al, 2003; LeibundGutandmannet al, 2007; Slacket al,

2007; Zhanget al, 2009) Dectinl wasshown to berequired for optimal IE12
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production from splenic DCs infectedth Mtb (Rothfuchset al, 2007) However
dectinl appears to plag minimal role in then vivo reponse toMtb, as dectirl
deficient mice showed similar survivabacterial loads and cytokine production

following Mtb infection, compared to WT controlsarakalalaet al, 2011)

1.23.2.3 DC-SIGN

DC-SIGN, expessed predominantly diCs, is anotherPRR in the @ype
lectin familyimplicated in the recognition d¥itb (Kleinnijenhuiset al, 2011) DC-
SIGN is an important phagocytosis receptor fttbh on humanDCs and alveolar
macrophagegTailleux et al, 2003; Tailleuxet al, 2005) However, 1 has been
suggested thailtb may target DESIGN in order to promotéhe production of IE10
from DCs and suppress DC functiq@eijtenbeek and van Kooyk, 200&)rough a
pathway involving Rafl and the acetylation of N B(Gringhuis et al, 2007;
Gringhuiset al, 2009) However, this potentially negative role of EBIGN is in
conflict with the fact that mutationthat increase the expression of {3SGGN in
humansare associated with protection against (Barreiroet al, 2006) and thatin
mice, deletion of a homolog of DSIGN, SIGNR3 leads to increased susceptibility

to Mtb infection(Tanneet al, 2009)

1.2.3.2.2NOD2

Nucleotidebinding oligomersation doman-containing protein ZNOD2) is a
memberof the NODIlike receptor (NLR) family of PRRs and expressed in the
cytosol of a variety of immune cell$ranchiet al, 2009) NOD2 recogniseshe
muramyl dipeptide(MDP) component ofpeptidoglycan,a structure found in the

bacterial cell wal(Franchiet al, 2009) NOD2 was shown to be required faptimal
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T N Fdioduction from murine peritoneal macrophaggscted withMtb (Ferwerda

et al, 2005; Yanget al, 2007) NOD2 recognitiorhas subsequentlyeenshown to
mediate induction of L1 (Kleinnijenhuiset al, 2009)and type | IFNgPande)et al,
2009)in Mtb infected macrophages. This recognition appears to be important for the
immune response, aOD2 deficient mice have impaired rdool of Mtb infection

(Divangahiet al, 2008)

1.2.4.Dendritic cells initiate the adaptiveimmune response tavitb

As the innate immune system is unable to cortill infection, the adaptive
immune system is required tbe activated in ordemediate protection. The
activation of the adaptive immune response, and in particular the activation of T
cells, is a crucial stage in the immune respons&itio (North and Jung, 2004;
Cooper,2009)(Figure 1.2) T cells are present in the periphery and lymphoid organs
in a naive state; in order to become activated and fight infection they must recognise
their specific cognate antigen on the surface MHC molecules, whilst
simultaneously re¢eing co-stimulatorysignals(Banchereau and Steinman, 1998)
CD4' T cells recognise antiggmn MHC class Il molecules, whereas CDBcells
recogniseantigenMHC class Imolecules(Vyas et al 2008) Different pathways
lead to antigen presentation on MHC class | and MHC class Il recépiy@set al,
2008) Antigens derived from cytosolic pathogens such as viruses and certain
bacteria are processed in the cytosol and presented on MHC class | molecules to
CDS8" T cells, whereas extracellular aptiagosomal pathogens, suchMt, are
largely processed via the endocytic pathway and presented on MHC class Il

molecules to CD4 T cells (Vyas et al, 2008) However, it is also podsie for
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antigens in the endocytic pathway to be presented on MHC class | molecules, and
vice versathrough a process known as crpsssentation, although the mechanisms
behind this are not well understofdyas et al, 2008) In response to recognition of
their cognate antigenT cells produce 2, proliferate, acquire effector functions

and migrate to the site of infection where they activate other cells of the immune
system, in thecase of CD4 T cells, and directly kill infected cells, in the case of
CDS8' T cells(Banchereau and Steinman, 1998)

Cells capable foactivating naive T cells are known as antigen presenting
cells (APCs), and the most efficient of these is the(B@nchereau and Stenan,
1998) DCs capture antigen at the site of infection, and migrate to the lymphoid
organs, where they present the antigen on both MHC class | and ataskedules
DCs also express the necessary costimulatory molecules, such as CD80 and CD86,
and ae therefore highly effective at activating naive T cdBanchereau and
Steinman, 1998)These abilities of DCs are controlled by agueition of foreign
microorganisms through PRRs, with PRR recognition stimulating increased
phagocytosis, upregulation of MHC class | and class Il antigen presentation
components and upregulation of costimulatory molecahes cytokinegVyas et al,

2008) The cyt, avkichnseprodu€e by T cells and NK cellalso
stimulates increased antigen presentation in innate immune ¢Bliehm et al,
1997)

CD4" T cells are the key effector cell in controlliddtb infection, and the
events leading to activation of CDZ cellshavebeen extensively studig€ooper,
2009) Following Mtb infection, evidence has consistently shown that DC migration

from the lung to the lungdraining lymph nodes (LDLN) is required fdhe
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activation of T cellfCooper, 2009)It was first showrthat live Mtb appears in the
LDLN between 9 ad 11 days posinfection, and that this precedes T cell activation
(Chackeriaret al, 2002) Subsequently, transfer Mtb-specific naive CD4T cells
confirmed that T cells were first activated in the LDL&hd then migrated to the
lungs(Reileyet al, 2008; Wolfet al, 2008) A study using GFRaggedMtb showed
that the major infectedell typein the LDLN were a poplation of CD118 CD118"
myeloid DCs, which were also present in the lufWyslf et al, 2007) This evidence
strongly suggests that the T cell response is activated by a population of DCs that
migrate from the log to the LDLN, carryingitb antigens. Activated T cells then
traffic to the infected lung and mediate control of the infection (Cooper, 2009; shown
in Figure 1.2).

CD8" T cells specific taVitb antigensarealso activated following infection,
and althougmot as critical for protection as CD7 cells, still play a role in limiting
bacterial replicatiorfNorth and Jung, 2004Activation of CD8 T cells duringMtb
infection requires crosgresentation of phagosomisitb antigens on MHC class |
molecules.Two pathways hae been proposed for this procgsyas et al, 2008)
First, antigens may exit from the phagosome into the cytosol, and subsequently be
processed by the proteasome and enteetidephsmic reticulumER) via the TAP
transporter, as in classical MHC class | antigen processing (the cytosolic pathway)
(Vyas et al, 2008) Second, antigens in the phagosome may traffi@a tvesicle
containing recycled MHC class | molecules, and thus byihegsroteasome and ER
(the vesicular pathwayyas et al, 2008) Several studies have shown that cross
presentabn of a variety oMtb antigens by human DCs requires the proteasome and

the TAP transporter, although exactly hditb antigens exit from the phagosome
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remains unclea(Lewinsohnet al, 2006; Grotzkeet al, 2009; Gotzkeet al, 2010)
However, in contrast to these studies, coesentation of the 19kDa antigenhditb
was shown to be TAdependentNeyrolleset al 2001)and crosgpriming of
apoptotic vesicles by bystageDCs was also shown to be proteasanuependent

(Schaibleet al, 2003) supporting a role for the vesicular pathway.

1.2.5.Apoptosis of innate immune cells promotes immunity tdtb

An important response of macrophagesl other cells infected withitb is
the induction of cell death via apoptogBeharet al, 2011) Cell death through
apoptosis results in the cell breaking up into small memHvanad vesicles, and is
distinct from necrotic cell death whigk characterised by disruption of the plasma
membraneg(Beharet al 2011) Macrophage death by apoptosis promotes the host
response taMitb, first because it redusdhe viability of Mtb (Oddo et al, 1998;
Divangahi et al, 2009) and second because the apoptotic vesicles coMé#n
antigens, which are taken up by DCs and used to-prase CDS T cells, leading
to an enhanced CD{ cell responséSchaibleet al, 2003; Winauet al, 2006)

The beneficial effects of apoptosis in the immune response are highlighted by
the fact that virulent strains dfltb are able to inhibit apoptosis in macrophages,
leading instead to necrosis which promotes inflammation and Ead&semination
(Chenet al, 2006; Garet al, 2008; Divangahet al, 2010) The virulent strain of
Mtb, H37Rv, has consistently been shown to induce greater levels of necrosis in
macrophages compared to the awnilstrain H37Ra, through increased disruption
of the mitochondrial membrar{€henet al, 2006)and manipulation of the synthesis

of eicosanoids(Gan et al 2008; Divangahiet al, 2010) Compared to H37Ra,
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H37Rv also stimulates increased production of lipoxin A4 (LXA4), which promotes
necrosis, but lower amounts of prostaglandin E2 (PGE2) (€han2008; Urdahket

al, 2011). Recently, Mtb was also shown to prevent apoggo$n neutrophils
(Blomgran et al, 2012) A pro-apoptotic mutant ofMtb induced more rapid
activation of CD4 and CD8 T cells, in a neutrophil dependent mmer, illustrating

the importanceof apoptosis inpromotirg the activation of the adaptive immune

responsé€Blomgranet al, 2012)

1.3.Factorsinvolved in protection againstMtb infection
1.3.1.CD4" T cells

In mouse models, it has been repeatedly demonstrated thét TCRelper
cels are essential for protection agaihib (Flynn and Chan, 2001). Mice deficient
in CD4 or MHC class ll(required for the activation of CD4T cells) and mice
depleted of CD4T cells by antibody treatment, could not control infection and had
greatly reluced survival compared tmntrol mice(Carusoet al, 1999; Scangat al,
2000; Moguest al, 2001) Arrival of CD4" T cells into the lung, at around day-16
18 postinfection, correlates with a plateau in bacteriambers(Chackerianet al,
2001) CD4" are also critical for protection in humamskilling of CD4" T cellsby
HIV leads to a massively increased likelihood of developing activéKi#an and

Ernst, 2012)

1.3.2.The different subsetsof effector CD4' T cells
CD4" T helper(Th) cells can beseparateihto subsets based on the cytokines
they secrete, which define their effector functions againderdiit classes of

pathogen(Mosmann and Coffman, 198%ffector CD4 T cells were first divided
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into two subsets, Thl an@h2 (Mosmann and Coffman, 1989Thl cells are
responsible for the cethediatedmmuneresponse, through theodudion of IFN9,

which activates macrophages in defence against intracellular pathdgesimann

and Coffman, 1989)Th2 cells in contrastproduce Il:4, IL-5 and I-:13 and are
involved in defence against extracellular pathogens such as helminths, through the
activation of the humoral responsand the activation of nsacells and eosinophils
(Sher and Coffman, 1992More recently, a third subset has been described, Th17
cells, whichproduce 1:17 and act against extracellular bacteria and fungpart
through the activation of neutroph{iStockinger and Veldhoen, 2007)

Which subsebf CD4" T cell predominates during an infection is a critical
decision for the immune system, and can mean the difference between life and death
for the host.This decisiondepends otthe cytokines produced bgells of the innate
immune systenfO'Garra, 1998)The generation of Thl cells requires1P (Hsieh
et al 1993; Murphyet al, 2000)which triggersThl development througBTAT4
andthe transcription factor-bet (Szaboet al, 2000) Th2 cells require ¥4 (Nelms
et al, 1999) and the activation ofthe GATA-3 transcripion factor (Zheng and
Flavell, 1997; Ouyanget al, 1998; Ferberet al, 1999) Thl7 cells, in contrast,
require I-6, TGFb  a n-#l forldevelopmen{Stockinger and Veldhoer2007;

Korn et al, 2009) IL-23 for expansion and stabilizatigHarringtonet al, 2005)and

activation of tharanscription factor ROR {lvanovet al, 2006)

1.3.3.IFN2 and cell-mediated immunity is critical for protection
againstMtb

In the case ofMtb infection, substantial evidence from both human and

mouse studies has shown that the Thl subset of" AD4ells is required for
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mediating protection againsfitb (Flynn and Cha, 2001). The evidence for this

conclusion is discussed below.

1.3.3.1.IL -12is required for control of Mtb infection in mice

IL-12 is a heterodimeric molecule consigtiof a 35kDa light chain (p35)
and a 4&kDa heavy chain (p40), which togethfarms the cytokne IL-12p70
(Trinchieri, 2003) As discussed above, {12p70 functions to stimulate Thl
devel opment and | FNo pi oelsydsieievoa 1993)om na
through activation of the -bet transcription facto(Szaboet al, 2000) Mice
deficient in both 1:12p35 and 1E12p40 are incapable of controllindtb infection,
showing that the Thl response is critical in protection agaitist(Cooperet al,
1997; Cooperet al, 2002) In support of te important role for L2 i n | FND
induction in T cells, mice deficient in-Bet, which is required for H12 stimulation
of | FNo [Srabatwalc2000)oare also highly susceptible kthb infection
(Sullivanet al, 2005)

Cooperet al (2002)foundthat IL-12p40" mice were morsusceptibleo Mtb
than 1L-12p35~ mice suggesting I12p40 itself had activities that were
independent of 1112p70. This is partially due to the fact thiat12p40 can associate
with 1L-23p19 to form the cytokine 23 (Oppmannet al, 2000) as IL-23 can
partially compensate for loss of-12p70 in stimuléng naive T cell{fKhaderet al,
2005) However, Il-:12p40 can also be secreted as homodirieiachieri, 2003)
and these have been shown to stimulate the migration sff@d@ the lungs to the
draining lymph nodes durinlyltb infection, leading to the activation of the T cell

responsé€Khaderet al, 2006)
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13321 FNo2 activates maacellumapMiages t o ki |l
Further evidence for the requirement of the Tigkponsecomes from
studying the role of | FNo, t h gMobknaahnl ma r k
and Coffman, 1989)Mice deficientin IFNd di e r a p i agrbsyl infeatidnl o wi n ¢
(Cooperet al, 1993)or intravenous infectiofFlynn et al, 1993)with Mtb. The key
function of I FN2 1 n tMibes ta attivaienneacropleage, o n s e
stimulating them to kill intracellulaMtb (Flynn and Chn, 2001a) As discussed
above,Mtb is able to prevent phagomelysosome fusion in macrophag@sergne
etal,2004) However, | FNoO activat smsacephdges i onal
and this allows the immune system to control infecffieters, 2008)
An importantk i | | i ng mec hani sigrheiindudtiorcadtiile by | F
enzyme indcible nitric oxide synthasaNOS) (Cooper, 2009)iNOS converts =
arginine into reactive nitrogen intermediates (RNB)ch as nitric oxide (NO),
which have strong antnicrobial activity (MacMicking et al, 1997a) | EaN 2
stimulate Mtb killing in macrophagesn vitro through iINOS inductiorand RNIs
(Chanet al, 1992) and iNOS expressionvivohas been shown to de,|
signalling(Flynn et al, 1993; Skold and Behar, 2008)ice deficient inNOS, either
throughgene knockut or treatment withiNOS inhibitors, are highly susceptible to
Mtb infection (Chanet al, 1995; MacMickinget al, 1997b; Scanga&t al, 2001)
However, as yet no evidenéar a requirement for INOS andNRs has been found
for Mtb killing in human macrophagd&lynn and Chan, 2001although increased
INOS has been detected in alveolar macrgpbkaaken from TB patien{dlicholson

et al, 1996)
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Ot her mechani sms are al soMtalkllingimated &
macrophages. I FNo2 stimul ation has been s
maturation leading to lysosommeediatedMtb killing (Via et al, 1997) which is in
part dependent on the p47 GTPase family member-R@&lthough this protein is
not present in humangMacMicking et al, 2003) Mice deficient in LRG47 were
highly susceptible taMVitb infection, illustrating the importance of this pathway
(MacMicking et al, 2003) More recentlyjnduction ofautophagyhas beershown to
mediate killing ofMtbi n macr ophages, (Gutierrezetead pO04) se t o
Autophagy ledsto the delivery of antimicrobial ubiquitin peptides to the lysosome,
resulting inMtb killing (Alonso et al, 2007) Finally, members of the guglate
bi nding protein (GBP) family of kiBnPases |
Kim et al (2011)found that several members of this family, including GBBRPS6,

GBP7 and GBP10 were required for optimunmF Nnmluced Kkilling of BCG in
murine macrophages.

I't has | ong been assumed tMiharfectibnh e ma]j
is CD4" T cells (Flynn and Chan, 2001aHowever, other immune cells such as
CD8' T cells 00 NK eelshrd NK T cellsare also capable of producing
|l FNo. Re c e net & (2011)Gtad Weedy otshat transf’er of
Mtb-specific CD4 T cells into WT mice led to protection agaimndtb, suggesting
that CDA T cell s may not be the major source
showed t hat ar egelsnindthe TudglMtb ihfected-nice were CD4
T cells, with CD8 T cells making up the remaining populatioi8old and Ernst,

2012) | n addiodictimby CD8H Bedls was dependent on the presence

of CD4 T cells (Bold and Ernst, 2012)An alternative explanation for the results
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observed by Gallegost al (2011) may therefore be that CD4T cells have

additioral, | -iRde¢pendent chanisms for controlliniyitb.

1.3.3.3.Requirement for the Thlresponsein human disease

Data from patients witlspecific genetic defects in Thfiediated immunity
has also provided strong evidence for the role of the Thl arm in protection from
mycobacterialinfection. Patients with genetic defects in this arm of the immune
response develop a syndrome known as Mendelian susceptibilitydobacterial
disease (MSMD) which is characterised by-tiieeatening infections from normally
nonpathogenic mycobacteria (Casanova et al 2012) Examples inkude
disseminated 8G infectionfollowing vaccination, and infection with environmental
mycobacteriasuch asvlycobacterium aviurandMycobacterium kansasfCasanova
et al 2012)

Mutations in several genes are known to cause MSMD. Thed&NGR1
and IFNGR1, the two components of the recepi
transcription f actlal2B, énboding 1-42p40; IM2RBead by |
component of the H12 receptor; TYK2, a kinase required for several signalling
pathways including 1£12; and NEMO, required for the upregulation of-2 via
CD40 signalling(Casanova and Abel, 2002; Casanevtal, 2012) More recently,
primary deficiency in IRF8 was found to lead to selective loss of monocytes and
dendrtic cells, leading ttMSMD (Hambletoret al, 2011). Similar results have been
observed in mice deficient in IRK&arquiset al, 2011) The loss of function oéll
these genes leado impaired development of, oers ponsi veness t o, |
immunity, il lTustrating the I mportance of t h

mycobacterigCasanova and Abel, 2002; Casaneval, 2012)
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In addition to increased susceptibility thonpathogenic mycobacteria
deficiencies in components of Thl immunity have, in rare cases, been linked to
suscepibility to Mtb (Casanova and Abel, 2002Dne indivdual with partial
IFNGR1 deficiency was found to have clinical TBouanguyet al, 1997)andsevere
TB has beeriound inseveral children withL12RB1 deficiency(Altare etal, 2001,
Caragol et al, 2003; Ozbeket al, 2005) This condition, known as Mendelian
susceptibility to TB (MST), further underlines the importance of Thl immunity in

resistance againdtb (Alcais et al, 2009)

1.3.4.The Thl7responsen infection and vaccination

The cytokine I:17 is produced bgeveralcell types includingCD4" Th17
cells,althoughinMtbi nf ect ed mice 20 T @mdorsourdeav e
(Lockdey et al, 2001) Mice deficient in the IL17 receptor, 1E23p19 (required for
Th17 development) or treated with neutralising antibody againrdf Ibad similar
levels ofMtb in the lungs compared to control mi@éhaderet al, 2005; Aujlaet al,
2007; Redfordet al, 2010) However, Redforcet al (2010) found that antiL-17
treated mice had dramatically lowkttb in the spleen, suggesting that1lZ may
enhance the dissendtion ofMtb from the lung to other organs.-lL7 has also been
shown to mediate pathology Mtb infected mice repeatedly vaccinated with BCG
(Cruzet al, 2010)

However, IL-17 may play a positive rolen the reall response tdVitb
following vaccination(Khaderet al, 2007) Th17 cells appeared early in the lungs of
mice vaccinated with arMtb peptide, following challenge withMtb, and were

responsible for the subsequeetuitment of protective IFN Thi cells into the
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lung (Khader et al, 2007) Th17 cells were shown to trigger the production of
chemokines such as Cxcl 9, Cxcl 10 and Cxc

producing T cell into the lun@iKhaderet al, 2007)

1.3.5.CD8" T cells

The role of CD8 T cells in Mtb infection is a matter of some controversy,
but it is generally accepted that they are less critical than” C#ll for protection
(Cooper, 2009)The contribution ofCD8" T cells has been addressed by infecting
mice genetically deficient in several components of MHC class | pathmiagh is
required for the activation of CD8T cells The first study to address the role of
CD8' T cellsin Mtb infection used mice defient in beta2-microglobulin which
binds to and stabilises MHC class | molecules on the cell surface. These mice were
highly susceptible tMtb infection, suggesting a vital role f@D8" T cells(Flynn et
al, 199). However, beta2-microglobulin also associates with the MHC class |
homolog HFE, which regulates iron production, and this was shown to account for a
large part of the increased susceptibilityMtb (Schaibleet al, 2002) Subsequent
studies have showmsing mice specifically deficient in MHC clasgRolph et al,
2001)or mice depleted of CDST cells by antibody treatme(¥logueset al, 2001)
that loss of CD8T cells leads to a relatly mild phenotype, with around aldg
increase inMtb in the lung. However, CDS8T cells may play an important role in
maintaining control at later stages of infection, as depletion of aD&ells from
mice at later timepoints led to a massive inceaadtb in the lung(van Pinxtereret

al, 2000) CD8 T cellsc an pr oduc e die&lkil, Mtbdnfected celisn
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which may explain the increased levels of bacteria observed in dbs&nce

(Serbina and Flynn, 1999; Serbietaal, 2000; Woodwortlet al, 2008)

1.3.6.IL-10and IL-1 b

The IL-1 family of cytokines consists of 11 members that carry out diverse
immunological functiongSims and Smith, 2010Yhe best studied of these are IL
1U0,-16 Lan8. IL4b i s secreted primarily by m
dendritic cells, and functi@to induce the production of chemokines and adhesion
molecules, leading to the influx of immune cells, especiadiutrophils, to the site of
infection (Dinarello, 2009)IL-1 b al so i nduces -6¢cagutepkasen e s , !
proteins and vasodilation, and is important for the development of the Th17 response
(Dinarello, 2009)IL-1 U al s 0o p o s sieflansmatery grtwvity,ehoweveritr o
is expressed more widely than-Lb and i s not secreted, b
membrangDinarello, 2009) IL-18 is an activator of the Thl response, synergising
withIL-1 2 t o st i mu ttiantfrem T cElld and NK celidOkamuraet al,
1995; Ushioet al, 1996; Robinsomt al, 1997)IL-1 U a A d Iblo t throwgh gn a |
the IL-1 receptor (IE1R), and require MyD88 for their activitiéBinarello, 2009)

Given the potent prinflammatory effects of IL1 family members, their
producton is tightly regulated, andisregulationof IL-1 production in humans can
result in severe autoinflammatory disordésnarello, 2009)IL-1 b i s r egul at
two stages. Firstsignals through TLRs or other PRRs le#althe transcription and
translation of prdL-1 b , which is inactive and retail
second step requires assembly of a nprititein complex called éhinflammasome

which activates theenzyme caspasél. Caspasé cleaves prdL-1 b t o pr oduc
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mature I:1 b, whi ch i s s échroder and Ts¢hopp, 201®ekiecal c e | |
proteins in theNLR family have been described to exhibit inflammasome activity,
including NLRP1, NLRP3, IPAF and AlRI(Schroder and Tschopp, 2010)

Mice deficient n the IL-1 receptorshow severely increased susceptibility to
Mtb (Juffermanset al, 2000; Fremonet al, 2007; MayeiBarberet al, 2010; Mayer
Barberet al, 2011) IL-1 U arflcdh, | ldespite signalling thr
play nonrredundant roles in protecting agairidtb, as mice deficient in either
cytokine show equivalent susceptibility to-1L receptor deficient micéMayer
Barberet al, 2011) At presentthe role of IL-1 in the immune response Mtb is
unclear However, nice lackingIb1 appear to have mna2 mal I
and || sughesting a mechanism separate from effects on the cell mediated

respons€Cooper, 2009)

1.3.7.TNFUin mouseand man

TNFU is a cytokine produced by many ¢
cells, and has pleiotropic effectsn the immune responseancluding cellular
activation, cellular migration and apoptogiocksleyet al, 2001) TNFU i's cr uci
for the control ofMtb infection in mice; micet r eat ed with TNFU r
antibodies or mice genetically deficient in TNIFor its receptor, fail to control
bacterial replication and drapidly following infection(Flynn et al, 1995; Roaclet
al,2002)TNFU i s al stle mairenande ofdatencys ereatmernf mice
withanttTNFU anti body | ed to meme(Scangatali on of

1999) TNFU al so mai nt ai n seatmenttokrineanyatoid arthritisu ma n s
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and Cr o h rpétients avithseetralisirgantibod/a g a i n s @nflixm sy id
associated witlan increased risk of TB reactivati@ieaneet al, 2001)

Howevert he <cri ti cal function ofMIBNNFU i n
unclear In vitro, TNFU synergises with | FNMb to ac
(Fleschet al, 1994)andm ce deficient i nt rtetneg e AN t he cl
neutralising antibodiebad reduced iINOS and RNI expressiéitynn et al, 1995)

TNFU al so pr omdtbéntected macpphagssi whichoas discussed

above, can limiMtb spread and lead to increased T cell prin{iBgharet al, 2011)

In a zebrafisharvaemodel of M. marinumi nf ect i on, TNFU was sfr
mycobacterial growth, in part by preventing the necrosis bftb infected
macroagesClay et al, 2008) However, t has long been considered titla¢ most

important function of TNE i n t he i mmuvtbes to mempte the e t o
formation of the granuloméFlynn et al, 2011; Ramakrishnan, 201Zlowever, as

discussedbelow, recent evidenckas challenged this hypothesis.

1.3.8.The granuloma in Mtb infection

The granuloma, a compact aggresgaf immune cells, is the hallrk of Mtb
infection (Flynn et al 2011) Macrophages are the major constituents of the
granulomamany of which are infected witldtb (Flynn et al, 2011) Other immune
cells such a®Cs, neutrophils, T cells, B cells, NK cells and fibroblasts are also
associated with granulomagSaunders and Britton, 2007)t has long been
considered thahe granuloma functions gequesteMtb in a compact area, in order
to prevent it spreading further within the infected lugugd to other orgar(Saunders

and Britton, 2007)However recent evidence, particularly from the zebrafestvae
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model ofM. marinum infection, has suggested that the granulonits associated
macrophages may actually promote the disseminatiddtlm{Ramakrishnan, 2012)

The formation of granulomas requires two key compongdésinders and
Britton, 2007) First, an adaptive Thl response is required, as shown by the fact that
mi ce deficient in | FNo2 do Mtbiofectiog €ooprr at e ¢
et al, 1993). In addition, MSMD patientse f i ci ent i n | FNfal or t h
to generate granulomas in infected tissues following infection withpatimogenic
mycobacterigCasanova and Abel, 200Br oducti on of | FNo by T
to mediate killing ofMtb within the granuloma, and thus control the infection
(Saundes and Britton, 2007). The second key component in granuloma formation is
the production of cytokines by cells of the innate imewsystemand TNFU i s
t hought to be the most critical. TNFU
granulomas followingMtb infection, with high levels of necrosis and neutrophil
infiltration (Bean et al, 1999) In addition, production of chemokines by innate
immune cells is thought to lead to granuloma formation, through stimulating the
recruitment of further i mmune cell s, ar
chemokine productiofRoachet a, 2002) TNFU i s al so thought
granuloma formation in human TB patients, anahgloma breakdown is thought to
explain why patients receiving neutralis
at increased risk of reactting latent TBKeaneet al, 2001)

However, the role of TNFU in granul on
recent years. Treatment of cynomol gus ma
prior to Mtb infection resulted in disseminated disease, but granulomas in the lung

remained intac{Lin et al, 2011a) Il n addition, zebrafish |
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formed granulomas faster than WT contrdtdlowing M. marinum infection,
although these granulomas eventually broke down due to excessive n@Claget
al, 2008) Thu s, TNFU ma ymaintenancenather thanefatmaiion, of
granulomas.

Recent workalsousing thezebrdish larvae model oM. marinuminfection,
has questioned whether the granuloma functions to preMéimtdissemination
(Ramakrishnan, 2012 his was suggested by the fact that granuloma formation in
this model dependent on the kewycobacterialirulence factor ESXL (Volkman et
al, 2004) Subsequently, live imaging of granuloma formation in zebravish larvae
has suggested thadl. marinum induces the recruitment of macrophages to the
granuloma in order to generate a fresh source of cells faxtifiDavis and
Ramakrishna, 2009) These infected macrophages can thiisseminate to other
sites, leading to the spread of the infectibravis and Ramakrishnan, 2009hus,
Mtb and othemycobacterianay exploit the recruitment of cells to the granuloma in
order to promote bacterial disseminatibtowever, as the zebrafish larvae model
does not have an adaptive immune system, it will be important to confirm these

results in models with an adaptive immune response.

1.4.Factors that regulate the immune response thitb

A potent immune response is required dfficiently clear or controlan
infection; however, this response must be tightly regulated to prevent an over
exuberant immune response leading to imrmmeeliated pathologyl his regulation

is achieved through several specialised cells and soluble factors
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1.4.1.IL -10 and thesuppressionof the immune response¢o Mtb

1.4.1.1.L -10background
The cytokine 110 is an important regulator of the immune respghsmore
et al 2001) IL-10 signals through the {10 receptor (IE10R) on target cellsand
mediates its activity primarily through the transcription factor STAVWI8ore et al,
2001) IL-10 is produced by wide variety ofimmune cells including Thand Th17
CD4" T cells, regulatory Tcells, CD8 T cells, B cells, DCs, macrophages and
neutrophils (Saraiva and O6Garra, 2010) .
IL-10 was first described as a product of Th2 cells that could inhibit the
production of cyt oki nes (Foremimoetals1989;F No fr
Fiorentinoet al, 1991b) This effect was subsequently shownbie indirect, via the
ability of IL-10 to suppress the production of-12 from APCs(D'Andreaet al,
1993; Murphyet al, 1994) IL-10 can also inhibit numerous other pndlammatory
cytokines and chemokines fromacrophages and DCs, including-1l. IL-6 and
T N F Biorentinoet al, 1991a; Mooreet al, 2001) In addition, 11-:10 can inhibit
antigen presentation byiacrophages and DC#rough the downregulation of MHC
classll and caestimulatory moleculegde Waal Malefyet al, 1991; Dinget al, 1993)
and can inhibit macrophage killing of intracellular pathogens subkt@gGazzinelli
et al 1992; O'Learyet al, 2011; Redforeet al, 2011)
Although cells of the innate immune system appear to be the major targets of
IL-10, recentstudieshave shown that HL0 may mediate some of its suppressive
activities by acting on T cells. {10 signallirg in T regulatory cells (Tregs) was
foundto maintain FoxP3 expression in a mouse model of c@Migai et al, 2009)

More recently, 110 signalling in Tregs was shown to be required for the
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suppression of thehlL7 responséChaudhryet al, 2011) However, further work is

required to determine the significance of these pathways in the immune response.

1.4.1.2.The regulation of IL-10 production in innate immune cells

IL-10 prodution from immune cells is regulated at multiple levels; by
chromatin modifications, at the transcriptional level by a wide range of transcription
factors, and pogranscriptionally through the regulation of mMRNA stabi(i8araiva
and O'Garra, 2010Many mechanisms of HLO regulation are common to several
immune cells, although cedipecific mechanisms are also in pla@&araiva and
O'Garra, 2010)

Many cells of thennate immune system, including macrophages, DCs and
neutrophils, produce H10 in response to pathogens or pathogen derived products,
through triggering of PRR@oonstraet al, 2006; Zhanget al, 2009) Stimulaion of
macrophages and DCs with TLR3, TLR4 and TLR9 agonists leads -0 IL
production from macrophages and myeloid DCs, and involved both the MyD88 and
TRIF dependent pathway8oonstraet al, 2006) In addition b TLRs, theC-type
lectins dectinl (LeibundGutLandmanret al, 2007)and DGSIGN (Geijtenbeek and
van Kooyk, 2003; Gringhuist al, 2007)can stimulate IE10 production ininnate
immune cells.

A key pathway for 110 downstream oPRR signalling isthe extracellular
signatrelated kinase (ERKMAP kinase pathway (Saraiva and O'Garra, 2010)
Activation of ERKin response to TLR ghallingrequires the upstream MAfnase
family memberstumour progression locus 2 (TPLaphd MEK1/2(Symonset al,
2006) ard macrophages deficient iTpl2, or treated with MEKZ1/2 inhilbors,

produce markedly less 1.0 compared to controls response to TLR ligand¥i et
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al, 2002; Agrawakt al, 2003; Dillonet al, 2004; Kaiseet al, 2009) Thestrength of
ERK activation appears to correlate with 1D productionn macrophages, myeloid
DCs and pDCgKaiseret al, 2009) Activation of ERK is highest in macrophages
following TLR stimulation, vith moderate levels in myeloid DCs anddetectable
amountsin pDCs (Kaiser et al, 2009) Downstream of ERK signalling, the
transcription factor -¢os can mediate HLO induction(Agrawal et al, 2003; Dillon
et al 2004; Kaiseret al 2009) ERK is also required for induction of 410
downstream of dectih in DCsand neutrophilsthrough a pathway involving Syk
and CardqSlacket al, 2007; Zhanget al, 2009; Dorhokt al, 2010) ERK signalling
hasalsobeen shown to promote 410 production fronseveralCD4" T cell subsets
(Saraiveet al, 2009)

Many other pathways have also been implicatddl-10 productiorin innate
immune cells(Saraiva and O'Garra, 2010pownstream of LPS stimulation in
macrophages, NB Bp65was recruited to a DNasdypersensitivity site in the H
10 promoter, and this wa®quired for optimal IE10 production(Saraivaet al,
2005) NF-a Bp50 homodimers are also recruited to the proximalOLpromoter,
and macrophages from p50 deficient mice show impairedOllproduction in
resporse to LP§Caoet al, 2006) In addition, and in keeping withirequirement for
the TRIFdependent pathwaBoonstraet al, 2006) type | IFN has been shown to
promote I-10 production in macrophages, in response to [®&&anget al, 2007;

lyer et al, 2010)

1.4.1.3.The role of IL-10 in infectiousdisease

Given the potent antnflammatory properties of H10, the impact of 1L10

in the immune response to pathogens has been the focus of much study, primarily
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using mice genetically deficient in 410 (1207 mice). Several studies have shown
that IL-10 can play a detrimental role in the immune response to infectioret RaAi
(1997)found thatll10”" mice had greatly reduced bacterial loads following infection
with Listeria monocytogenesind this was associated with a greatly increased Thl
response and higher levels of-1L, T N F U-12aSindlar tedults have been
reported in mice infected witheishmania majo(Belkaid et al, 2001) Whereas WT
mice failed to clear the parasites, leading to a chronic infeclibd’ mice and
mice treated withIL-10R blocking antibodieswere able to clear the parasites,
showing that the activities of HLO can result in pathogen persiste(Belkaid et al,
2001)

However, in other situations 110 is vital in protecting the host from
immunemediated pathology. Althoughl10”" mice infected with Plasmodium
chabaudipr oduced i ncreased | €2, ¢hisslid motfflead t&6 No T
improved pathogen clearanfld et al, 1999) Instead)I10” mice developed a much
more severe infection compared to WT controls, withaased fever and weight
loss, and significant mortalitfLi et al, 1999) Similar results were reported in the
context ofToxoplasma gondinfection, withlI10” mice developing severe immune
mediated pathologsind suffering severe mortality compared to WT controls, despite

a greatly enhanced Th1l respo(Gazzinelliet al, 1996)

1.4.1.4The role of IL-10 in Mtb infection

IL-10 can inhibit several aspects of the immune respomsehvare critical
for protection againg¥itb infection (Moore et al, 2001; Redforcet al, 2010) IL-10
can suppress the production of-1R from macrophages and DC¢eading to

suppression of | Fedlls (Figgentmakuat 19010;rD'Aridre®tm T
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al, 1993; Mooreet al, 2001) a process which is crucial in protection agaivisb

(Flynn and Chan, 2001a)n addition, 11-10 suppressesiL. and TNFU pr odLt
from innate immune cell§Fiorentinoet al, 1991a) and both these cytokines are

needed to contraMtb infection (Flynn et al, 1995; MayeiBarberet al, 2011) A

large number of studies have addressed the effect bd khn the respnse toMtb, in

both mice and human infection, but the results have often been contradictory
(Redfordet al, 2011) A summary of the effects of HLO an the immune response to

Mtb is shown in Figure 1.4.

1.4.1.4.1Results from the mouse model

A number of studies have addressed the role efdLin Mtb infection by
infecting 11107 mice withMtb, and comparing the subsequent immune response and
bacterial loads tWT mice Some studiefave reportedo difference in bacterial
burdenin the lungsbetweenWT and 11107 mice following Mtb infection (North,
1998; Junget al, 2003) suggesting that H10 may not play an importamole in
infection A subsequent study found that althoughlll did not affecMtb-bacterial
load, it protected mice against fatal immgpathology, although this only occurred

at late stages of infectidiigginset al, 2009)
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Figure 1.4. The effects of IL.-10 on the immune response ttb

However, other studgehave found decreased burdendvia in 11207 mice
(Roachet al, 2001; Beameet al, 2008; Redforcet al, 2010) In these studies, the
increased resistance kétb in 112107 mice correlated with an enhanced Th1 response,

i ncluding 1incr eas@®dacheptraloX201;cBeameret al,2008;1 F N2
Redford et al, 2010) Levels a7, GNFGSF tand IALOL were also
increased in the serum .07 mice infected withMtb (Redfordet al, 2010) A

further study used transgenic masich overproduced IL10 under the control of

the IL-2 promoter, and found that this increase€elll production led to failure to

controlMtb at later stages of infectiqifurneret al, 2002)

52



Chapter 1: Introduction

These differences®bserved between these studas likely to be due to
variation in the strain of mouse used, strainMib used and route of infection
(Redfordet al, 2011) In addition, the majority of these studies were carried out
using C57BI/6 and BALB/c mice, which are relatively resistatb infection, and
may therefore not provide the best model for humanR&lfordet al, 2011) The
CBA/J mouse is dramatically more susceptibléttb, and produce increased levels
of IL-10 following infection(Turneret al, 2002) Importantly, Redforcet al (2010)
showed that blockade of 410 signalling duringMtb infection in CBA/J mice can
reduceMtb levels in the lungs, and enhance the Thl responsk0 linay therefore

play an important role in more susceptible mouse moddWimf

1.4.1.4.2]L-10 in human TB

Several studies have found thatlD mRNA and protein ardetectablan
the lungs of patients with active TEBarneset al, 1993; BonecinAlmeida et al,
2004; Almeidaet al, 2009) In addtion, neutralisation of I£10 during stimulation of
PBMCs from PPD positive donors led to enhanced T qgafbliferatonand | FNo
production, suggesting that-lL0 cansuppressVitb specific T cell responses during
human TB(Gonget al, 1996; Roja%t al, 1999) However, although a large number
of studies have been carried out addressing whethdiO lpolymorphisms are
associated with reduced or increased protection agslitistresults havegenerally

been inconcluse (Redfordet al, 2011)

1.4.2.Suppression of the immune response tdtb by Tregs
Regulatory T cells (Tregs) are another important mechanism for the
reguldion of the immune response. These cells are important for the prevention of
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autoimmunity, and can also regulate the immune response to infection, in order to

prevent immunopathologyFehervari and Sakaguchi, 200Belkaid and Tarbell,
2009) Tregs are induced during the immune responsklttoin both mice and
humans, and can regulate the induction of the protective immune regpodakl et

al, 201). The transfer oMtb-specific Tregs intdVitb infected miceat day 11 post
infection resulted in increased bacterial growth at later timepoints, dagedethe
expansion of effectof cells(Shafianiet al, 2010) In addition, cetransfer of Tregs
with CD4" T cells into RAG" infected withMtb blocked the protective effects of
CD4" T cells (Kursar et al, 2007) Furthermore, dpletion of Tregs from mice
infected withMtb results in lowerbacterialloads in the lung and spleen, and was
accompanied by increae d | FN92 pr o UTaelts (ScottBrowne et @D 4
2007) Thus, Tregs appear to play an important regulatory role divtibgnfection

by specifically targeting the T cell respor{sirdahlet al, 2011)

1.5.Tuberculosis and type | IFN
1.5.1.Background

There are three families &N, known as type I, land lllIFNo i s t he
member of the type Il IFN family, and is known to be a crucial component in the
immune response thitb due to itsstimulatory effectson macrophage@~lynn and
Chan, 2001a)The type | FNs consist of more than 20 IEN genes and
IFNb g dmeee .are several further suptg s of type | | FNs,
| FNU alh,d HUtN these are only expressed
all speciegTheofilopouloset al, 2005) The more recently discovered type Il IFNSs,

al so known as | FNa, consi st of -P¥INa1,
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28AandI-28B) i n humans, and (DofnBllg-&d kotewko,| F N a 3
2010)
The typel IFNs were discovered in 195d&s ®luble factors capable of
inhibiting viral replication(lsaacs and Lindenmann, 195AImost all cells of the
body are capable of producing and responding to Ity although some, sucs
pDCs,are specialised to secrete large amogsselinPaturelet al, 2001; Colonna
et al, 2004) Although long regarded as purely antiviral effectors, the type | IFN are
now known o regulate a wide range of immune functions, and play a role in a

number of bacterial infections, includiidtb (Trinchieri, 2010)

1.5.2.The Regulation of type | IFN production

The master regulators of type | IFN production tre transcription factors
IRF3 and IRF7(Deckeret al, 2005) IRF3 is expressed constitutively, and serine
phosphorylation of IRF3, either by TBK or IKKU causes it to dimerise and
migrate to the nucleus where, along with other transcription factors, it activates
transcri pt i o nDeokeret#all2@05) Bignallng by w levels of IR b
leads to activation of IRFAyvhichthenst i mul at es the expressi
further exp(Marestna d998;8dtet &l EIANT)

Various bacterial and viral components trigger type | IFN pctdo in
immune cells.TLR3 and TLR4, in response to dowdsganded viral RNA and
bacterial LPS respectively, activate IRF3 via the TRIF dependent paili{asai
and Akira, 2010) Doublestrandedviral RNA also activates the cytoplasmic
receptors RI@ and MDA-5, leading to IRF3 activation throagMAVS and TBK1

(Kawai and Akira, 2010)Fnally the NLRs NOD1 and NOD2trigger type | IFN in
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response to components of peptidogly¢aninchieri, 2010)and itis this NLR
dependent pathway which is thought to mediate type | IFN induction in response to
Mtb, through Rip2 and IRFg@Pandeyet al, 2009)

However type | IFN induction in pDCs appears independent of the
amplification loop that operates in other cells. Instead, sistggmded RNAand
CpG stimulate the rapid activation of IRETrough TLR7 and TLR9andinduce
high | evel s dhrough & MyD88depeddent FatihbayColonnaet al,
2004; Guiducciet al, 2006) This difference is due to the trafficking of CpG to
different endosomes in pDGompared to conveional DCs(Hondaet al, 2005)
However, the type of CpG used to stimulate pDCs affects whether high levels of
| FNU ar e i-A haalises do;earl€ gn@somes anduoes high levels of
| FNU, asw@p&B lvcd i ses to | ate endosomes and

(Guiducciet al, 2006)

1.5.3.IFN signalling

The three families of IFNs signal through distinct receptors, but share many
downstream signalling molecules and induce opgilag gene expressider et al,
1998; Starket al, 1998; Donnelly and Kotenko, 201(ignalling by the IFNs is
summarised in Figure 1.8l members of the type | IFN familgignal through a
commonreceptor, a éterodimeric molecule consisting of IFNAR1 and IFNAR2
(known as the | FNUbR), and the downstrea
extensively characterisé®tarket al, 1998)(Figure 1.5) In response to binding, the
two subunitsof thel FNUbBR change conformation and

phosphorylation and activation of the receptor associtedsfamily kinases Tyk2
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andJakl and the phosphoryl ation of (Starke i nt i
et al, 1998; Deckeet al, 2005) This creates a docking site for STAT1 and STAT2
molecules, which are then phosphorylated by Jakl and Tgk&ingthem to form
STAT1:STAT2 heterodimers and migrate to the nucleus, where they associate with
thetranscription factor IRF9 to forrthe interferorstimulated gene factor 3 (ISGF3)
complex (Stark et al, 1998; Deckeet al, 2005) The ISGF3 binds to a consensus
sequence, the interferon stimulated response ele(fR8E), in the promoters of
interferon stimulated genes (ISGs) to activate their transcrif8tark et al, 1998;
Deckeret al, 2005)

| FNo signals thr ouglRNGRlandé-b@Ritligand c on s i
binding results in activation of Jakl and Jak2, and the predominant transcriptional
compl ex activated by | FNoO ar enigltestothe i mer s
nucleus and activas¢he transcription of genes witm& F Motivated site (GAS) in
their pronoter (Stark et al, 1998) Type | IFN can also stimulate the formation of
STAT1 homodimers, Bdi ng to overl|l ap bet indugble | FNO
genegqPlatanias, 2005Figure 1.5)

The three s ub alyhpegh a separate redeptor ® tygen IFN,
consi sting oR1 reaeptarsubunit mupkoHINI®R2 (Donnelly and
Kotenko, 2010)Ho we v er , the | FNe receptor, i ke
Jakl and Tyk2, andlso activates the ISGF3 complerduang very similar gene
expression to type | IFN, and similar antiviral acyvitDonnelly and Kotenko,

2010)
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Figure 1.5. An overview of signalling pathways activated by IFNsAdaptedfrom
Plataniaset al, (2005)

1.5.4.Type | IFN in protection againstviral infection

Type | IFNswere discovered, and named, on the basis of their ability to
interfere with viral replicatiorflsaacs and Lindenann, 1957and mice deficient in
type | IFNthrogh t he del etion of t he IffalAR1 su
mice) are highly susceptible teertainviral infectiors (van den Broelet al, 1995;
Theofilopouloset al, 2005)

This activity is due to the potent tanral genes induced by type | IFN.
Prominent among these are proteih nase R ( PKR) , 205060l 1 go
( 2065 G RPWASe)Land Mx proteingSadler and Williams, 2008Yhese proteins
inhibit viral replication in avariety of ways, and mice deficient in these genes are
susceptible to viral infectioiSadler and Williams, 2008Protein kinase R is a

serine threonine kinase that phosphorylates the translational initiation factor eiF2,
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leading to inhibition of translatiofStark et al, 1998; Sadler and Williams, 2008)
205060A3ymes produce short 20560l i goadeny
RNAse L, which in turn destroys viral dsRNAype | IFNs also induce many

members of the TRIM family of protein®kajsbaumet al, 2008) some of which

have antiviral activitMcNab et al, 2010) However, the understanding of the anti

viral effects of type | IFNs is still in its infancy, as thunctions of the vast majority

of type I IFN inducible geneare not knowr{Stetson and Medzhitov, 2006)

1.5.5.Type | IFN in bacterial infection

In recentyears the recognition that type | IFN can affect many immune
processes besides mediating antiviral immunity has led to investigations into the role
of typel IFN in bacterial infection(Trinchieri, 201(. Broader functions of type |
IFNs include activating DCs in response to TLR ligand#&sselinPaturelet al,
2005) stimulating DCs to crosgresent antigen to CDS8T cells (Le Bon et al,
2003) enhancing the survival of activated T cdlarrack et al, 1999) inducing
IFNo i n* T@d$S(Cousenst al, 1999)and NK cells(Hunteret al, 1997) and
regulatingthe humoral immune respondes Bonet al, 2001)

Studies investigating the role of type | IFN in bacterial infection have made
use of mice lacking the receptor for type | IFh&rl” mice). These micehave
been challenged with a variety o&dierial pathogens, and it has become clear that
type | IFN can have both positive and negative effects for the host, depending on the
infection (Bogdanet al, 2004; Deckeeet al, 2005; Trinchieri, 2010)ifnarl” mice
challenged with group B streptococcus (GBS}reptococcus pneumonizend

Escherichia coliall had increased mortality compared to wijghe controls, showing
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an essential role for type | IFNs in response to these pathgirsusoet al,
2007) Type | IFN was also found to be essential for defence agatnsptococcus
pyogeneqGratzet al, 2011)

However, in some infections type | IFN can play a negative roleost h
resistance to infection. This first became apparent in the contextistéria
monocytogenemfection. Three papers published in 2004 showedIfhat1” mice
infected withListeriahad reduced bacterial burdens in the spleen and liver compared
to wild-type mice, showing that in the absence of type | RN, immune response is
more effective(Auerbuchet al, 2004; Carrercet al, 2004; O'Connelkt al, 2004)
The mechanism behind these negative effects @& bpN is unclearTwo of these
studiesfound that apoptosis of splenic lymphocytes was reducelinarl’” mice
(Carreroet al, 2004; O'Connellet al, 2004) In addition, Auerbuctet al (2004)
showed that the levels of 412p70 in the serum offnarl’ mice are elevated
compared to wiledype mice, suggesting that type | IFNs negatively regulat&2lL
More recently, Rayamajtet al (2010) showed that type | IFN could downrdgte
the expression of the IEN r e c e pt o rIFNGR1pom the durfaceadlistena
monocytogenemfected macrophages, leadingaaeduced respoineness to IFN
in these cells.

Similar results have recently been demonstrated in the contExancisella
tularensisinfection, withlfnarl” mice showing enhanced bacterial clearaitenry
et al, 2010) In this study, type | IFN was suggested to suppresk7llproduction
f r ot cells(Henryet al, 2010) In generaltype | IFN seems to play a protective
role against extracellular bacteria, suehSéreptococgi but a negative role against

intracellularbacteria, such ddsteria monoctiogenesaandFrancisellatularensis
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1.5.6.Type | IFN in Mtb infection

The role of type | IFN inMtb infection hasbeenthe subject of much
investigation,mostly using mous models oMtb infection. However, contradictory
results have been observed, with some studies reporting a beneficial role for type |
IFN in the immune response, whilst others have found a detrimental role. The results
of these studies are summarised &bl 1.1at the end of this sectiols shown in
Table 1.1, the majority of studies suggest that type | IFN hinders the immune
response td/tb.

A study by Manceet al (2001) comparednfection of mice withHN878, a
hypervirulent strain oMtb, with other less virulergtrains They found that HN878
induced higher levelsf type | IFNfrom mouse lungs, but a less potent Thl response
(Mancaet al, 2001) Treatment of mice whitrecombinantype | IFN led toreduced
survival timesfollowing Mtb infection (Mancaet al, 2001) The authors concluded
that virulent strains oMtb induce type | IFNs as a pathogenic mechanism, in order
to bluntthe crucial Thl respong®lancaet al, 2001) A further study by the same
group showed that another hypervirulent strain, W4, also induced more type | IFN in
the lungs of micecompared to nohypervirulent straingMancaet al, 2005) This
study also found that Ifnarl” mice survived longer tiawild type mice following
Mtb infection showing that mice are better protected agaitstin the absence of
type | IFN signallig (Mancaet al, 2005) Subsequently, Ordwast al (2007)found
thatIfnarl” mice infected witHive differentMtb strains showed decreased bacterial
counts in the lung at later tirpoints postinfection. However there was no
difference in the survival of these mi(@rdwayet al, 2007) Stanleyet al (2007)

also compared resistance of wtighe andifnarl” mice toMtb infection and found
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that Ifnarl” mice had reducebacterial burdens in the spleen, but the lung was not
affected. Ingeneral all of these studies reported decreased bacterial burdens in the
lungs or spleen ofifnarl” mice compared to wiltype, suggesting that type | IFN
plays a negative role durinyltb infection. In support of this conclusion, mice
deficient in a prominent ISG, protein kinase R (PKR), were also shown to have
reduced burdens d¥itb following infection (Wu et al, 2012) PKR was shown to
promote IL-10 productionfrom macrophages infected witMtb, and inhibit
responsi veWeeda200l2) | FNo

More recently, a novel strategy was used to study fleetefof type | IFN in
Mtb infection. Antonelliet al (2010) treatedVitb-infected miceintranasallywith
poly-IC, an analogue of dsRN#at can induce large amounts of type | IFN from
immune cells through TLR3. They found that mice treated with -Rblfyad a
dramatic increase in bacteridad in the lung, accompanied by increased lung
pathology and decreased survig@htonelli et al, 2010) Importantly, this effect was
not seen infnarl” mice, demonstrating thahe negativeeffects of PolylC were
type | IFN dependentAntonelli et al, 2010) Treatment of mice with PolilC was
accompanied by the CR2dependeninigration of a myeloid population to the lung,
which seemedb be permissive favtb growth (Antonelli et al, 2010)

Limited evidence correlates typle IFN with beneficial effects inMtb
infection (Table 1.1) Some studies withfnarl” mice have shown reduced
resistancedo infection withmycobacteriaalthough thg conflict with otrer studies
described above. Kehey et al (2006) showed thatifnarl” mice had increased
growth of BCGearly in infection and Coopet al (2000) four similar results with

Mtb Erdman suggesting that type | IFN may be required for an optimum immune
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response tdth. The differences between these and other studies maydsalt of
the use of differing strains of mice, strains of mycobacteria and rotiiagection
More recently, Desvignest al (2012) generated mice deficient in both type NIF
and | FNo signalling, and found tHhibt thes
compared to I FNo2 single knockout mice. T
play a protective r gignaling possiltilyhterough lpateln c e o
compes at i on of (DésNgnesaa POil2y i t i es

Recently, the potential role of type | IFN in human disease was highlighted.
Berry et al (2010) carried out wholélood transcriptional profiling of patients with
active and latent TB, as well asdithy controls, and found a 3@#&ne signature in
the blood of active peents, which correlated with disease severity amas
diminished uponantibiotic treatment. Modularand pathwayanalysis of this

signature showed it to contain genes associated lwitht h t ype | Il FN

a)

signalling. By carrying out analysis of separated cells, this signature was found to be
specific to neutrophils and macrophagéerry et al 2010) A subsequent
independenstudy also found an upregulation of IFN inducible genes in the blood of
active TB patientdMaertzdorfet al, 2011) However, the effects of type | IFN

signalling in human TB patients are unclear.
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Reference Experimental Mouse Route ofMtb  Strain of Readout Conclued role of type | IFN

strategy Strain infection Mtb
Cooperetal ~ WT vs.Ifnarl” mice B6/129 Aerosol Erdman Lung CFU Positivel early increase iMtb
2000 levels inlfnarl” mice
Mancaet al Intranasal treatment B6D2/R Aerosol HN878 and Survivd and lung Negativei reduced survival time
2001 with recombinant CDC1551 CFU i n Ibekited mice, and

| FNUB increased lung CFU
Mancaet al WT vs.Ifnarl” mice B6D2/R Aerosol HN878 Survival and Negativei longer survival in
2006 Lung CFU Ifnarl” mice
Kutcheyetal WT vs.Ifnarl” mice 129S6/SvEv Aerosol BCG Lung CFU Positivei early increase in BCG
2006 levels inlfnarl” mice
Ordwayetal ~ WT vs.Ifnarl’” mice C57BI/6 Aerosol H37Rv, Survival and Negativel increased lung CFU
2007 controls, HN878, Lung CFU in Ifnarl” mice but no change ir

Al129 CSu123. survival
Ifnarl” CSu93
Erd KO1
Stanleyetal WT vs.Ifnarl” mice C57BI/6 Intravenous Erdman Lung/Spleen Negativel increased CFU in the
2007 CFU spleen
Antonelli et Intranasal treatment C57BI/6 Aerosol H37Rv Survival and Negativel reducedsurvivaltime
al, 2010 with Poly-ICLC Lung CFU and increasetb in Poly-ICLC
treated mice

Desvigneet | F R%vs. Ifnarl”  C57BI/6 Aerosol H37Rv Survival and Positivei could play a protective
al, 2012 | F Rmice Lung CFU roeintheabsence of

Table 1.1. Summary of previous literature investigating the role of type I IFN inMtb infection
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1.6.Microarray as a tool for studying hostpathogen

interactions
1.6.1.Background

A common aim in biolgical research is to determine which genes change
expression under different biological conditions. \A&tlldied examples include
studying the responses of cells to a given stimulus over time or comparing healthy
and diseased tissues. Knowledge of the gahat change under these differing
conditions can give insights into the mechanisms behind these processes. For
example, if a gene is upregulated in cancerous tissue compared to healthy tissue, this
may indicate oncogenic propertieg this gene. Technigs for studying gene
expression involve detecting and quantifyithge amounts of a given mRNA in a
sample using techniques such as PCRowever, these strategies, although
powerful,arelimited by the fact that the expression of only a small number cdggen
could be determinedFurthermore, His results in bias, where experimenters
determine the expression of genes they already predict may be involved. The advent
of DNA microarray technology in the mitB90s revolutionisethe study of gene
expressionasit allowed the simultaneous and rapid quantification of thousands of
MRNA speciedrom a biological sample, and thus provided a global and unbiased
picture of gene expressiomlthough the generation of such large amounts of data
has its own problems andostacles, particularly in regard to data analysis and
statistical methodsthe large number of publishechicroaray studiesrevealing
insights into various biological processssestament to the power of this technique

(Jenner and Young, 2005; Pasceial, 2010)
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1.6.2.Analysis of gene expression by microarray

A DNA microarray consists of a solid surfakaown as a chiptypically
made of glass or plastic, onto which short sirgjlanded DNA sequences are added.
These DNA sequences are known as probes, eawhbinds to a complementary
MRNA sequenceéAnalysis of gene expression by microarray includes several stages.
First, total mMRNA must be extracted and purified from the biological samples in
guestion.This mRNA isthen amplified, to give a sufficient amount of material for
analysis, and then labelled with a specific fluorescent marker to allow detection. The
labelled mMRNA is then hybridised with the microarray chip in order to allow binding
of theDNA probes with omplementary mRNA specieghus, if the complementary
MRNA of a given DNA probe is present in a sample, it will bind to the
complementaryrobe, and binding can be detectedegiting the fluorescent tags
on the mRNAmoleculeswith light of the appropria wavelength. The chip is then
scanned to generate an image showing thetpoif fluorescence on the chip and the
image is processed toumerically determine the relative intensity at each of the
probes on the chifHeller, 2002)

There are a number of different microarray platforms available from different
companiegHeller, 2002) The differenes between the platformsvolve how the
DNA probes are attached to the microarray surface. This is achieved either through
deposition, in which the DNA probes are synthesised sepagaidiyhen deposited
onto the surfacegr in situ synthesiswherethe probes are synthesised directly onto

the chip surfacéHeller, 2002)
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1.6.3.lllumina BeadArray technology

A recently developed and widely used technology for depositing DNA
probes ato a microarray chip is BeadArray technology developed by lllumina
(Mlumina, 2005) unlike previous technologiesich as Affymetrix technologyvhich
attached the probes directly to the chipin situ synthesisBeadArray technology
attaches multiple copies of eash basepair oligonucleotideprobeto silica keads of
approxi mat el y (mkmbeads(liumithd, 2005¢ These beads are then
randomlysel-assembled intanicrowellson the surface of the chip, in a defirgd
pattern with each beadbcateda p pr oxi mat el y 5. 7 dllhamihay om ad j
2005) Importantly, each probe contains both a region for mRNA binding and an
Aaddr es s 0Thes aldrase sequee allows the location of each bead, and
therefore each probe, on the chip to be determined, a process known as decoding
(Numina, 2005) This information is then used to determine which probes have
boundtheir complementary mRNAollowing hybridisation of the chips with biotin
labelled mMRNA Additionally, appoximately 30 identicabeads with the same probe
are present on each chip, meaning that the abundance of each mRNA species is
measured multiple times, increasing the accuracy of the measuréithenina,

2005)

1.6.4.The application of microarray in studying the immune

response

Since its development, DNA microarraglkaology has been used to study a
wide range of diseases and conditions. Approaches have included the analysis of
samples from patients with various conditions, as well as more specific interactions

usingin vitro assays. The power of microarray in thesensirios is the ability to
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generate a global analysis of transcription, which can lead to the generation of new
hypotheses and candidate genes or pathways that were previously unsuspected to be
involved.

The use of microarray in studying disease was fireposed in a study by
Golubet al(1999) where investigators found gene signatures that could discriminate
between patients with acute myeloid leukaemia and acute lymphoblastic leukaemia.
These techniques havebsequently been applied to a range of different cancers. For
example,transcriptional profilingis now used to distinguish f#rent classes of
breast cancer, and to predict patient outcome and response to chemdiBetiaioy
and Pusztai, 2009Microarray has also been applied to the study of autoimmune
diseases, and has yielded new insights into the pathogenesis of previously poorly
understood conditionfPascualet al, 2010) Transcriptional profiling of peripheral
blood mononuclear cells (PBMCs) from patients with the autoimmune condition
systemic lupus erythematosus (SLE) revealed a signature associated with type | IFN
sigralling and neutrophil§Bennettet al, 2003) Type | IFN was subsequently shown
to prime neutrphils to undergo netosis, resulting in the release of neutrophil
extracellular traps (NETS), resulting in the generation of the-atibodies against
nuclear antigens, which lead to SLE pathogen&asciaRomoet al, 2011) Similar
approaches were applied to systemic onset juvenile idiopathic arthritis (SadlA),
autoimmune condition affecting children and characterised by fever, rash and
arthritis (Pascualet al, 2010) Transcriptional profiling of PBMCs from SoJIA
patients revealed an upregulationoflilb pr oduct i on, and treat
anakinra, an IL1 receptor antagonist, dramatically improves the symptoms of SoJIA

patients(Pascuatt al, 2005)

68



Chapter 1: Introduction

These techniques have also been applied to infectious diseases, leading to
novel insights into disease pathogenesis. Blood sigrsaturere shown to
discriminate patients with influenzg, coli and S aureusinfection, which may aid
in the differential diagnosis of these conditidiamilo et al, 2007) As discussed
above, profiling of the whole blood of patients with active and latent TB compared
to healthycontrols found an IFN signature specific to patients with activéBeBry
et al 2010) This could potentially aid in the diagnosis of active TB, which is not
straightforwardBarry et al, 2009) and also reveals a potential role tigoe | IFN in
disease pathogenegBerry et al, 2010) Thesestudies demonstrateaghmicroarray
can be dectively applied to generate new insights into disease pathogenesis, and to
potentially diagnose disease and predict disease outcome.

However, microarray has also been extensively used to study specific disease
processes at the cellular level. This hagrb effective in answering more specific
qguestions about the behaviour of certain cells and the functions of signalling
pathways. Many studies have applied this approach to understand the interactions
between immune cells and pathogens or pathogened products, and this has
shed lighton how immune cells respond to pathogens, the signalling pathways
involved in these responses, and how pathogens attempt to subvert these processes
(Jenner and Young, 2005)

Microarray was first used to study hgmithogen interactions by Zlet al
(1998, using human fibroblasts infected with human cytomegalovirus. Since then
many studies have profiled the response of a diverse array of cell types to various
pathogens, including viruses, bacteria, protozoa and {dagner and Young, 2005)

A common theme to emerge from these studies is a large amount of overlap in the

trangriptional response of immune cells to different pathogens (Jenner and Young,
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2005). For example, Naet al (2002)stimulated human macrophages witledd, S.
typhi, S.typhimurium S.aureus L. monocytogenedMtb and BCG, and identified a
common resporsincluding cytokines, chemokines, transcription dextand cell
surface receptorsA  si mi | ar Acore r espostadeenieta wa s
analysis of published haepathogen microarray studi€denner and Young, 2005)
The reasons for this overlap reflects the fact that diverse pathogens can all activate
TLR signalling patlvays, which culminate in the activation of common transcription
factors (Jenner and Young, 2005)This is reflected in the fact that purified TLR
ligands such as LPS can recapitulate a large part of the macrophage activation
programme&Nau et al, 2002) However, pathogespecific respores have also been
identified by microarray studies of infected immune cdfisr exampleNau et al
(2002) found thatMtb induced lower levels of mMRNA for HL2p40 and IE15
compared to other pathogens.addition, Chaussabet al (2003) found pathogen
specific response to a variety of intracellular pathogens, includittg in human
macrophages and DCs

A further application of microarray is to study the role of specific molecules
and signalling pathways by makj use of mouse gene knockout technol@ipnner
and Young, 2005)In theg experiments, the response of immune cells from WT
mice can be compared to cells from mice deficient in particular molecules, and thus
the genes regulated by particulamoleculecan be determined global{yenner and
Young, 2005) For example, Gilchrigt al (2006)used microarray ahother systems
biology techniques to identify the transcription factors ATF3 as a negative regulator
of the macrophage response to LPS. This was confirmed by stimukstigt

macrophages with LPS and analysing the transcriptional response by microarray
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which found that a number of pinflammatory mediators such as-12, TNF and
iINOS were upregulated itf3” macrophage&Gilchrist et al, 2006)

A number of microarray studies have investigated the tratiscrg
response of innate immune cellsMib infection. A recent stugl found that type |
IFN inducible genes were upregulated in human macrophages infectedthith
(Wu et al, 2012) in keeping with the IFN signature observed in active TB patients
(Berry et al, 2010) Microarray analysi®f Mtb-infected murine macrophages found
that genes involved in steroid biosynthesis were upregulated in response to the
hypervirulentMtb isolate HN878, possibly reflecting a virulence strategy employed
by this strain(Koo et al, 2012) A study by Tailleuxet al (2008) was the first to use
microarray to determine the gene egsion of bothiMtb and the host cellhuman
macrophages and DCs)multaneously. This study found cslbecific response to
Mtb; for example macrophages but not DCs, upregulated genes encoding vesicular
(v)-ATPase subunitéTailleux et al, 2008) In addition,Mtb responded differently to
macrophages and DC#tb showed an increased stress response within DCs
compared to macrophages, possilbéflecting the fact that DCs present a less
permissive environment fdvitb growth compared to macrophag@silleux et al,
2008) Microarray has also been used to study the role of particularly signalling
molecules in the transcriptional response of innate cellsittm Transcriptional
profiling of Mtb-infected macrophagesleficient in the enzymes iINOhrt et al,
2001) the signalling molecule MyD8ghi et al, 2003)and the type | IFN receptor
Ifnarl (Shi et al, 2005) has revealed important roles for these mdisun
transcriptional regulation in response Mib. Notably, induction of a number of
important genes including iNOS and IP10 was found to be Myib&8pendent, but

dependent ot h e | [Ftihug fewealing important regulatory mechanisms that
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occur in response tWltb infection (Shi et al, 2005) Thus, microarray is a powerful
tool for generating new insights into the respoofsienate immue cells taVitb, and
the mechanisms employed Wwitb to subvert this response. These studies are

discussed in more detail in Chapter 3.
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2.1.Mice
C57Bl/6 (B6), B6lfnarl™, B6 11107, B6 Tpl2", B6 Tpl2”Ifnarl” and B6

Tpl2" 110" were bred and housed under specific pathogen free conditions at the
MRC-NIMR under UK Home Office regulationBemale nte were usetietweers-

20 weeks of age.

2.2.Reagents

2.2.1.Cell culture medium

Cell aulture medium used for all experiments was RPMI 1640ntk)
supplemented with 5% hegtactivated fetal calf serum (FCS) (Biosera), 0.05mM 2
mercaptoethanol (Sigma), 2mM-dlutamine (Lonza), 1mM sodium pyruvate

(Lonza) and 10mM HEPES (Lonza). Thisigsequently referred to as cRPMI.

2.2.2. RecombinantIFNs

Recombin a n t |l FNb was purchased from PBL
purchased from R&D systems.F Nb was used at 2ng/ ml unl
and | FN> was used at 5ng/ ml

2.2.3.Inhibitors
The MEK1/2 inhibitor PD0325901 was purchased from Philip Cohen
(University of Dundee, Scotland, UKand reconstitutedin Dimethyl sulfoxide

(DMSO; Sigma)PD032590Wwas wused at a concentration

2.2.4.Mtb
All experiments usingMtb were carried out under biafety containment
level 3 conditionsMtb H37Rv wasoriginally from the London School of Hygiene

and Tropical Medicine (LSHTMand grown at the MRGIIMR. Mtb H37Rv was
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grown by seeding either 100ul of frozen stock, or picking colonies on 7H11 plates,
into 10ml of liquid 7H9 culture broth (BD Difco) supplemented with 0.05% Tween
80 (Sigma), 0.5% Glycerol (Sigma) and 10% oleic atlmimindextrose catalase
(OADC; BD Difco). 10ml cultures were placed in a ro&r37°C rotating at 25rpm

and growth was monitored by reading optical density at 600nm. When OD was
approximately 1, 1mbf the rotating culturevasadded tdoOml 7H9 culture brotln

a roller bottle which wasplaced on a rolleat 37°C at 2rpm. OD was monitored as
above and when OD was approximatelyMib was centrifugel for 20mins at
3000rpm to pellet cellsand the pdlet was washed twice in phosphabeiffered
saline (PBS)to remove any remaining mediand then resuspended in PBS
slower spin was then carried out (10mins at 800rpm) to renhdieclumps, and the
supernatant waaliquotted into freezing vials, 1ml petal, and stored a80C. To
determine the number of viable colony forming units (CFafdYitb per tubein the
stock vials were thawed anserially dilutedonto 7H11 plates supplemented with
OADC. For each new stock, selectetils were plated onto bldoagar platesto
ensure no containationwith other microorganismsrhese vials were then thawed

and used to infeghacrophages as described below.

2.3.In vitro differentiation and infection of macrophages

2.3.1.Generation of murine macrophages from the bone marrow

To generate bone marreserived macrophagesone marrow cells were
flushed from the femurs and tibia of mice as®kded into bacterial plates (Sterilin)
at 0.5x18 cells/ml, in 8ml cRPMI containing 10% FCS and 20%29 celt
conditioned mediunfLCCM) which contains macrophage colesiimulating factor

(M-CSF). At day 4, 10ml freskcRPMI containing 10% FCS and 20% LCGNas
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added. At day Gpon-adherent cells were discarded, 5Smtocdd PBS was added and
plates were incubated at 4°C for 15mins. Macrophagee then removed from the
plate, pelleted by centrifugation at 1200rpm for 7mins and resuspended in cRPMI
(5% FCS). Macrophages were counted and seeded inteR4lat-bottomed tissue
culture plates (Corning) at 1xi@ells/m| in a final volume of 1mlFor the
microarray experiment presented in Chapter 3, macrophages were seededétito 6
flat-bottomed tissue culture plates (Corning) at £xddlis/ml, in a final volume of

3ml. Cells were rested overniglaind on day 7 medium was removed, cells were
washed once with PBS andfected asdescribedbelow. Macrophage purity was
found to be approximately 98% based on expression of CD11b and F4/80 by FACS

analysis.

2.3.2.Infection of macrophages withMtb

Macrophages wermfectedwith Mtb at a multiplicity of infection (MOI) of
2:1 (bacteria: cell) Mtb was left in the wells untithe supernatant or cells were
harvested. The number of bacteria in the inoculum was determined by serial

dilutions on 7H11 plees supplemented with 10% OADC.

2.3.3.Enumeration of intracellular Mtb in macrophages following

infection

To determine the number of intracellultb CFUs present in macrophages
following infection, supernatants were harvested, macrophages were washed once
with PBS to remove extracellular bacteria and 1ml of 0.2% sapg@&@w@ma) was
addedfor 1hr at 37°Cto lyse the cells. This suspension was then serially diluted and
plated omo 7H11 platesupplemented with OADC, arablonies were counted after
14-16 days at 37°C.
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2.4.Cytokine quantification by ELISA

For quantification of gtokine concentrations in cellular supernatants,- cell
free supernatants were harvested at the indictbed point postinfection and
measured by enzywimked immuneadsorbent assay (ELISA). Commercially
avail abl e kit s,llwkep7eandulls2@ @Bioscemnce) TENB U ( R&D
syst ems) andandNwer(dBlu)sed according t o
instructions. Matched antibody pairs were used felOLand 1-:12p4Q Details of

ELISAs used are shown in Table 2.1.

Cytokine Standard Coating Detection antibody Substrate Detection
starting antibody limit
concentrdbn

IL-10 10ng/mi JES2A5, SXC-1, 0.25ug/ml TMB 40pg/mi

5ug/ml (BD biosciences)
(DNAX)
IL-12p40  50ng/ml C15.6, C17.8,0.5ug/ml ABTS 50pg/mi
S5ug/mi (DNAX)
(DNAX)

TNFU 10ng/ml n/a n/a TMB 20pg/m

IL-12p70  10ng/ml n/a n/a TMB 20pg/ml

IL-1 b 10ng/mi n/a n/a TMB 20pg/ml

| FND 1000pg/mli n/a n/a TMB 20pg/ml

IL-27 10ng/mli n/a n/a TMB 20pg/ml

Table 2.1. Details of ELISAs used for quantification of cyokines

2.5.Protein analysis by Western blotting

For Western blot analysis, macrophages were rested overnight in cRPMI
containing 1% FCS, and thent i mul at ed wi tihcRARMFWth 0%t 5ng
FCS At the indicated times postimulation cells were lysed iRRIPA buffer(0.1%

SDS 1% NR40,50 mM NacCl,0.5% deoxycholate acid, 50 mNris HCI, pH 8.0, 2
mM EDTA, 2 mM sodiurmpyrophosphate50 mM sodium fluoride, 100 mM
vanadate(all from SigmaAldrich), and complete EDTAree protease inhibitor

cocktail (Roche). The concentration of protein in the lysates was determined by
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BCA assay ThermoScientifig. Protein in the samples wetben denatured by
addingsodium dodecyl sulfat(sDS).

20ug of proteinwas loaded onto a 12.5p6ly-acrylamidegel, which was run
at45mA for approximately 4hio separate the proteiascording to sizeThe protein
in the gel was then transferred onto a methactivated membraneWllipore)
overnight at 180mA. The membrane was then blocked for 1hr at room temperature in
20ml PBS with5% milk and 0.05% Twee0 (Sigmg. The membrane was then
incubated with the primary antibodiotal STAT1 (Cell Signalling1/1000 dilution
overnight at 4°Q; Tyr701 phosphorylated STAT1 (Cell Signallinty 1000 dilution
overnight at £C), or Actin as aloading controlCalbiochem; 1/5000 dilution for 2hr
at room temperatujein 20ml PBS with 5% milk and 0.05% Tweet0. The
secondary antibodyHRP-ConjugatedGoat AntiRabbit IgG; Southern Bioteghat
1/2000 dilutionin 20mIPBS with 5% milk and 0.05%ween20, was then added for
1lhr at room temperature. The membrane was then developed using EGhofelll

and photographic paper

2.6.RNA extraction and purification
2.6.1.Harvesting and purification of RNA

At indicated time point postinfection, macrophage supeatants were
harvested and cells were washed once with PBS. 350ul RLT buffer (Qiagén)
1% 2-mercaptoethanolvas added to lyse cells. Lysates were storedB@RC until
further processingLysates were homogenisading QIAshredder kits (Qiagen) and
RNA was purified using RNeasy MiiKits (Qiagen). An optional ccolumn DNA

digestion step was performed using RNRsee DNAse sets (Qiagen). All kits were

used according to mahewedneectrationr of pudfied RNAst r uc
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was determined using MandDrop 1000 spectrophotometefNanoDrop Products,
Thermo Scientific) For RNA to be used for microarray analysiRNA quality was
assessed using #&wgilent 2100 BioanalysefAgilent technologies)All sampleshad
an RNA integrity number (RIN) o£9.3 which indicated high qualityPurified RNA

was stored a80C for further processing

2.6.2.Conversion of RNA to cDNAfor gPCR analysis

RNA was reverséranscribedo cDNA using High CapacitgDNA Reverse

Transcription kit§Applied Biosystemsisingthe mastemix shownin Table 2.2.

Reagent Company Volume per reaction Final

(final volume 20pl) Concentration
RNA N/A 10ul N/A
RT buffer Applied Biosystems  2ul N/A
dNTPs Applied Biosystems 0.8l 4mM
Random Primers Applied Biosystems 2l N/A
MultiScribe Revers  Applied Biosystems 1l 2.5U/ul
transcriptase
RNAsin Promega 0.5ul 1U/ul
Nucleasdree HO Promega 3.7ul N/A

Table 2.2. Reagents used for reverse transcription master mix

This mixture was incubated at 25°%0r 10mins, 37°C for 2hrs then 85°C for
5mins. Following conversion to cDNAgemaining RNA was digestedby using
RNAse H (Invitrogen) at afinal concentrationof 0.03U/ul, for 30mins at 37°C
cDNA was then diluted to a final concentration of 5ug/ml anded for gPCR

analysis as detailed below.

2.6.3.qPCR analysis
The expression of target genes was determinegP&R (7900HT; applied
Biosystemy Samples were pladein a 96well optical reactionplate (Applied

Biosystems)with volumes of reagents ashown in Tale 2.3 Each plate also
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contained a ndemplate control with 4.5ul # replacing the cDNA, teontrol for
contaminationThe temperature and cycle number of the qPCR reactions is shown in
Table 2.4. FAM-labelled Tagman primer probes were used to probesgecific
genesFollowing the reactiont he del ta Ct (&Ct) method
expression value of the gene of interest (GOI) relative to a Haeg@ng geneiprt

(hypoxanthine guanine phosphoribosyl transférasig the following formula:

aCt GO = 1.8°Hprti G0Ny 100000

Reagent Company Volume per reaction Final

(final volume 10ul) concentrations
cDNA n/a 4.5ul 11.25ng/ul
Tagman universal Applied 5ul n/a
PCR master mix Biosystems
Tagman primer  Applied 0.5ul 900nM
probe Biosystems

Table 2.3. Reagents used for gPCR analysis

Temperature Time No. Cycles
50°C 2mins 1
95°C 10mins 1

95°C/60°C 15s/Imin 40

Table 2.4. Temperatures and times used for gPCR reactions
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Target Gene

Applied Biosystems
catalogue number

1110 Mm_00439616_m1
l112a Mm_00434165_m1
112b Mm_00434174 m1l
Tnf Mm_00443258 m1l
l11b Mm_00434228 m1l
Ifngrl Mm_00599890 m1
Ifna2 Mm_00833961_m1l
Ifnab Mm_00833976m1
Ifna6 Mm_0170358_s1
Ifnbl Mm_00439552_s1
Fos Mm_00487425 ml
Egrl Mm_00656724_m1
Jmjd3 Mm_01332680_m1
ler3 Mm_00519290 g1
Duspl Mm_00457274 g1
Dusp5 Mm_01266106_m1
Hprt Mm_00446968_ml1

Table 2.5 Tagman primer probes used for gPCR
2.7.Microarray processing anddata analysis
2.7.1.Amplification

For microarray analysis300ng of total RNA was reverse transcribed to
cDNA, purified and used as a template ifiorvitro transcription to generate biotin
labelled antisense complementafgNA (cRNA) target molecules, usig the
lllumina TotalPrepd6 RNA Amplification Kit (lllumina) according to the
manuf act ur as. e cdncerstrationuad purified cRNA westermined
Thermo

using a Nandrop 1000 spectrophotometer(NanoDrop Products,

Scientific)

2.7.2.Hybridisation
750rg of biotin-labelled cRNA was hybridized overnight to lllumina Mouse

WG-6 V2.0 Beadchip arrays (lllumina). The arrays were then washed, blocked,

81



Chapter 2: Materials and Meids

stained and scanned on an lllumina BeadStaéd@thf ol | owi ng t he manu
protocols. lllumina BeadStudiosoftware (lllumina)was used to generate signal
intensity values from the scans.

RNA amplification for the microarray data presented in Chaptewas
performed by Dr Chrisne Graham of the Division of ImmunoregulatioMRC
National Institute for Medical &earch, Mill Hill, London, UK. Hybridisation of
cRNA to arrays, scanning and geeocessingor the microarray data presented in
Chapter 3was performed by QuynAnh Nguyen, Microarray Core Facility, Baylor
Institute for Immunology Research, Dallas, Texd&NA amplification and
hybridisation for the microarray data presented in Chapters 4, 5 and 6 was carried
out by Dr Harsha Jani of the Division of Systems Biology, MRC National Institute

for Medical Research, Mill Hill, London, UK.

2.7.3.Microarray data analysis

2.7.3.1Data pre-processing normalisation and removal of undetectable

transcripts

lllumina Beadtudio software was used to subtract background from signal
intensity values. GeneSpring GX version 11 (Agilent Technologies) was used to
perform furtherormalisatim and data analysighe following pre-processing and
normalisationsteps were applied to all microarray data presertadreshold signal
value of 10 was set, andl aignal intensity values less than 10 were set to equal 10,
to remove noiselue tolow values Signal values were thelog-transformed to the
base 2Perchip normalisation was appliagingthe 75" percentile shift algorithm.
This normalisatiomeducedlifferences in gene expression due to technical variations

between differensampleswithin a chip, and between chipsuch as differences is
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labelling or hybridisation(Quackenbush, 2002Pergene normalisation was then
applied by dividing the signal value for each gene in each sample by the median of
the signal value foithat gene across all sampld2ior to further analysis,lla
transcripts were filtered to seletthnscripts that were significantly detectable from

background t hose <cal |l ed Oq@egmepeieplidategpr0.01)0 0 % o f

2.7.3.2.Fold-change and statistical analysis

Following theremoval of undetectableanscripts fold-change and statistical
analyses were applied to generate lists of differentially expreéssestripts using
Geneé&pring. The specifics of the analyses carried daot generate lists of
differentially expressetransripts are presented in the relevant results seciioch
figure legend.Fold change filters retainettanscriptswith greater than -2old
changes in expression between coondsi For statistical analyses, tway
ANOVA (p<0.05) with Benjamini Hochberg FDRuultiple testing correction was

used.

2.7.3.3 Hierarchical and k-meansclustering

Lists of differentially expressetranscriptsgenerated by foldhange and
statistical analysiswere subjected to hierarchical clustering. This technique
constructs a vertical dermiram wherdranscriptswith similar expression profiles
across the condition are grouped togethead is useful in identifying patterns within
the gene expression data@@uackenbush, 2002The dendrograrns then displayed
with gene expression shown as a-bdak heat map, with red indicating upregulation
blue indicating downregulatioand yellow no changd-or all hierarchical clustering
a Pearsomentred distance metric was used, as this clust@nscriptsbased on the

expression profile afranscriptsoverthe different samples, rather than the magnitude
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of gene expression which is used by Eucliehased distance metr{Quackenbush,
2002) This was becaugeanscriptswith similar expression patterng.g.transcripts
with expression at a particulame point arelikely to be ceregulated regardless of
if one transcriptis induced to a higher magnitude. In most cases, Peaeumned
clustering was combined witkomplete linkage rule, which tends to generate
compact clusters of a similar si@@uackenbush, 2002)

A second érm of clusteing, k-meansclustering, was also applied to lists of
differently expressettanscripts again using a Pearsoentreddistance metricThis
method separates th@nscriptanto a defined number of clusters (k) which can then

be analysed imore detailQuackenbush, 2002)

2.7.3.4.Functional analysis using IPA and GGanalysis

Ingenuity Pathway#nalysis (IPA) (IngenuitySystems, Inc., Redwood, CA,
USA, www.ingenuity.comwas used to determine signalling pathways associated
with clusters of differentially exgssedtranscripts IPA is a databaseontaining
more than 9,800 human, 7,900 mouse and 5,000 rat genes, which is manually
curated with gene associatiogenerated fromover 200,000 full text scientific
articles(Calvanoet al, 2005) Gene lists generated as described above were uploaded
intolIPA,and Fi sherods exact t eFDR multiple tediingBe nj a |
correctionwas used to determine statistically significant overlap between gene lists
and canonical IR signalling pathways. In this study, an interactions was considered
significant if p<0.01.IPA was also used to overlay gene expression data onto a
canonical pathway, with common genes highlighted either in red, ifrepeesented

in the datasetr blue if underrepresented.
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Further functional analysis was carried out using gene ontology (GO)
analysis in Gerfgpring. This analysis uses the GO database, where genes are
assigned ontologies relating to their molecular functions, associated biological
processes and cellular locatiofHarris et al, 2004) Lists of genes can then be
analysed with regard to their associated GO ontologies,significant associations

with particular terms can be calculdte

2.8. Statistical analysis

Statistical analysis on experimental data was carried out using PRISM
software. Ftest, 2way ANOVA and 2way ANOVA were used as indicated in the

figure legend, with a significant result taken with-agbue of less than 0.05.
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Chapter 3. The macrophage tianscriptional response
to Mtb
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3.1.Background

Macrophages ar e t he i mmune systemobs
pathogenic microorganisms, populating key sites of the body where interactions with
the outside environment occur, and engulfing and destroyingigio material,
including bacteria. Macrophages also produce cytokines and chemokines which
attract and activate other immune ceglMedzhitov and Horng, 2009)Alveolar
macrophges in the lung are the first cells to encouMd following infection, but
Mtb has evolved mechanisms to survive within macrophages, generating a niche in
which to replicate (Pieters, 2008) Alveolar macrophages, and recruited
macrophages, arthereforea major reservoir foMMtb throudhout the course of
infection (Wolf et al, 2007) The interactions betweektb and macrophages are
therefore critical in determing the outcome of infection.

Macrophages recognise pathogens through pattern reoogmiceptors
(PRRs), which detect conserved features unique to microorganishis.is
recognised by macrophages through -k receptors (TLRs), @ype lectins
including dectinl, DG-SIGN and the mannose receptor (MR), and the -INad
receptor NODZKIleinnijenhuiset al, 2011) Recogition of a pathogen by PRRs on
macrophages triggers many signalling pathways, resulting in the activation of
transcription factors such as NFB and the induction and r
genes involved in thantimicrobial respons@lenner and Young, 2005; Medzhitov
and Horng, 2009)A thorough understanding of how the macrophage response is
regulated will lead to new insights into the factors required to protect shgain
pathogens such adtb, and how these pathogens are able to subvert this response to

favour their own growth.
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Given the complexity of the macrophage response to pathogens or pathogen

derived products, microarray is an ideal tool to study this process,aflows the
user to determine the expression of thousands of genes in an unbiased manner. A
number of studies haugsed microarray tstudy theresponse of humafNau et al,
2002; Chaussabet al, 2003; Wangetal, 2003; Tailleuxet al, 2008)or mousgEhrt
et al, 2001; Shiet al, 2003; Shiet al, 2005; Kooet al, 2012)macrophages ttitb.
The major findings from these studies, and the cell typeg poins and stimul
usedare shown in Table 3.1

As shown in Table 3.1hese studies haved to important insights into the
host pathogen interactions that occuMtb-infected macrophages. For example, Shi
et al (2005)found tha a number of immunologically important genes were induced
by Mtb via type | IFN and STATL1 signalling, independently of TLRs, at 4hr-post
infection. A more recent study by Taillewt al (2008) analysed the response of
human macrophages and DCdvtb, and additionally profiledMtb gene expression
within these two cell types. This revealed ¢gikcific responses tditb by
macrophages and DCs, with macrophages upregulating genes involved with
phagosome acidification and vesicle traffickif@illeux et al, 20(B).

However, previous microarray studies Mitb-infected macrophages have
tended to use a limited numbertwhe poins (Table 3.1) and so the dynamics of the
macrophage response to infection was not asséEbedet al, 2001; Chaussabet
al, 2003; Shiet al, 2003; Wanget al, 2003; Sheet al, 2005; Tailleuxet al, 2008; Koo
et al, 2012) In addition,the majority of thesetudies did not analyse macrophage
gene expression dime poins earlier than 4hr postfection (Ehrt et al, 2001;
Chaussabedt al, 2003; Shet al, 2003; Wanget al, 2003; Shet al, 2005; Tailleuxet

al, 2008; Kooet al, 2012) (Table 3.1) Although Nauet al (2002) analysed the
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response of humamacrophages tMtb at 1hr and 2hr poshfection, the primary
aim of this study was to compare tbemmon macrophage response to various
bacterial pathogens, and the responsklttowas not analysed in detaMicroarray
studies of LPS stimulatedanrophags have found that geme&pression can change
rapidly following treatment, with clusters of upregulated genes observed as early as
1hr poststimulation (Gilchrist et al, 2006; Ramset al, 2008) These genes are
likely to regulate the macrophage response at tater poins, and could play an
important role in the immune response.

Here we carried ou microarray analysis dfltb-infected macrophages over
an extended time course, including both early andtiate points. We found the
macrophage response kdtb to be highly dynamic, with many clusters of genes
induced or repressed at differdimhe poins. This included early clusters of genes,
which were induced at 30mins to 1hr podection. Analysis of these usters by
ingenuity pathway analysis (IPA) and gene ontology (GO) identified clusters of
genes involved with a wide range of functions, saiwhich would protect the host
againstMtb infection, and others that could be a resulib virulence strategeto
subvert the protective immune response. This illustrates the complextbef

macrophage interactionasndprovides a framework for future analyses.
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Reference Cell type Mtb strain Time poins Primary Findings
Ehrtet al 2001 Murine Clinical isolate 24hr 1 Synergy betweeMtband | FNo2 in induc
macrophages 1254 genes, including INOS
1 INOS andNADPH oxidasdound to be important
transcriptional regulatsiin response tdtb
Nauet al, 2002  Human Erdman 0,1, 2,6,12, 24hr | Defined common macrophage activation pesg in responst
macrophages to Mtb and various bacteria, including cytokines, chemokii
receptors and transcription factors
1 Response tMtb not analysed in detail
Chaussabedt al, Human DNS 16hr 1 Compared macrophage and D€sponse toMtb and other
2003 macrophages intracellular pathogens
and DCs 1 Found common and pathogspecific cluster of genes
1 Type | IFN inducible and MHC class | related genes indL
by Mtb andToxoplasma gondin DCs and macrophages
1 Cytokines, chemokines and \NFB r el at ed g«
Mtb in macrophages and DCs
Shiet al, 2003 Murine Clinical isolate 24hr 1 Mtb transcriptional response largely MyD88&lependent
macrophages 1254 . MyD88 required for macrophage activation in response t
| FNo
Wanget al, 2003 Human Erdman 4,12, 24, 48hr 1 Found upregulation of cytokines, chemokines, proteasome
macrophages components and STAT1
Shiet al, 2005 Murine Clinical isolate 24hr 1 Induction of several immunologically important gsn
macrophages 1254 including RANTES, IRG1, IP10 and iINOS independent of

90
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Tailleux et al, Human H37Rv
2008 macrophages
and DCs

Wu et al, 2012 Human THR1 11 W-Beijing
macrophagdike strains and
cell-line H37Rv

Kooetal 2012  Murine HN878 and
macrophages  CDC1551

4, 18, 48hr

4, 18, 48hr

6 and 24hr

= =4

= =4

Cell-specific responses tdtb identified

NADPH oxidase phagosome acidification and iatellular
trafficking regulated genes more strongly induced in
macrophages

Type | IFN and TLR related genes more strongly induced
DCs

Profiling of Mtb gene expression found cslbecific
adaptationso macrophages and DCs, with replication relate
genes upregulated in macrophages, and stress response g¢
upregulated in DCs

Similar response to VBeijing strains compared to H37Rv
Core response includedanycytokines, chemokines and
receptors

Found induction of many IFWducible genes, which
overlapped with IFNsignature identified by Berrgt al (2010)

Immune response genes induced by CDCIaihot HN878
at 6hr posinfection

Genes involved in lipid metabolism upregulated in respons:
HN878 but not CDC155a&t 24hr postinfection

Table 3.1. Summary of previous microarray studies of innate immue cells infected withMtb
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3.2.Results

3.2.1.The macrophage response thltb is temporally regulated

To gain a global understanding of the transcriptional response of
macrophages tbitb infection, we began by using transcriptional profiling to study
the global ma@phage response ktb over an extended tirmeourse, including both
early and latéime poins. Macrophages were derived from the bone marrow of-wild
type (WT) mice, and were infected with the H37Rv strairvish (which is used
throughout this studyat amultiplicity of infection (MOI) of 2:1. This MOI was
chosen based on preliminary experiments showing that an MOI of 2:1 activated
macrophages to produce cytokines, but without causing significant cell death, and is
used throughout this study®RNA was harvsted from infectedand uninfected
macrophages at Ohr, , 30mins, 1hr, 3hr, 6hr and 24hriqfestion. Purified total
RNA was amplified, labelled and hybridised tolllumina Mouse WG6 V2.0
Beadchip arraysas described in the Materials and Methods, witlplidate
biological samples for each conditioim addition, selected samples were run
independently for a second time, and similar results were observed (data not shown).
Background subtraction was carried out using BeadStudio (lllumina), and further
analysis was carried out using GeneSpring (Agilent Technologies).

The 42581 analysed transcripts were filtered first to select transtngits
were significantly detectable from the backgroundt hose cal l ed o&épres
any 1 group of 2 triplicateg.his left 15018 transcriptslo gain an overview of the
dataset, the 26 samples were subjected to unsupervised clustering, using a Euclidian
distance metric with complete linkage, based on the expression of the 15018

detectable transcripts. This techniquestérs samples based on how similar they are
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to each other, and thus shows the overall trends within the défassetkenbush,
2002)

Figure 3.1 shows that the 26 samples were separated into two groups by
unsupervised clustering. One group contaihkd-infected samples at 3hr, 6hr and
24hr, while the second larger group contained all uninfected sample§tnd
infected samples at 15mins, 30mins and 1lhr. This suggests that the Nitlajor
induced transcriptional changes occur at 3hr, 6hr and 24hinfestion, as these
samples cluster separately from the uninfected controlsMilvnfected samples at
15mins and 30mins cluster together with the uninfected controls (Figure 3.1),
suggestingminimal changs haveoccurred in response tdtb at these earlyime
points. However, although the 1Mtb-infected samples cluster in the same groups
as the uninfected controls, they are on a separate branch, suggesting that some
changes are occurring at thime point(Figure 3.1).

To investigate further, two filters we applied to the 15018 detectable
transcripts designed to retain onlyranscriptsthat changed in response ktb
infection over time. Firstiranscriptswere retained if their expression changed by
greater than 2old in response td/tb at anytime poirt, relative to themean of the
uninfected contra at thattime point Secondfranscriptswere retained if they were
statistically different with regard to infection and time, as determinetivoyway
ANOVA (p<0.05) with Benjamini Hochberg FDR multiplestmg correction. This
left 6479 Mtb-regulated transcripts To study the expression profile of these
transcriptsover time, they were clustered hierarchically using Pearxstred
distance metric and complete linkage (Figure 3.2). Hierarchical clustgroups
transcripts with similar expression profiles into clusters, generating a global

overview of the gene expression in a datéBeittte, 2002; Do and Choi, 2008\
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Pearson based distance metric was used dssiecstranscriptson the basis on the
trend of their expression profile, rather than the magnitude of the change, which is
informative as similar trends of expression can indicate common regulation and
biological function(Do and Choi, 2008)

As predicted by unsupervised clustering of the samples (Figure 3.1), the
majority of transcriptional changes in responséitb occured at 3hr, 6hr and 24hr
postinfection (Figure 3.2). No transcriptional changes were visible at 15mins post
infection (Figure 3.2). However, a small number of transcripts were upregulated at
30mins, and this increased slightly at 1hr po&ction (Figue 3.2), showing that
certain genes are induced rapidly in macrophages folloMihgnfection. This early
response is likely to be important in inducing and regulating the later response of
macrophages taMitb. It was striking that the transcripts showednsiderable
heterogeneity in their expression profiles (Figure 3.2). Some clustérangtripts
remained upregulated or downregulated over relatively long periods of time, e.g.
between 3hr and 24hr, whereas others were regulated only aimengoint(Figure
3.2).

Taken together, this analysis shows that the macrophage respokkb to
occurs predominantly between 3hr and 24hrqufsction, but with small numbers
of transcriptsinduced early (30minghr) following infection. In addition, this
response @as highly dynamicyith groups oftranscriptschanging expression with
varying kinetics. This illustrates the importance of using multifplee poins,
including earlytime poins, to study theemporalresponse of immune cells to
infection, as importantanscriptional changes may be missed if fene point are

used.

94



Chapter 3: The macrophage transcriptional responigiito

3.2.2.k-meansclustering separates the macrophage response Mib

into 24 clusters, based on their expression profiles

Figure 3.2 shows thaMtb-induced transcription is complex, with many
discrae clusters being upor dowrregulated with varying kinetics. Clusters of
transcriptswith similar profiles are likely to be involved in shared processes, and to
be regulated by common pathways or transcription fa¢i@osand Choi, 2008)In
order to further study the regulation and function of these clusters, it was necessary
to separate them into lists wanscriptswhich could be analysed in more detail. To
achieve thiswe used GeneSpring to separate the G#atgscriptanto clusters using
k-means clusteringk-means clustering separaté@nscriptsinto a predefined
number of clusters based on their expression pr(Bigte, 2002) We usek-means
clustering to separate the 64v@b-regulatedranscriptdan 24 clusters, again using a
Pearsoncentreddistance metric. The 24 clusters varied in size, with the smallest
(cluster 15) containing 5iranscriptsand the largest (cluster 7) containing 707
transcripts Complete lists of thranscriptsare presented in section 3.5 at the end of
this chapter.

The expression profiles of the 24 clusters are shown in Figure 3.BeQ#t
17 clusters containedanscriptsthat were upregulated in responseMtb infection
and seven were downregulated, reflecting the higher number of upregulated
transcriptsand the greater heterogeneiof their expression (Figure 3.3). As
predicted fom Figure 2, the clusters varied enormously in their kinetics of
induction or repression over time. Of those upregulated in responsibiawo
showed changes at lhr pasfection; cluster 8, which remained upregulated
throughout the course of infeoti, and cluster 15, which was induced only
transiently and returned to baseline by 3hr jiofgtction (Figure 3.3). The 15 other
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upregulated clusters also showed considerable variability in their expression. Cluster
1 (3hr), cluster 9 (6hr) and clusters ad4d 24 (24hr) were only upregulated at one
time pointfollowing Mtb infection (Figure 3.3) Others remained upregulated over
two time poins; clusters 0, 2 and 20 at 6Mhr postinfection and clusters 5 and 12

at 3hr6hr postinfection (Figure 3.3). Fially, clusters 4, 6, 11, 19, 22 and 23 were
induced byMtb and remained upregulated at 3hr, 6hr and 24hr-iptesttion,
although the peak and magnitude of expression varied between these (Rigtees

3.3). The downregulated clusters showed similaretwgeneity, with cluster 3
downregulated only at 24hr pesfection, cluster 10 at 6hr and 24hr po¥ection,
clusters 7 and 17 at 3hr and 6hr po$ection and clusters 16 and 18 at 3hr, 6hr and
24hr (Figure 3.3). In summary, the 6479 genes makintp@pnacrophage response

to Mtb can be separated into 24 clusters of induced and repressed genes, with large

dynamic and temporafariability in their expression profiles.

3.2.3.Mtb-regulated gene clustersre associatedvith a variety of

functions and signalling pathways

Having separated the transcrip@nesponse of macrophageshtb into 24
clusters, we next investigated the functions of these clusters, and the signalling
pathways that regulate theixpressionTwo approachewere used; gene ontology
(GO) analysis(using GeneSpringwhich gives broad information as to the potential
functions oftranscriptlists, and ingenuity pathway analysis (IPA) whiglies more
specific information on thaeignalling pathways associated witlanscriptclusters.
Each & the 24 clusters were analysed by G@alysisand IPA with the top 5
significant overlaps for each analysis sho(p0.01) (Figure 3.4.13.4.4) Where

significant associations were found, these were confirmed by literature searching of
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the relevanttrangripts, under the column Aliteratur e
function or signalling associations not picked up by IPA or GO analysis, but
suggested by published literature, are shown in this column.

Of the 24 clusters, eight showed no significant agesvith either GO terms
or IPA signalling pathways (clusters 0O, 1, 3, 6, 14, 18, 20 and 21) (Figufe 3.4
3.4.4. The remaining 1&lustersshowed overlap with a wide range of biological
processes and signalling patiys (Figure 3.4-3.4.4. These are d@ussed below
selected clustersierarchicallyclusteredand visualised with a heat map to show the
gene expression in more detail, with the relevant genes in each chditaited

(Figures 3.53.17).

3.2.3.1Early clusters are associated withNF-e B and ERK MAP ki

signalling

A small number otranscriptswere upregulated at 30mins to 1hr following
Mtb infection (Figure 3.2)k-means clustering separated thé&smscriptsinto two
clusters with differing expression profileFigure 3.3). Cluer 8 contained
transcripts that were induced early and remained upregulated throughout the
infection, whereasranscriptsin cluster 15 were induced only transiently, and were
rapidly downregulated after peaking at 1hr gogction (Figure 3.3).

GO andysis of cluster 8 showed a strong association with terms involved
wi t h cytokines and chemokines, such as
acti vi tya2. Thisiwgsuwuedo tig présence of the cytokiilds and Tnf
and the chemokine€cl2, Ccl3, Ccl4, Ccl7, Cxcll and Cxcl2 (Figure 3.5). These
cytokines and chemokines function to mediate inflammation and stimulate the

recruitment of further immune cells to the site of infection, and are essential for a
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protective response tdtb infection (Flynn et al, 1995; Peteret al, 2001; Mayer
Barberet al, 2011) The rapid production of these cytokines and chemokinédtby
infected macrophages is likely to lead to the influx of further immune cells into the
lung, and lead to the formation of the granuloma. Cluster 8 also includes several
transcription factors includingfl, Tgifl, Maff, Atf3 and Junh suggesting that this
early response also leads to subsequent waves of transcriftisier 8 also
contains the imunosuppressive cytokinglO (Figure 3.5). 110 can inhibit the
production of 11 b and TNFU f r ¢Fiorentina etrab A99%ag e s
Fiorentino et al, 1991b; Mooreet al 2001) suggesting that this early pro
inflammatory macrophage resganis rgulated to prevent host damage.

The IPA signalling pathways that were associated with cluster 8 included
AlI-LO signal l-1hgéi gmal Idil.ggHoweyeF iinduatioreof 3. 4
these pathways would require autocrine signalling, and thislikely given the
extremely rapid induction of thiganscriptsin cluster 8. We therefore investigated
the regulation of thes&anscriptsin more detail by using IPAo determine the
transcriptional regulators associated with thenscriptsin cluster 8 As shown in
Table 3.1, the most significant transcription factors assocwitbdthis clustemwere
the NFe B  f adhitrangcription factors, whichare known to induce pfo
inflammatory genes downstream of a wide variety of sigmatduding TLRs
(Vallabhapurapu and Karin, 2009%5enes incluster 8 linked to Nfe Bfamily
membersincluded Il1b, Tnf, Ccl2, Ccl4, Ccl7 and Cxcl2 (Figure 3.5) These data
therefore suggestthat N\+FB i s r a p i dMthyinfeatedtmacvophtagesind i n

this stimulateghe production of vital cytokines and chekmes.
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Transcriptional P-value of
Regulator overlap
NF-e B ( ¢ o mp 1.95x10%
STAT3 2.20x10"
EGR1 3.66x10"
NFKB1 3.66x10"
GLI2 1.20x10°

Table 3.2. Transcriptional regulators associated with cluger 8 by IPA analysis

Cluster 15, which was induced rapidly but transiently Nitb-infected
macrophagegFigure 3.6A) was associated with GO terms involved with gene
regul ation, such as ARegul ation of trans
and guReati on of (Figuree.4.8)khs was sl itodhe presence of
the transcription factorsos Fosh Fosl2 Myc, JunandEgrl (Figure 3.6B) Early
induction of these transcription factors would be expecteddolate transcriptioat
later time poins, for example, €¢-0s (encoded byros) is known to regulate the
production of I:10, IL-12 and | FNb downst r(Rllametaf TLR
2004; Kaiseret al, 2009) In addition, cluster 15 included ehhistone H3K27
demethylasemjd3 (Agger et al, 2007) suggesting that chromatin remodelling may
occur in response fdtb.

We noticed thatloster 15 contained many genes that are known targets of
the ERK MAP kinae signalling pathway. This included the transcription fadtoss
(Gineitis and Treisman, 2001; Kaisetral, 2009)andEgrl (Gineitis and Treisman,

2001; Haradeet al, 20Q1), the phosphatasd3uspl(Chenet al, 2002) and Dusp5
(Kucharskaet al, 2009) ler3 (Garciaet al, 2002; Hamelinet al, 2006) and the
histoneH3K27 demethylasdmjd3(Lin et al, 2011b)(Figure 3.@). To validate the
early expression of these genes, and the microatateyas a whole, gPCR was

carried out using the saniRNA as was used for microarray analysis. FigureC3.6
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shows thatFos Egrl, Duspl Duspj ler3 and Jmjd3 were induced rapidly in
macrophages infected withtb, but rapidly returned to baselinepnfirming the
results obseved using microarray analysis.

These results suggest that the ERK MAP kinase pathway is rapidly activated
in macrophages in response Mib infection, and that this pathway leads to the
induction of a transient cluster of transcription factors and transcriptional regulators.
The ERK MAP knase pathway is therefore likely to have an important bearing on
the subsequent macrophage response.prbiapted us to further ingégate the role
of the ERK MAP kinasgathway inMtb-infected macrophages, and the results are

presented in Chapter 5.

3.2.3.2.Further pro -inflammatory genesare contained in cluster 23

Like cluster 8, GO analysis of cluster 23 also showed a significant
association with pro nf | ammat ory functions, i ncl ui
activationo and #fAi nf | adniastclastey; howeves,pvasn s e 0
expressed later than cluster 8, with expression first induced at 3hinfeasion,
compared to 30minghr postinfection for cluster 8, showing that the inflammatory
response occurs in waves (Figure 3.7). This may suggegtifffeaént pathways and
transcription factorsegulatethese two clusters. Cluster 23 contained the cytokines
116, 1115 andlI27, the intracellular receptddod?2 the cell surface recept@d4qQ the
acute phase proteiBaa3 (serum amyloid A3) and the TLR aptor molecules
Myd88 and Ticaml (TRIF) (Figure 3.7) This cluster would therefore lead to
enhanced inflammation, but also lead to more specific responses such as the

activation of NK cells (IL15) and the mediation of T cell activation of macrophages

(Cd40), and illustrates the diversity of functions carried out by macrophages.
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3.2.3.3.Clusters associated with INOS induction

An important part of the macrophage respons&ito is the production of
reactive nitrogen intermediates (RNIs) by the enzyme iINOS, encgdedd2(Chan
et al, 1992 Chanet al, 1995. Two clusters were associated with the induction of
RNIs by IPA analysis; cluster 12 showed significant overlap with the IPA pathway
Arole of nitric oxide and r(EBigue3d3vand oxyge.
cluster 23 showed overlap with #Aproduct
speci es i n(Figued.44d idowever ah@ranscriptfound to be involved
with RNI induction Rapla Rhoy Rhog, RaplpJak2 and Pik3r5, are involved in
many dfferent signalling pathways. For exampRapla,Rhoy RhogandRaplbare
small GTPases known to regulate a large number of biological process including
cytoskeleton remodelling and cglioliferation (Kaibuchi et al, 1999) This
illustrates a caveat in the use of gdise interpretation software such as IPA, and
shows that associations should be coméid by literature searching. Howevere th
enzymeNos2 (iNOS) was strongly induced biyitb at 3hr posinfection, forming
part of cluster 4(Figure 3.8) suggesting that macrophages do produce RNIs in

response tdtb.

3.2.3.4Genes in cluster 4 are associated witlthe MHC class | antigen

processing pathwayand ubiquitination
Cluster 4 contains 372Zranscriptswhich are upregulated at-Ghr post
infection and remain upregulated up to 24hr pofection (Figure 3.4, Figure 38).
GO analysis of théranscriptsin cluster 4 found a strong association with the GO
terms fAcytosol o, Acyt opl as miavohement withc y t o p |

cytoplasmic processes (Figure 3)4 In addition, GO analysis found an overlap with
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the GO term fdApr ot e a sduante the pasgnde ek numerodsh i s
genes encoding subunits of the proteasome, incluéisigpa4 Psma7 Psmb2
Psmb3 Psmb5 Psmb7 Psmdl Psmdl4and Psmel(Figure 38). The proteasome is

a large, multisubunit protease complex found in the cytoplasm, and ianmscto
degrade proteins into short peptid®yas et al, 2008) The peptides produced are
loaded onto MHC class | molecules and presented on the cell surface, allowing
recognition ofantigens by CDBT cells which can lead to killing of the infected cell
through apoptosigBanchereau and Steinman, 199B)duction of the proteasome
genes inMtb-infected macrophages suggests that the MHC class | pathway may be
activated in response to infection. In support of this, cluster 4 also oehttie

MHC class | moleculeg2-K1 and H2-M2; and Erapl, an aminopeptidase which
further processes peptides in the endoplasmic reticulum (ER) prior to their loading
onto MHC class | moleculd§igure 3.8)Saricet al, 2002)

Analysis of cluster 4 by I PA found a
ubiqui tinat i on .1 bhighitmasy émall rateop that s co8aledtly
attated to other proteins by ubiquitin ligases, a process which regulates numerous
cellular processesThe association between cluster 4 and ubiquitination wparin
due to the proteasome subunits discussed above, as ubiquitination targets proteins to
the poteasome for degradatigivalynn and Ma 201Q. However, cluster 4 also
contained several ubiquitin ligases,cinding Smurfl Ube2mand Ube2k (Figure
3.8). This suggests that in responseMth infection, ubiquitin ligases are activated
and this leads to the degradation of proteins via the proteasome. This may play an
important role in the macrophage responseulaiguitination has been shown to
regulate many innate immune processes and signalling pathauagts as Nfe B

signalling(Malynn and Ma2010Q.
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3.2.3.5.Cluster 19 is associated with apoptosis

Cluster 19, consistingf 212 transcriptsinducedfrom 3hr postinfection by
Mtb (Figure 39), was strongly associated with GO terms involving apoptosis and
cell-death (Figure 3.4) . These were Aprogrammed cell
deat ho and A d& &end assofidied gith these t8Brmglwere theBcl
family membersBcl2alb, Bcl2alc, Bcl2aldndBcl3; the caspas€asp4 the death
receptorFas, the NLR family membeNIrp3; and the signalling moleculdRipk?2
andTraf2 (Figure 3.9)

However, cluster 19included genes with both prapoptotic and amti
apoptotic function The preapoptotic genes includdeas a 4fieeathchr o
upon binding of FasL initiates apoptosis via its cytoplasmic death domain, leading to
the activation of caspase 8. Caspagertodedoy Casp§ was also induced biyitb,
although it was found in cluster 2, as its expression was induced at 6hr and 24hr
postinfection. Cluster 19 also includé€tl2|11, which encodes for the protein Bim,

a Bcl2 family member involved in the initiation of g@osis(Figure 3.9)(Borner,
2003) Induction of these genes suggestkdt nacrophages undergo apoptosis in
response tdMtb infection, which has been shown to be an important process as
apoptosis of macrophages reduces the sprelttlofvithin the lungs, and leads to an
enhanced T cell response via crpsigning of CD8 T cells(Beharet al, 2011)

Anti-apoptotic genes in cluster i¥cludedBirc2 andBirc3, members of the
inhibitors of apoptosis (IAP) family of proteifgigure 3.9) IAP proteins inhibit the
activity of caspases, the enzymes responsibleneiatingapoptosis(Siegel, 2006)
Apoptosis has an important role in limitittge viability and spread dfitb, and leads
to crosspriming of he CD8 T cell responséBeharet al, 2011) As a result, irulent
Mtb strains, including H37Rv, are known ttively prevent apoptosis, leading
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instead to necrosis which promotéssemination oMtb (Divangahiet al, 2010;
Beharet al, 2011) Induction of antiapoptotic genes such &rc2 and Birc3 may

thereforerepresent a virulence strategy employedvitly to prevent apoptosis.

3.2.3.6.Association of cluster 9 with steroid biosynthesis

Both GO analysis antPA analysis strongly linked cluster 9 to the synthesis
of steroids (Figure 3.2). Transcriptsin cluster 9 were upregulated specifically at
6hr following Mtb infection (Figure 3L0). GO terms significantly associated with
cluster 9 i ncyrutdreat ificstpr od as sbhd,osiister ol
Achol esterol bi osynthetic processo. Ster.
is a sterol, strongly suggesting that genes involved in steroid biosynthesis are
upregulated in response ktb infection. In support of this, IPA showed a highly
significant overl ap between genes in cl
st er oi ds 02).Gdnésinwluster 93inket to steroid biosynthesis incltoed
enzymesFdps (farnesyl disposphate syratse),Mvd (mevalonate decarboxylase),
Pmvk (phosphomevalonate kinase)Nhdsl (pterot4-alphacarboxylate 3
dehydrogenase)Stard (Starrelated lipid transfer protein 5) ardss (Lanosterol
synthase) (Figure B0). Taken together, these results show thaicnmphages
activate pathways involving the biosynthesis of steroids at around 6hkinfexgton
with Mtb. This is relevant, as several studies have shown that cholesterol is vital for
the entry ofMtb into macrophages, and its persistence within macrasiagvivo
during latent infection(Gatfield and Pieters, 2000; Van der Geetal 2007;
Pandey and Sassetti, 2008hus, production of cholesterol and other steroids by

macrophages may favour thtracellularsurvival of Mtb.
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Cluster 9 also contained genes linked to the proteasome and proteasome
ubiquitination pathways, similarly to genes in cluster 4. GO analysis showed
significant overlap between cluster 9 an
showed sigi f i cant overlap with dAproted.n ubi g
Similarly to cluster 4, cluster 9 included several genes encoding subunits of the
proteasomePsmb10Psma% Psme2 Psmd8andPsmb6(Figure 310). Genes of the
proteasome are thereforenduced with different kinetics inMtb-infected
macrophages, with those in cluster 4 induftech 3hr, 6hr and 24hr postfection,
whilst those in cluster 9 were only induced at 6hr jufgtction. This may reflect

differing functions of the various pr@some subunits.

3.2.3.7.A type | IFN -inducible cluster of genes ifMtb-infected macrophages
Strikingly, cluster 2 showed highly significant overlap with the canonical
pat hway Al nterferon Signall i.}).ghiswaoof | owi n
interest asyipe | IFN has been reported to play a negative role dfitginfection
(Mancaet al, 2001; Manceet al, 2005; Ordwayet al, 2007; Antonelliet al, 2010)
and an interferon signature was recently reported in teddf patients with active
TB (Berry et al, 2010) Cluster 2 contained 25¥anscripts which were induced by
Mtb at 6hr and 24hr posnfection (Figure 3l1). Genes in this chkter linked to
interferon signalling by IPA included the transcription factstat] Stat2andIrf9,
the antiviral molecule$/x1, Oasla, Oaslg Oas2and Oas3andthe IFN-inducible
protein Ifit3 (Figure 311). Several other known IFWhducible genes werelso
present in cluster 2. Thegeluded the transcription factond2 andlIrf7 (Tamuraet
al, 2008);the IFN-inducible proteindfi44 and Ifit2; and the antiviral genésg20

(Espertet al, 2003) (Figure 3.11)n addition, cluster 2 included two membefshe
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tri-partite motif (TRIM) family of proteinsTrim34 andPml (TRIM19), which have
recently been suggested to play an important role in regulating the innate immune
response (McNabt al, 2010).

The I PA Ainterferon si gdealothityped &N c anon
and | FNo signalling. To determine the r
transcriptss n cl uster 2 were overlaid onto the
with genes present in cluster 2 highlighted in red (Figure 3.12A). Gewased in
both type | Il FN and | FNo2 signalling were
genes involved i n StitFINGandPsnhb®welelconmgnto t hr e e
type | IFN signalling,explaining the induction of this pathway in the abseote
I FNo2 ¢, @mdiluktiating the overlap between these two pathways (Figure
3.12A). The presence of genes unique to type | IFN signaliteg2 Mx1, Oasand
Ifit3 strongly suggested that type | IFN signalling was responsible for this cluster. In
support of this|fnbl, t he gene encodi ng | F-Mfectionwas up
(Figure 3.12B), in keeping with the appearance of type FilNicible genes at 6hr
postinfection (Figure 3.11)Howe v er , |l FNb protein was co
from macrophages infected witktb by ELISA (data not shown), suggesting that
low but biologically active concentrations of type | IFN are induced/ly. Taken
together, these data strongly suggest that type | IFN is induced by macrophages, in
response taMitb, and that this feeds back to regulate gene expression. This is in
agreement with previous studies reporting type | IFN inductioMib-infected

macrophageéStanleyet al, 2007; Pandegt al, 2009)
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3.2.3.8.Downregulated clusters are associated with DNA replication,

metabolism and ceHdivision

Of the clusters that were dovegulated followingMtb infection, several
showed significant overlap with GO terms related to metabolism andicision.
This was particularly sbng for cluster AFigure 3.4.2) andclustes 13, 16 and17
(Figure 3.4.3), which were dowmegulated betweerdhr and 24hr posgnfection
(Figure 313-3.16).

Genes in clusters 7 and 17 were significantly associated with metabolic
processes, with highly gini f i cant overl ap wi t h t he
macr omol ecul e metabolic processo and AcEe
(Figure34.2, and fAcatalytic activityo and fAmet
3.43). This included numerous enzymes aixed in metabolism and catabolic
processes. Cluster 7 contain@®flgaltl (beta 1,4galactosyl transferase)Cbrl
(carbonyl reductase 1¥;oasy(CoA synthase)Phdh (dihydrodiol dehydrogenase),

Gpt2 (glutamic pyruvate transaminaségmtl (leucine carboxymethyltransferase)
andUmps(urindine monophosphate synthetase) (Figure 3.13). Cluster 17 contained
Acp6(acid phosphatase 83alt (galatcosel-phosphate urididyltransferas€npdal
(glucosamines-phosphate deaminase 1) @ldb2 (phospholipase C, beta gigure

3.14).

Cluster 13, which was strongly downregulated at 3hr, 6hr and (Edduire
3.15) contained genes with a significant overlap with GO terms involving cell
di visi on, i ncluding fimitosi so, Anucl ear
(Figure3.4.3). Genes in cluster 13 associated with these terms were members of the
cyclin family of proteins,Cnnm2and Cnnm3 which control cell division through

activation of tle cyclin dependent kinasethe centromere proteirSenph Cenpk
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Cenpmand Cenpp and the kinesin family membeksfll, Kif13A, Kifl5, Kif18A,
Kif20b, Kif21b, Kif23, Kif2c and Kif3a (Figure 3.15) which control chromosome
segregation during mitosis (Mandelkow and Mandelkow, 2002).

In keeping with a downregulation of genes imen in celldivision, the
genes in cluster 16 were strongly associated with DNA replication, a vital stage in
the celtcycle (Figure 3.48). Genes in cluster 16 were downregulated at 6hr and 24hr
following Mtb infection, although the downregulation wasatelely mild compared
to clusters 7, 13 and 19 (Figure 3.1@hese genes were upregulated in the
uninfected controls at 24hr peasfection, suggesting that DNA replication may
occur in uninfected macrophages (Figure6R.GO terms associated with clusfié
i ncluded ADNA metabol ic pr oces.8.0lPAand A C
confirmed this association, as cluster 16 was significantly linked with the IPA
pat hways Acel | cycl e control of chr omo
met abol i s ma@). Thédemes in elustdr .16that linked to DNA replication
pathways included several members of the minichromosome maintenance complex,
Mcm3 Mcm5 Mcmg Mcm7 and Mcm1Q which is involved in the initiation and
elongation stages of DNA replication (Figurel®). Also in cluster 16 are two
subunits of the GINS compleginsland Gins2 which are also involved in DNA
replication(De Falcoet al, 2007) and a subunit of the DNA polymerase enzyme,
Pole(Figure 3.16).

In summary, analysis of clusters 7,,113 and 17 strongly suggesthat
macrophages down regulate genes involved in metabolismgligisiion and DNA
replication in response tltb infection. This may be to allow the macrophages to
direct resources towardsntamicrobial processes, such as the production of

cytokines, chemokines and antimicrobial molecules.
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3.2.3.9.The downregulated cluster 1ds associated with lysosome function

Although the majority of downregulated clusters were associated with either
metabolism orcell-division, genes in cluster 10 showed a significant association
with GO terms relating to the | ysosome,
Avacuol e 0.2 (Thi$ vgas intriguir® asdlysosomes and lysomomal enzymes
are vital for protectiomagainst intracellular pathogens suchMth, as fusion of
vacuoles containinyltb with lysosomes leads to the destruction of the bacteria and
the generation of peptides for antigen presentation (Pieters, 2008). The genes in
cluster 10 associated with lysames were predominantly genes encoding lysosomal
enzymes. This included peptidases such as the cathe@sisand Ctsly Galc
(galactosylceramidaseljexa (hexosaminidase) antippl (tripeptidyl peptidase 1).
In addition, several enzymes involved in cdrnpdrate digestion were present in
cluster 10, includingMann2bl(mannosidase) an@usb(glucoronidase B) (Figure
3.17). Given the importancef the lysosome in mediatingvitb killing in
macrophages, it is possible that this downregulation of lysosomal genas
virulence strategy dfitb, designed to avoid macrophage killiagd enablindtb to

persist within the cell
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3.3.Discussion

The interactions betweeMtb and macrophages are complex, with the
macrophage attempting to eliminate the bacteria, Mtidtrying to subvert these
processeqPigers, 2008) The outcome of these interactions may be critical in
determining the progression of the disease. Here we carried out transcriptional
profiling of Mtb-infected macrophages over an extended time course. This revealed
that the macrophage resperte Mtb changes greatly over time, with genes induced
and repressed with varying kinetics. We separated these genes into 24 akisters
k-means clusteringand analysis of these with IPA and GO analysis found
associations with a wide range of importgrbcesses, including inflammation,
antigen presentation, apoptosis, protein ubiquitination, sterol biosyntleedis

division and metabolism.

3.3.1.The early transcriptional response toMtb infection

Previous microarray studies bftb-infected macrophages dibt address the
response of macrophages Ntib earlier than 4hr poshfection (Ehrt et al, 2001;
Chaussabedt al, 2003; Shiet al, 2003; Wanget al, 2003; Shiet al, 2005; Tailleuxet
al, 2008; Kooet al, 2012)(Table 3.1) We show here that although the majority of
macrophage transcriptional changes occur at@istinfection and latera small
number oftranscriptsvereupregulated at between 30mins and 1hr-puettion. k-
means clustering showed that theéssnscriptscomprised two main clusters; one
with sustained upregulation up to 24hr pwodection (cluster 8)associated with
induction of cytokines, chemokines and B s i g raral al seaorgd, with
transient upregulation, containitiganscriptswhich peaked at 1hr postfection and

returned to baseline by 3hr pastection (cluster 15)associated with traariptional
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regulation and ERK MAP kinase signallinghis illustrates the importance of
including earlytime poins in this analysis, particularly with regard to thenscripts

in cluster 15, which would not have been detected had the analysis staBted at
postinfection.

Many of the genes in cluster 8 were finlammatory in nature, such as the
cytokinesTnfandll1lb, and the chemokingscl2, Ccl3, Ccl4, Ccl7, CxcllandCxcl2
The production of chemokines in particular results in the influx of fuithenune
cells into the site of infection, which is a vital process dulifty infection as it
culminates in the formation of the granuloma which sequeM#rswithin foci of
immune cellg(Flynn et al, 2011) For example, loss dEcl2 and Ccl7 signalling in
Ccr2” mice infected wittMtb led to a complete loss of monocyte recruitment to the
lung, and failure to control the infeéoh (Peterset al, 2001) TNFU-1dndarlelL
also highly preinflammatory in nature, although their precise function in the
immune responst® Mtb is unclear(Cooperet al, 2011. However, loss of either of
these cytokines renders mice highly susceptiblglttminfection (Flynn et al, 1995;
MayerBarberet al, 2011) Thus, this early production of cytokines and chemokines
by Mtb-infected macrophagdn the lungis likely to represent a vital first stage in
mountirg a protective immune response.

The transienyl induced genes in cluster 15 included many transcription
factors and transcriptional regulators, suchFas Egrl, Jun Myc and the histone
H3K27 demethylaselmjd3 These transcription factors are likely to induce the
transcription of the genagregulagd at latertime poins, leading to the cascade of
gene activation observed. Further work will be needed to address the precise
function of these transcription factors in the immune responsiitomaking use of

either specific inhibitors or gene knocksuln particular, the induction of the histone
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demethylasdmjd3is notable in the light of recent studies showing that bacteria can
stimulate chromatin modifications in host cells as a virulence mechanism, to modify
gene expression(Hamon and Cossart, 2008)For example, thelListeria
monocytogenesirulence factor LntA was recently shown to target the chromatin
repressor BAHD1, which resulted in increased exjwassf type Il IFN (Lebreton

et al, 201). To date,Mtb virulence has not been linked to chromatin remodelling,
but the early induction of a histone demethylasenacrophagesuggests that this

may occur, and waants further investigation.

3.3.2.A type | IFN signature in Mtb infected macrophages

Using IPA analysisyve identified a cluster of genes strongly linked to IFN
signalling. This cluster (cluster 2) was induced at 6hr and 24hrifestion, and
contained manyvell known IFNinducible genes including the transcription factors
Statl Stat2and Irf9 and the antiviral geneslxl, Oasla Oaslg Oas2,0as3and
Isg20 (Stark et al 1998; Sadler and Williams, 2008nduction of this cluster
occurred subsequéntto the expression of F NbRNA at 3hr postnfection,
strongly suggesting that type | IFN was responsible for the induction of this cluster.
Al t hough | FNb was not detectable at the
known to often b@roducedat low but biologically active level§&Goughet al, 2012)

Several previous studies have reported induction of type I IFNs, particularly
Il FNb, i n macr opMta(@iaceminienal 2001t Stadlewival 2087;
Leberet al, 2008; Pandet al 2009; Manzanillcet al, 2012) This was shown to
depend on cytosolic recognition bftb or Mtb-components by either NOD2eber
et al, 2008; Pandegt al, 2009)or a cytosolic DNA sensor (Manzanilét al, 2012).

In addition, the upregulation of type | IFN inducible genes has been reported in
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human macrophages and Di@fected withMtb (Chaussabett al, 2003; Tailleuxet
al, 2008; Wuet al, 2012) IFN-inducible genes aralsoupregulated in the blood of
patients with active TB, but not those with latent TB or healthy conBagy et al,
2010) Induction of type | IFN and IFNhducible geneseems to beommon to both
human and mouse cells infected wiitib, and may playan important role during
infection.

Mouse models have showthat type | IFN plays a detrimental role in the
immune response tdltb, with mice deficient in type | IFN signalling having lower
bacterial loads following infectiofMancaet al, 2005; Ordwayet al, 2007; Stanley
et al 2007) The induction of type | IFN may therefore be a virulence stratégy
Mtb to subvert the macrophage response. This is supported by the fact that induction
of type | IFN byMtb, bothin vitro andin vivo, depends on the ESX secretion
system(Stanleyet al, 2007) This secretion system is crucial fdtb virulence, and
loss of the genes encoding it accounts for the attenuation of(B@@et al, 2002)

The obsgrvation of type | IFNinducible genes iMtb-infected macrophages
prompted us to further investigate how type | IFN regulates the macrophage

response, and the results are shown in Chapter 4.

3.3.3.Mtb induction of genes involved in cholesterol biosynthesis

We found that a number of genes involved in the biosynthesis of steroids,
including cholesterol, were upregulated followiMib infection (cluster 9 Figure
3.4.2). This was confirmed by both GO and IPA analysis and included the enzymes
phosphomevalonate kisa PmvR and mevalonate decarboxylatdvd), which are
involved in the mevalonate pathway, a biosynthetic pathway that produces the

precursors for a wide range of steroids, including cholest&aldstein and Brown,
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1990) These results are in agreement with a recent stuéobyt al (2012), which
described the induction of steroid biosynthesis genes, inclulfag by the
hypervirulent strain oMtb HN878, but not by the less virulent strain CDC1551. We
show here that H37Rv also induces genes involved in steroid biosynthdsistion

of these genes hyitb therefoe appears to be strain specific, and induction of these
genes to differing levels may in part explain differences in virulence observed
between different strains Mtb.

The induction of steroid biosynthesis genes ymepresent a virulence
strategy ofMtb. It was reported thad#ltb is able to metabolise cholesterol, and this is
dependent upon genes in th&ce4 operon, which encodefor transporters that
transport cholesterol across the bacterial cell wBlkndeyet al, 2009) The
importance of this was shown by the fact that mubtit deficient inmce4were
unable to survive in the lung during the chronic stages of infection in mice, showing
that cholesterol metabolism is raepd for Mtb persistencen vivo (Pandeyet al,
2009) In human TB the production of lipids such as cholesterol leads to the
appearance of Afoamyo macrophages in the
droplets (Russellet al, 2009) Electron microscopy has shown thvdtb is closely
associated with these lipid droplets in the lungs of Hiepts, and it has been
hypothesised that this provides an energy source which emdtiiés persist within
the lungs during the latent stage of infect{®meters, 2001; Russedt al, 2009) In
addition, choleterol is required for the entry ahycobacteriainto macrophages,
through a variety of recepto(&atfield and Pieters, 2000; Peyrenal, 2008) Our
results therefore suggest thdtb generates the production thfese steroids such as

cholesterol by manipulating host metabolism, through inducing enzymes involved in

114



Chapter 3: The macrophage transcriptional responigiito

the generation of lipids, and that this may endltb to enter macrophages, and

persistwithin them.

3.3.4.Induction of apoptosis related genes biitb

A prominent cluster of genes upregulated at 3hr, 6hr and 24hirfestion,
cluster 19Figure 3.4.4)was strongly associated with GO terms relating to the death
o f cell s, including Aapadetad Hioso Tamda
suggested that magbages were undergoing cell death in responddtbo There
are two main mechanisms leading to cell death; apoptosis and neBelsisdt al,
2011). Necrosis is characterised by the disruption of the plasnarangwhereas
during apoptosis the integyitof the plasma membrane is preserved, and the cell
breaks up into many small vesicles (blebbiBgharet al, 2011) The death of
macrophages by apoptosis is known to promote the host respoigtb,tdirst
because it leads to reduced vialilif Mtb (Oddoet al, 1998; Divangahet al, 2009)
and second because the apoptotic vesicles coMid@imntigens, which are taken up
by DCs and used to crepsime CD8 T cells, leading to an enhanced CD8cell
response(Schaibleet al, 2003; Winauet al, 2006; Divangahiet al, 2009) The
expression of prapoptotic genes, such kasandBcl2I11, is therefore likely to be
protective in the host response. In support o, thpoptosis mediated through the
Fasreceptor has been shown to reditb viability in human macrophagé®©ddo
et al, 1998)

However, Mtb has also been shown to actively inhibit apoptosis in

macrophages, leading instead to necrosis which promotes inflammation and bacterial

disseminatior{Beharet al, 2011) Evidence for this comes from studies shagvihat

virulent strains ofMtb induce greater levels of necrosis compared to avirulent
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strains, which are more prone to induce apopi@enet al, 2006; Garet al, 2008;
Divangahiet al, 2009) The virulent s&in of Mtb, H37Rv, has consistently been
shown to induce greater levels of necrosis in macrophages compared to the avirulent
strain H37Ra, through increased disruption of the mitochondrial membrane €Chen

al, 2006) and manipulation of the synthesis ofosanoids(Gan et al, 2008;
Divangahiet al, 2009) We also observe the upregulation of @poptotic genes in
Mtb-infected macrophages, specifically two members of the inhibitor of apoptosis
(IAP) family, Birc2 and Birc3, which prevent apoptosis by inhibiting the activity of
caspasegSiegel, 2006) Mtb may induce expression dBirc2 and Birc3 as a
virulence mechanism, in order to prevent apoptosis, resulting in macrophage death

by necrosis and increased bacterial dissemination.

3.3.5.Upregulation of MHC class l-related antigen processing genes

in Mtb-infected macrophages

Cluster 4(Figure 3.4.1)cortained many genes involved with processing of
antigens for presentation on MHC class | molecules. Antigens presented on MHC
are derived from the cytosol of cells, and typically derive from cytosolic pathogens
such as viruseg¢Vyas et al 2008) Peptide antigens presented on MHC class |
molecules are then recognised by CDB cells, and this leads tdeathof the
infected cell(Vyaset al, 2008) The generation of these peptides occurs through the
action of the proteasome, which degrades proteins into short peptides which are then
transported into the ER lfze TAP (transporter associated with antigen processing)
transporter In the ER, peptides are further processed by peptidases such as the ER
aminopeptidase (encoded Mrapl), loaded onto MHC class | molecules and

transported to theell surface(Vyaset al, 2008) Cluster 4 contained a large number
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genes encoding subunits of the proteasadme MHC class | molecules, HR1 and
H2-M2, andthe aminopeptidasErapl This strongly suggested that the MHC class
| antigen presentation pathway was aatiiéd inMtb-infected macrophages.

CD8" T cells are known to recogniddtb antigens during infection, and
although not as important as CDB cells, still play an important role in containing
bacterial growth(North and Jung, 2004However, given thaMtb resides in th
phagosome, which is restricted to the MHC class Il pathway,Mtivantigens enter
the MHC class | pathway and activate CDB cells has been an area of much
research. Two pathways have been proposed for the entry of exogenous antigens into
the MHC clasd pathway (a process known as ckpsgning or crosgpresentation)
(Vyaset al, 2008) First, antigens may exit from the phagosante the cytosqlbe
processed by the proteasome antkr the ER vighe TAP transporteras in classical
MHC class | antigen processing (the cytosolic pathweygs et al, 2008) Second,
antigens in the phagosome may traffic to actesontaining recycled MHC class |
molecules, and thus bypatse proteasome and ER (the vesicular pathw@ygas et
al, 2008) In the context oMtb, several studies have shown thedsspresentation
of a variety of Mtb antigens by human monocyte derived DCs requires the
proteasome and the TAP transporgerggesting thatitb antigens enter the cytosol,
although exactly howMtb antigens exit from the phagosome remains unclear
(Lewinsohnet al, 2006; Grotzkeet al, 2009; Grotzkeet al, 2010) However, in
contrast to these studies, crggssentation of the 19kDa antigenMfb was shown
to be TARindependent(Neyrolles et al, 2001) and crosspriming of apoptotic
vesicles by bystandddCs was also shown to be proteasandependen{Schaible
et al, 2003) supporting a role for the vesicular pathway. Our resulppart a role

for the cytosolic pathway, as many genes involved in this pathparicularly
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proteasome subunits and the TAP transpowere upregulated by macrophages in
response tdvitb. However, this does not exclude a role for the vesicular pathway,

and it may be that both pathways are important depending dftihentigen.

3.3.6.Macrophages downregulate many genes in responseNtib

infection

It was notable that despite infection withMtb being regarded as an
Aactivatingo si gn alsmangtnansan@svereocdpwmagulated, al m
in response to infection, as were upregulated. This effect has been consistently
observed in microarray studies of innate immune cells treated with a wide variety of
pathogens and pathogen derived products includitp (Nau et al, 2002;
Chaussabedt al, 2003; Ramsewgt al, 2008) but the function of these genes has not
been investigated in detail. In our study, GO analysis of several clusters of
downregulated transcripts found them to be significantly associated with
metabolism, celbivision and DNA replication. lttherefore seems likely that
macrophages shut off these processes in order to direct resources towards the
antimicrobial response, such as the production of cytskimlemokines and
antimicrobial molecules as shown above.

However,onecluster of downregulated ges was associated with lysosome
function Lysosomes are intracellular vesicles of low pH which contain various
hydrolytic enzymes capable of destroying pbagosed material, and the
downregulated genes in this cluster included several lysosomal enzymes such as
Cathepsin F ¢tsf) and Cathepsin BQfsh (Vergne et al, 2004) Normally,
phagosomes containing bacteria fuse with lysosomes, leading to bacterialaqling

the generation of antigens for presentatonMHC class Il moleculegvyas et al,
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2008) However,Mtb has evolved to block the maturation of the phagosome and its
subsequent fusion with |lysoesmmed Chnewhi
it can replicate(Vergne et al 2004) Mtb achieves this by preventing the
accumulation of phosphatidylinositol@hosphat€PI13P) on the phagosome surface,

a process which is required for phagosome matur@Baiers, 2008)It is tempting

to speculate that the downregulation of lysosome associated genes may represent an
additional mechanism by whickitb blocks phagosomdysosome fusionHowever,

these genes are downregulated only at 24hripéesttion, well after the first entry of

Mtb into the macrophages, and thus may instead be a natural response of
macrophages to thestablishment of infection. Further research will be needed to

determinewhether this represents a true virulence stratedwtbf

3.3.7.Use of IPAand GO analysis to investigatéunctions associated

with differentially expressed genes

We used two independentrategies to try and determine the functions of
clusters of genes generated lbyneans clusteringsing GeneSpringThe first was
gene ontology (GO) analysis, which uses the GO database, a resource where genes
are annotated with terms relating to theirduon, based on the published literature
(Harriset al, 2004) An exampl e would be the cytoki
with the GO terms Acytokineo and dAcyt oki
approach, Ingeuity Pathway Analysis (IPA) was also us®de used IPA analysis to
determine significant associations with canonical signalling pathways in IPA, which
are built based on interactions reported in the litera{@&vano et al, 2005)

STAT], for examplewould be linked to the IFN signalling pathway
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Our results highlight the pros and cons of both approaches. In general, IPA
generated more specific information about the potential functions of different
clusters. Foexample, IPA linked cluster 2 with IFN signalling, due to the presence
of Statl Stat2 Irf9 and Mx1. In contrast, GO analysis found associations with the
Ai Mmmune processo and Ai mmune system proc
information on thesignalling pathways regulating these gendewever, GO often
gave useful biological information on clusters in which no significant IPA clusters
were foundFor example, the downregulated clusters of genes linked tdigedion
and metabolism by GO analysshowed no association with IPA pathways. This
may reflect the fact that analysis of signalling pathways by IPA cannot encompass
broad cellular functions such as metabolism.

In general, however, the results of both IPA and GO analysis should be
treatedwith caution, aghe information in these databases is generated from vast
amounts of published literature, which may not always be scientifivallgated
For example, an interaction or function of a gene reported in direelmay not
reflect its truefunction in a primary cell oin viva. Thus, it is important to validate
suggested IPA and GO functions by manually searching the published literature to

confirm these associations.
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Figure 3.1. Mtb-infected samples at 3hr, 6hr and 24hr posinfection cluster
separately from uninfected controls WT macrophages were infected wittib and

at the indicated time points pasfection RNA was harvested arahalysed by
microarray Data was normalisecand undetectabldranscriptswere removedas
described in the Materials and Methods. Unsupervised clustering was then applied to
the samples, using a Euclidian distance metric.
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Figure 3.2. Macrophages inected with Mtb undergo dramatic transcriptional
changes WT macrophages were infected witktb and at the indicated time points
postinfection RNA was harvested and microarray analysis was carried out. Data was
normalisedand undetectablanscriptswereremovedas described in the Materials
and Methods. Differentially regulated transcripts were obtained by taking those that
were at least-2old up- or dowrregulated in infected samples vs. controls at any time
point, and those that were significantly difat bytwo-way ANOVA p<0.05 with
Benjamini Hochberg FDR multipléesting correction. This left 6478anscripts
which were subjected to hierarchical clustering using Peacsotred distance
metric and complete linkage. Normalised expression was viedalising a heat
map.
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Figure 3.3. Mtb induced transcriptional changes can be separated into distinct
clusters. The 6479differently expressettanscriptan Figure 3.2 were separated into
24 clustes by k-means clustering, using RearsonCentreddistance metricThe
normalisedexpression profile of theanscriptdn each cluster is shown.
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Figure 3.4.1. Mtb-induced transcriptional clusters are associated wit a wide
range of GO terms and IPA pathways Each of the 2«-means clusters described

in Figure 3.3.were analysed by GO and IPA. GO terms and IPA pathways with
significant overlap (p<0.01) are displayed next to expression profiles of the
corresponding cister. Associations of the clusters with functions and signalling
pathways as determined by literature searching, and the genes assacettsh
shown.
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Figure 3.4.2. Mtb-induced transcriptional clusters are associated with a wide
range of GO terms and IPA pathwaysEach of the 2«-means clusters described

in Figure 3.3.were analysed by GO and IPA. GO terms and IPA pathways with
significant overlap (p<0.01) are displayed next to expression profiles of the
corresponding clusterAssociations of the clusters with functions and signalling
pathways as determined by literature searching, and the genes assacettsh

shown.
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Figure 3.4.3. Mtb-induced transcriptional clusters are associated with a wide
range of GOterms and IPA pathways Each of the 2«-means clusters described

in Figure 3.3.were analysed by GO and IPA. GO terms and IPA pathways with
significant overlap (p<0.01) are displayed next to expression profiles of the
corresponding clusterAssociationsof the clusters with functions and signalling
pathways as determined by literature searching, and the genes assacettsh
shown.
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Figure 3.4.4. Mtb-induced transcriptional clusters are associated with a wide
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Figure 3.6. Cluster 15 is associated with ERK MAPkinase signalling. (A)

Expression profile of cluster 15(B) Genes in cluster 15 were clustered
hierarchically using Pearsa®ntreddistance metric with complete linkage. (C) The
same RNA was analysed by qPCR for expression of selected genes in cluster 15.
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Cluster 23: Pro-inflammatory
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Figure 3.7. Cluster 23 is associatt with pro-inflammatory functions. (A)

Expression profile of cluster 23. (B)ranscriptsin cluster 23 were clustered
hierarchically using Pears@entreddistance metric with complete linkage.
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Cluster 4: MHC class | pathway and ubiquitination
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Figure 3.8. Cluster 4 is associated withite MHC class | antigen presentation
pathway, and ubiquitination. (A) Expression profile of cluster 4. (Byanscriptsn
cluster 4 were clustered hierarchically using Peaxsnireddistance metric with
complete linkage.
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Cluster 19: Apoptosis and Cell-Death
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Figure 3.9. Cluster 19 is associated with apoptosis and caleath. (A) Expression
profile of cluster 19. (B)Yranscriptdan cluster 19 were clustered hierarchically using
Pearsortentreddistance metric with complete linkage.
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Figure 3.10. Cluster 9 is associated with steroid biosynthesigA) Expression

profile of cluster 9. (B)Transcriptsin cluster 9 were clustered hierarchically using
Pearsorcentreddistance metric with complete linkage.
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Figure 3.11 Cluster 2 is associated ith IFN signalling. (A) Expression profile of
cluster 2. (B)Transcriptsin cluster 2 were clustered hierarchically using Pearson
centreddistance metric with complete linkage.
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Figure 3.12. Type | IFN is strongly associated with genesni cluster 2. (A)
Transcriptsin cluster 22 wereoverlaid on the canonical pathway of IPA for
Interferon Signalling.Genes overepresented in Cluster 2 are shaded in red. (B)
Normalised Expression dfnbl determine by microarray analysis followiniyitb
infection ofmacrophages.
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Figure 3.13. Cluster 7 is associated with metabolism(A) Expression profile of
cluster 7. (B)Transcriptsin cluster 7 were clustered hierarchically using Pearson
centreddistance metric with complete linkage.
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