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Abstract 

Mycobacterium tuberculosis is an important global cause of mortality and 

morbidity. The major host cell of Mycobacterium tuberculosis is the macrophage, 

and Mycobacterium tuberculosis is able to subvert the macrophage response in order 

to survive and replicate. The majority of infected individuals mount an immune 

response capable of controlling Mycobacterium tuberculosis infection. This requires 

the cytokines IL-12, TNFŬ, IL-1 and IFNɔ, which promote eradication or control of 

infection. However, other immune factors, including IL-10 and type I IFN, can 

inhibit this protective response. 

 In this study we have used microarray analysis to study the temporal 

response of macrophages to Mycobacterium tuberculosis infection, in an unbiased 

fashion. In response to Mycobacterium tuberculosis infection, macrophages 

produced cytokines and chemokines, upregulated genes involved with major 

histocompatability class I antigen presentation, activated both pro- and anti-apoptotic 

genes and downregulated many genes involved in cell-division and metabolism. We 

also observed the early induction of genes regulated by the extracellular-regulated 

kinase (ERK) MAP kinase pathway, and the upregulation of genes known to be 

induced by type I IFN, leading us to further investigate the role of these pathways in 

the macrophage response to Mycobacterium tuberculosis. Both pathways were found 

to regulate the production of protective and detrimental cytokines in macrophages in 

response to Mycobacterium tuberculosis infection. In addition, microarray analysis 

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

to Mycobacterium tuberculosis infection. Finally, type I IFN was found to inhibit the 

macrophage response to IFNɔ, including IFNɔ-mediated killing of Mycobacterium 

tuberculosis in macrophages, a crucial step in the control of Mycobacterium 
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tuberculosis infection in vivo. We have therefore identified important regulatory 

mechanisms in macrophages, which are likely have an important role during 

Mycobacterium tuberculosis infection in vivo. 
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1.1. Tuberculosis and Mycobacterium tuberculosis 

1.1.1. Tuberculosis: a major global health problem 

Tuberculosis (TB), caused by the bacterium Mycobacterium tuberculosis 

(Mtb), has been a cause of mortality in human beings for thousands of years (Salo et 

al, 1994). However, despite great progress in the understanding of TB since the 

discovery of Mtb by Robert Koch (Koch, 1882) there were 8.8 million new TB cases 

in 2010 and 1.45 million deaths (WHO, 2011). The majority of the global TB burden 

is in the developing world, particularly in Asia and Sub-Saharan Africa (WHO, 

2011). 

Following the discovery of effective antibiotics for the treatment of TB, such 

as Streptomycin, it was thought that TB could be controlled and potentially 

eradicated. However, there has been a steady increase in the global burden of TB 

over the last 20 years, for three important reasons (Dye and Williams, 2010). First, 

although antibiotics are a highly efficacious and cost-effective means of treating TB, 

the rise in multi-drug resistant (MDR) strains of Mtb has hampered these efforts, and 

threatens to become a major health problem (Jassal and Bishai, 2009). Essentially 

untreatable extensively drug-resistant (XDR) strains are now being reported, which 

are associated with high mortality in HIV patients (Jassal and Bishai, 2009). Second, 

the human immunodeficiency virus (HIV) epidemic has fuelled the global rise in TB 

cases. HIV infects and kills CD4
+
 T cells, leading to a greatly increased risk of 

developing TB (Kwan and Ernst, 2012). Almost a quarter of TB deaths in 2010 

occurred in HIV positive individuals, and TB is the biggest killer of patients with 

acquired immune deficiency syndrome (AIDS) (WHO, 2011). Finally, the lack of an 

effective vaccine against Mtb is a major problem (Kaufmann, 2012). Although the 
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current vaccine, Mycobacterium bovis bacillus CalmetteïGuérin (BCG), can protect 

children against rare forms of disseminated TB (Trunz et al, 2006), its efficacy in 

protecting adults from pulmonary TB, the most common form of the disease, is 

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

1.1.2. The outcome of infection with Mtb 

TB is predominantly a lung infection, although it can disseminate to other 

organs (Lawn and Zumla, 2011). Mtb is spread from person to person via the aerosol 

route, in water droplets containing infectious bacteria which penetrate into the 

alveoli and initiate infection (Lawn and Zumla, 2011). There are several possible 

outcomes for an individual following infection with Mtb (Flynn and Chan, 2001b) 

which are summarised in Figure 1.1. 

A small percentage of infected individuals are unable to control the initial 

infection, and develop acute active disease, characterised by fever, weight loss, night 

sweats and a persistent cough (Flynn and Chan, 2001b; Lawn and Zumla, 2011). 

However, the majority of infected individuals mount an immune response capable of 

controlling, but not clearing, the infection (Barry et al, 2009). This state, known as 

latency, is defined by evidence of an adaptive immune response to Mtb antigens, as 

shown by the tuberculin skin test (TST) to mycobacterial antigens, or the IFNɔ 

release assay (IGRA) to Mtb-specific antigens, with an absence of disease symptoms 

and contagiousness (Flynn and Chan, 2001b). However, it is becoming increasing 

appreciated that latency as determined by the TST or IGRA is likely to encompass a 

spectrum of different disease states, ranging from a resolved infection to subclinical 

disease (Barry et al, 2009). 
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Approximately one-third of the worldôs population is latently infected with 

Mtb, and around 10% of these will  go on develop active TB, often years after the 

initial infection (Dye et al, 1999) (Figure 1.1). The immune system is vital in 

maintaining latency, and factors that compromise the immune system, such as HIV 

co-infection or neutralisation of TNFŬ, dramatically increase the risk of reactivation 

(Keane et al, 2001; Kwan and Ernst, 2012) (Figure 1.1). 

 

Figure 1.1. The outcome of infection with Mtb 

1.1.3. Different strains of Mtb show increased virulence and may 

affect disease outcome 

One factor that may have an influence on disease outcome is the strain of Mtb 

with which an individual is infected (Nicol and Wilkinson, 2008). Research into Mtb 

genetics has revealed that the Mtb complex consists of seven main lineages (two of 

which include strains of M. africanum) which are associated with different 
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geographical regions (Gagneux and Small, 2007; Hershberg et al, 2008). These 

findings have prompted research to address whether different strains of Mtb are 

associated with changes in virulence, and changes in the immune response, 

predominantly by comparing different strains in animal models (Hershberg et al, 

2008) or human and mouse cells (Reed et al, 2004; Newton et al, 2006). Several 

strains of Mtb have been identified that show increased virulence in animal models 

compared to reference strains such as H37Rv, and prominent among these are 

members of the W-Beijing family (Parwati et al, 2010). Members of this family such 

as HN878 are hypervirulent in mouse models (Manca et al, 2001) and infection of 

humans with W-Beijing family members has been associated with an increased 

likelihood of reactivation (Kong et al, 2007). One mechanism behind the increased 

virulence of W-Beijing strains appears to be an ability to suppress the production of 

important cytokines from innate immune cells (Reed et al, 2004). In addition, other 

Mtb strains not in the W-Beijing lineage can suppress the host immune response; one 

study isolated an Mtb 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 IL-12p40 (Newton et al, 2006). Thus, 

the outcome of infection with Mtb 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 importance of the immune response in controlling Mtb, how the 

immune system responds to Mtb infection has been studied extensively in recent 

years, primarily using animal models. This has shown that the immune response to 

Mtb consists of several key stages, culminating in the control of the infection in the 
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lung (Figure 1.2). The first stages involve the interactions of Mtb with cells of the 

innate immune system, which is discussed below. 

 

Figure 1.2. An overview of the immune response to Mtb.  

1.2.1. The innate immune system 

The first immune cells encountered by Mtb following infection are those of 

the innate immune system (Figure 1.2). The role of innate immune cells, which 

include macrophages, dendritic cells (DCs) and neutrophils, is to rapidly detect and 

eliminate pathogens entering the body, and to activate the adaptive immune response 

(Medzhitov, 2007). Innate immune cells must therefore be able to respond 
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specifically to pathogens, such as Mtb, as inappropriate responses could lead to host 

damage or immunosuppression (Smale, 2010).  

Specificity is initially achieved through pattern recognition receptors (PRRs), 

germ-line encoded receptors expressed on immune cells (Janeway and Medzhitov, 

2002). PRRs recognise molecular structures that are unique to microorganisms, 

which are known as pathogen-associated molecular patterns (PAMPs) (Medzhitov, 

2007). A classic example of a PAMP is lipopolysaccharide (LPS), a molecule 

specific to the cell walls of gram-negative bacteria (Kawai 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 presentation (Medzhitov and Horng, 2009).  

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

It is thought that the first innate immune cells to encounter Mtb are lung-

resident alveolar macrophages (Flynn and Chan, 2001a). Mtb infects alveolar 

macrophages and although these cells are specialised to destroy foreign material 

such as bacteria, it has long been recognised that Mtb has evolved to avoid these 

killing mechanisms, and actively replicates within macrophages (Armstrong and 

Hart, 1971). Replication results in inflammation and the influx of further innate 

immune cells into the lung, including monocytes, macrophages, DCs and neutrophils 

(Wolf et al, 2007; Skold and Behar, 2008). Although macrophages are thought to be 

the major infected cell type, experiments with GFP labelled Mtb have shown that 

monocytes, DCs and neutrophils can also become infected (Wolf et al, 2007). 
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Infected neutrophils have also been reported in the lungs of human TB patients (Eum 

et al, 2010). 

 

Figure 1.3. An overview of the macrophage response to Mtb 

1.2.3. The interactions between Mtb and macrophages 

As the macrophage is one of the major infected cell types during Mtb 

infection, and is thought to mediate Mtb killing, the interactions between Mtb and 

macrophages are crucial, and have been extensively studied (Pieters, 2008). These 

interactions are summarised in Figure 1.3. Several important processes are activated 
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in macrophages upon encountering Mtb, including phagocytosis and the destruction 

of Mtb, and the induction of cytokines downstream of recognition by PRRs (Pieters, 

2008; Kleinnijenhuis et al, 2011). However, Mtb can subvert these processes, 

allowing it to replicate within macrophages (Pieters, 2008) (Figure 1.3).  

1.2.3.1.  Mtb can avoid macrophage killing mechanisms 

A key function of macrophages is to take up and destroy foreign material, 

including bacteria, through a process called phagocytosis. Phagocytosis of Mtb into 

macrophages and other innate immune cells is stimulated through various receptors 

on the macrophage surface, including the mannose receptor (MR), dendritic cell-

specific intercellular adhesion molecule (ICAM)-3-grabbing nonintegrin (DC-SIGN) 

(Tailleux et al, 2003), Fc receptors and complement receptors (Ernst, 1998; Pieters, 

2001). Phagocytosis results in Mtb being contained within an intracellular vesicle 

known as the phagosome (Ernst, 1998) (Figure 1.3). 

Under normal circumstances, the phagosome enters the endosomal pathway, 

culminating in fusion with a lysosome, a process known as phagosome-lysosome 

fusion (Vergne et al, 2004). Lysosomes contain potent hydrolytic enzymes, and are 

highly acidic (pH 4.5-5), and this destroys phagocytosed material and generates 

antigens that are loaded onto major histocompatability (MHC) class II molecules and 

presented on the cell surface (Pieters, 2008). However, Mtb has a number of 

strategies for blocking phagosome-lysosome fusion, involving several different Mtb 

virulence factors (Pieters, 2008). As a result, phagosomes containing Mtb fail to 

acidify or to acquire mature lysosomal hydrolases (Sturgill-Koszycki et al, 1994; 

Russell, 2001). Mtb blocks the recruitment of phosphatidylinositol 3-phosphate 

(PI3P) to the phagosome, a process that is essential for phagosome maturation (Fratti 
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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 of the Mtb encoded 

phosphatase SapM (Pieters, 2008). The mycobacterial kinase protein kinase G 

(PknG) is also required for the prevention of phagosome-lysosome fusion 

(Walburger et al, 2004), although the mechanism for this is currently unknown. 

Finally, Mtb actively induces the recruitment of Coronin-1 to the phagosome, which 

leads to the activation of the enzyme calcineurin, resulting in prevention of 

phagosome-lysosome fusion (Jayachandran et al, 2007). As a result of these 

virulence strategies, macrophages require activation by IFNɔ, following the initiation 

of the adaptive immune response, in order to activate pathways leading to the 

destruction of intracellular Mtb (Pieters, 2008) (Figure 1.3). 

1.2.3.2.  Recognition of Mtb through PRRs on innate immune cells 

An important response of macrophages to Mtb infection is to produce 

cytokines which lead to the recruitment and activation of further immune cells to the 

lung (Kleinnijenhuis et al, 2011). Mtb is known to possess several different PAMPs, 

which are recognised by several different types of PRRs on innate cells such as 

macrophages and DCs (Figure 1.3).  

1.2.3.2.1. Toll-like receptors 

A major family of PRRs implicated in the recognition of Mtb are the Toll-

like receptors (TLRs), a family of type I transmembrane proteins expressed in innate 

immune cells, that recognise diverse components of microorganisms (Medzhitov, 

2007). Two major pathways are activated downstream of TLR signalling depending 

on the adaptor protein used (Kawai and Akira, 2010). All TLRs except TLR3 signal 
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through the myeloid differentiation primary response gene 88 (MyD88) adaptor 

protein, activating the MyD88-dependent pathway (Kawai and Akira, 2010). The 

cytokines IL-1 and IL-18 also signal through MyD88 (Dinarello, 2009). This 

pathway culminates in activation of the transcription factor NF-əB and the mitogen 

activated protein (MAP) kinases, leading to the induction of many genes, including 

pro-inflammatory cytokines (Kawai and Akira, 2010). TLR2 and TLR4 also require 

the adaptor toll-interleukin 1 receptor (TIR) domain containing adaptor protein 

(TIRAP) to activate the MyD88 pathway (Horng et al, 2002; Yamamoto et al, 2002). 

TLR3 and TLR4 activate the adaptor molecule TIR-domain-containing adapter-

inducing interferon-ɓ (TRIF), and the TRIF dependent pathway. The TRIF-

dependent pathway is primarily involved in the induction of type I interferon (IFN) 

through activating the transcription factors IRF3 and IRF7 (Kawai and Akira, 2010).  

The main TLRs involved in the recognition of Mtb are TLR2, TLR4 and 

TLR9 (Kleinnijenhuis et al, 2011). TLR2, in complex with either TLR1 or TLR6, 

has been shown to recognise various cell wall components of Mtb such as 

lipoarabinomannan (LAM ), lipomannan (LM), and the 38-kDa and 19-kDa 

glycoproteins (Kleinnijenhuis et al, 2011). TLR9 recognises unmethylated CpG 

motifs in mycobacterial DNA (Bafica et al, 2005). Finally, Mtb heat-shock proteins 

have been suggested to activate TLR4 (Bulut et al, 2005). Macrophages and DCs 

deficient in TLR2, TLR4 or TLR9 showed impaired production of the cytokines 

TNFŬ, IL-12, IL-1 and IL-10 in response to Mtb infection (Jang et al, 2004; Bafica 

et al, 2005; Pompei et al, 2007; Holscher et al, 2008; Kleinnijenhuis et al, 2009). 

However, despite a clear role for TLR signalling in vitro, the relevance of 

TLRs in the response to Mtb in vivo has been controversial (Korbel et al, 2008; 
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Reiling et al, 2008). Various groups have infected TLR2, TLR4 and TLR9 knockout 

mice, as well as double and triple knockouts, but results have been contradictory, 

with some observing a severe phenotype with single knockout mice (Abel et al, 

2002; Reiling et al, 2002; Drennan et al, 2004), whilst others find no effect even 

with mice triply deficient in TLR2, TLR4 and TLR9 (Holscher et al, 2008). These 

discrepancies are likely to result from differences in the strain and dose of Mtb used. 

For example, it has been suggested that TLRs play a more important role in response 

to high-dose Mtb infection (Reiling et al, 2002).  

However, MyD88
-/-

 mice, which are unable to signal through any TLR apart 

from TLR3, have consistently been observed to succumb rapidly to Mtb infection 

(Fremond et al, 2004; Scanga et al, 2004; Fremond et al, 2007; Holscher et al, 

2008). The explanation for this severe phenotype is now thought to be due to loss of 

IL-1 signalling, rather than TLR signalling (Korbel et al, 2008; Reiling et al, 2008), 

as IL-1 signals through MyD88 (Sims and Smith, 2010). The role of IL-1 in the 

immune response to Mtb is discussed below.  

1.2.3.2.2. Dectin-1 

Non-TLR PRRs can also recognise Mtb components and mediate lead to 

cytokine production in innate immune cells (Kleinnijenhuis et al, 2011). One of 

these is dectin-1, a receptor in the C-type lectin family expressed on monocytes, 

macrophages, DCs and a subset of T cells (Brown, 2006). Dectin-1 recognises ɓ-

glucans, carbohydrate polymers found in fungal cell walls (Brown et al, 2002), and 

activates a Syk-CARD9-ERK dependent pathway leading to induction of TNFŬ, IL-

2 and IL-10 (Brown et al, 2003; LeibundGut-Landmann et al, 2007; Slack et al, 

2007; Zhang et al, 2009). Dectin-1 was shown to be required for optimal IL-12 
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production from splenic DCs infected with Mtb (Rothfuchs et al, 2007). However, 

dectin-1 appears to play a minimal role in the in vivo response to Mtb, as dectin-1 

deficient mice showed similar survival, bacterial loads and cytokine production 

following Mtb infection, compared to WT controls (Marakalala et al, 2011).  

1.2.3.2.3. DC-SIGN 

DC-SIGN, expressed predominantly on DCs, is another PRR in the C-type 

lectin family implicated in the recognition of Mtb (Kleinnijenhuis et al, 2011). DC-

SIGN is an important phagocytosis receptor for Mtb on human DCs and alveolar 

macrophages (Tailleux et al, 2003; Tailleux et al, 2005). However, it has been 

suggested that Mtb may target DC-SIGN in order to promote the production of IL-10 

from DCs, and suppress DC function (Geijtenbeek and van Kooyk, 2003), through a 

pathway involving Raf-1 and the acetylation of NF-əB (Gringhuis et al, 2007; 

Gringhuis et al, 2009). However, this potentially negative role of DC-SIGN is in 

conflict with the fact that mutations that increase the expression of DC-SIGN in 

humans are associated with protection against TB (Barreiro et al, 2006), and that in 

mice, deletion of a homolog of DC-SIGN, SIGNR3, leads to increased susceptibility 

to Mtb infection (Tanne et al, 2009).  

1.2.3.2.2. NOD2 

Nucleotide-binding oligomerisation domain-containing protein 2 (NOD2) is a 

member of the NOD-like receptor (NLR) family of PRRs and is expressed in the 

cytosol of a variety of immune cells (Franchi et al, 2009). NOD2 recognises the 

muramyl dipeptide (MDP) component of peptidoglycan, a structure found in the 

bacterial cell wall (Franchi et al, 2009). NOD2 was shown to be required for optimal 
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TNFŬ production from murine peritoneal macrophages infected with Mtb (Ferwerda 

et al, 2005; Yang et al, 2007). NOD2 recognition has subsequently been shown to 

mediate induction of IL-1 (Kleinnijenhuis et al, 2009) and type I IFNs (Pandey et al, 

2009) in Mtb infected macrophages. This recognition appears to be important for the 

immune response, as NOD2 deficient mice have impaired control of Mtb infection 

(Divangahi et al, 2008). 

1.2.4. Dendritic cells initiate the adaptive immune response to Mtb 

As the innate immune system is unable to control Mtb infection, the adaptive 

immune system is required to be activated in order mediate protection. The 

activation of the adaptive immune response, and in particular the activation of T 

cells, is a crucial stage in the immune response to Mtb (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 of MHC molecules, whilst 

simultaneously receiving co-stimulatory signals (Banchereau and Steinman, 1998). 

CD4
+
 T cells recognise antigens on MHC class II molecules, whereas CD8

+
 T cells 

recognise antigen MHC class I molecules (Vyas et al, 2008). Different pathways 

lead to antigen presentation on MHC class I and MHC class II receptors (Vyas et al, 

2008). Antigens derived from cytosolic pathogens such as viruses and certain 

bacteria are processed in the cytosol and presented on MHC class I molecules to 

CD8
+
 T cells, whereas extracellular and phagosomal pathogens, such as Mtb, are 

largely processed via the endocytic pathway and presented on MHC class II 

molecules to CD4
+
 T cells (Vyas et al, 2008). However, it is also possible for 
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antigens in the endocytic pathway to be presented on MHC class I molecules, and 

vice versa, through a process known as cross-presentation, although the mechanisms 

behind this are not well understood (Vyas et al, 2008). In response to recognition of 

their cognate antigens, T cells produce IL-2, proliferate, acquire effector functions 

and migrate to the site of infection where they activate other cells of the immune 

system, in the case of CD4
+
 T cells, and directly kill infected cells, in the case of 

CD8
+
 T cells (Banchereau and Steinman, 1998).  

Cells capable of activating naive T cells are known as antigen presenting 

cells (APCs), and the most efficient of these is the DC (Banchereau and Steinman, 

1998). DCs capture antigen at the site of infection, and migrate to the lymphoid 

organs, where they present the antigen on both MHC class I and class II molecules. 

DCs also express the necessary costimulatory molecules, such as CD80 and CD86, 

and are therefore highly effective at activating naive T cells (Banchereau and 

Steinman, 1998). These abilities of DCs are controlled by recognition of foreign 

microorganisms through PRRs, with PRR recognition stimulating increased 

phagocytosis, upregulation of MHC class I and class II antigen presentation 

components and upregulation of costimulatory molecules and cytokines (Vyas et al, 

2008). The cytokine IFNɔ, which is produced by T cells and NK cells, also 

stimulates increased antigen presentation in innate immune cells (Boehm et al, 

1997). 

CD4
+
 T cells are the key effector cell in controlling Mtb infection, and the 

events leading to activation of CD4
+
 T cells have been extensively studied (Cooper, 

2009). Following Mtb infection, evidence has consistently shown that DC migration 

from the lung to the lung-draining lymph nodes (LDLN) is required for the 
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activation of T cells (Cooper, 2009). It was first shown that live Mtb appears in the 

LDLN between 9 and 11 days post-infection, and that this precedes T cell activation 

(Chackerian et al, 2002). Subsequently, transfer of Mtb-specific naive CD4
+
 T cells 

confirmed that T cells were first activated in the LDLN, and then migrated to the 

lungs (Reiley et al, 2008; Wolf et al, 2008). A study using GFP-tagged Mtb showed 

that the major infected cell type in the LDLN were a population of CD11c
hi
 CD11b

hi
 

myeloid DCs, which were also present in the lungs (Wolf et al, 2007). This evidence 

strongly suggests that the T cell response is activated by a population of DCs that 

migrate from the lung to the LDLN, carrying Mtb 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 to Mtb antigens are also activated following infection, 

and although not as critical for protection as CD4
+
 T cells, still play a role in limiting 

bacterial replication (North and Jung, 2004). Activation of CD8
+
 T cells during Mtb 

infection requires cross-presentation of phagosomal Mtb antigens on MHC class I 

molecules. Two pathways have been proposed for this process (Vyas et al, 2008). 

First, antigens may exit from the phagosome into the cytosol, and subsequently be 

processed by the proteasome and enter the endoplasmic reticulum (ER) via the TAP 

transporter, as in classical MHC class I antigen processing (the cytosolic pathway) 

(Vyas et al, 2008). Second, antigens in the phagosome may traffic to a vesicle 

containing recycled MHC class I molecules, and thus bypass the proteasome and ER 

(the vesicular pathway) (Vyas et al, 2008). Several studies have shown that cross-

presentation of a variety of Mtb antigens by human DCs requires the proteasome and 

the TAP transporter, although exactly how Mtb antigens exit from the phagosome 
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remains unclear (Lewinsohn et al, 2006; Grotzke et al, 2009; Grotzke et al, 2010). 

However, in contrast to these studies, cross-presentation of the 19kDa antigen of Mtb 

was shown to be TAP-independent (Neyrolles et al, 2001) and cross-priming of 

apoptotic vesicles by bystander-DCs was also shown to be proteasome-independent 

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

1.2.5. Apoptosis of innate immune cells promotes immunity to Mtb 

An important response of macrophages and other cells infected with Mtb is 

the induction of cell death via apoptosis (Behar et al, 2011). Cell death through 

apoptosis results in the cell breaking up into small membrane-bound vesicles, and is 

distinct from necrotic cell death which is characterised by disruption of the plasma 

membrane (Behar et al, 2011). Macrophage death by apoptosis promotes the host 

response to Mtb, first because it reduces the viability of Mtb (Oddo et al, 1998; 

Divangahi et al, 2009) and second because the apoptotic vesicles contain Mtb 

antigens, which are taken up by DCs and used to cross-prime CD8
+
 T cells, leading 

to an enhanced CD8
+
 T cell response (Schaible et al, 2003; Winau et al, 2006).  

The beneficial effects of apoptosis in the immune response are highlighted by 

the fact that virulent strains of Mtb are able to inhibit apoptosis in macrophages, 

leading instead to necrosis which promotes inflammation and bacterial dissemination 

(Chen et al, 2006; Gan et al, 2008; Divangahi et al, 2010). The virulent strain 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 et al, 2006) and manipulation of the synthesis 

of eicosanoids (Gan et al, 2008; Divangahi et 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) (Chen et al, 2008; Urdahl et 

al, 2011). Recently, Mtb was also shown to prevent apoptosis in neutrophils 

(Blomgran et al, 2012). A pro-apoptotic mutant of Mtb induced more rapid 

activation of CD4
+
 and CD8

+
 T cells, in a neutrophil dependent manner, illustrating 

the importance of apoptosis in promoting the activation of the adaptive immune 

response (Blomgran et al, 2012). 

1.3. Factors involved in protection against Mtb infection 

1.3.1. CD4
+
 T cells 

In mouse models, it has been repeatedly demonstrated that CD4
+ 

T helper 

cells are essential for protection against Mtb (Flynn and Chan, 2001). Mice deficient 

in CD4 or MHC class II (required for the activation of CD4
+
 T cells), and mice 

depleted of CD4
+
 T cells by antibody treatment, could not control infection and had 

greatly reduced survival compared to control mice (Caruso et al, 1999; Scanga et al, 

2000; Mogues et al, 2001). Arrival of CD4
+ 

T cells into the lung, at around day 16-

18 post-infection, correlates with a plateau in bacteria numbers (Chackerian et al, 

2001). CD4
+
 are also critical for protection in humans, as killing of CD4

+
 T cells by 

HIV leads to a massively increased likelihood of developing active TB (Kwan and 

Ernst, 2012).  

1.3.2. The different subsets of effector CD4
+
 T cells 

CD4
+
 T helper (Th) cells can be separated into subsets based on the cytokines 

they secrete, which define their effector functions against different classes of 

pathogen (Mosmann and Coffman, 1989). Effector CD4
+
 T cells were first divided 
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into two subsets, Th1 and Th2 (Mosmann and Coffman, 1989). Th1 cells are 

responsible for the cell-mediated immune response, through the production of IFNɔ, 

which activates macrophages in defence against intracellular pathogens (Mosmann 

and Coffman, 1989). Th2 cells, in contrast, produce IL-4, IL-5 and IL-13 and are 

involved in defence against extracellular pathogens such as helminths, through the 

activation of the humoral response, and the activation of mast cells and eosinophils 

(Sher and Coffman, 1992). More recently, a third subset has been described, Th17 

cells, which produce IL-17 and act against extracellular bacteria and fungi, in part 

through the activation of neutrophils (Stockinger and Veldhoen, 2007).  

Which subset of 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 decision depends on the cytokines produced by cells of the innate 

immune system (O'Garra, 1998). The generation of Th1 cells requires IL-12 (Hsieh 

et al, 1993; Murphy et al, 2000) which triggers Th1 development through STAT4 

and the transcription factor T-bet (Szabo et al, 2000). Th2 cells require IL-4 (Nelms 

et al, 1999) and the activation of the GATA-3 transcription factor (Zheng and 

Flavell, 1997; Ouyang et al, 1998; Ferber et al, 1999). Th17 cells, in contrast, 

require IL-6, TGF-ɓ and IL-1 for development (Stockinger and Veldhoen, 2007; 

Korn et al, 2009), IL-23 for expansion and stabilization (Harrington et al, 2005) and 

activation of the transcription factor RORɔt (Ivanov et al, 2006).  

1.3.3. IFNɔ and cell-mediated immunity is critical  for protection 

against Mtb 

In the case of Mtb infection, substantial evidence from both human and 

mouse studies has shown that the Th1 subset of CD4
+
 T cells is required for 
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mediating protection against Mtb (Flynn and Chan, 2001). The evidence for this 

conclusion is discussed below. 

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

IL-12 is a heterodimeric molecule consisting of a 35-kDa light chain (p35) 

and a 40-kDa heavy chain (p40), which together forms the cytokine IL-12p70 

(Trinchieri, 2003). As discussed above, IL-12p70 functions to stimulate Th1 

development and IFNɔ production from naive CD4
+
 T cells (Hsieh et al, 1993) 

through activation of the T-bet transcription factor (Szabo et al, 2000). Mice 

deficient in both IL-12p35 and IL-12p40 are incapable of controlling Mtb infection, 

showing that the Th1 response is critical in protection against Mtb (Cooper et al, 

1997; Cooper et al, 2002). In support of the important role for IL-12 in IFNɔ 

induction in T cells, mice deficient in T-bet, which is required for IL-12 stimulation 

of IFNɔ production (Szabo et al, 2000), are also highly susceptible to Mtb infection 

(Sullivan et al, 2005).  

Cooper et al (2002) found that IL-12p40
-/-

 mice were more susceptible to Mtb 

than IL-12p35
-/- 

mice, suggesting IL-12p40 itself had activities that were 

independent of IL-12p70. This is partially due to the fact that IL-12p40 can associate 

with IL-23p19 to form the cytokine IL-23 (Oppmann et al, 2000), as IL-23 can 

partially compensate for loss of IL-12p70 in stimulating naive T cells (Khader et al, 

2005). However, IL-12p40 can also be secreted as homodimers (Trinchieri, 2003), 

and these have been shown to stimulate the migration of DCs from the lungs to the 

draining lymph nodes during Mtb infection, leading to the activation of the T cell 

response (Khader et al, 2006).  
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1.3.3.2. IFNɔ activates macrophages to kill intracellular  Mtb 

Further evidence for the requirement of the Th1 response comes from 

studying the role of IFNɔ, the hallmark cytokine produced by Th1 cells (Mosmann 

and Coffman, 1989). Mice deficient in IFNɔ die rapidly following aerosol infection 

(Cooper et al, 1993) or intravenous infection (Flynn et al, 1993) with Mtb. The key 

function of IFNɔ in the immune response against Mtb is to activate macrophages, 

stimulating them to kill intracellular Mtb (Flynn and Chan, 2001a). As discussed 

above, Mtb is able to prevent phagosome-lysosome fusion in macrophages (Vergne 

et al, 2004). However, IFNɔ activates additional killing mechanisms in macrophages, 

and this allows the immune system to control infection (Pieters, 2008). 

An important killing mechanism induced by IFNɔ is the induction of the 

enzyme inducible nitric oxide synthase (iNOS) (Cooper, 2009). iNOS converts L-

arginine into reactive nitrogen intermediates (RNIs), such as nitric oxide (NO), 

which have strong anti-microbial activity (MacMicking et al, 1997a). IFNɔ can 

stimulate Mtb killing in macrophages in vitro through iNOS induction and RNIs 

(Chan et al, 1992), and iNOS expression in vivo has been shown to depend on IFNɔ 

signalling (Flynn et al, 1993; Skold and Behar, 2008). Mice deficient in iNOS, either 

through gene knockout or treatment with iNOS inhibitors, are highly susceptible to 

Mtb infection (Chan et al, 1995; MacMicking et al, 1997b; Scanga et al, 2001). 

However, as yet no evidence for a requirement for iNOS and RNIs has been found 

for Mtb killing in human macrophages (Flynn and Chan, 2001a), although increased 

iNOS has been detected in alveolar macrophages taken from TB patients (Nicholson 

et al, 1996).  
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Other mechanisms are also activated by IFNɔ that lead to Mtb killing in 

macrophages. IFNɔ stimulation has been shown to overcome the block in phagosome 

maturation leading to lysosome-mediated Mtb killing (Via et al, 1997), which is in 

part dependent on the p47 GTPase family member LRG-47 (although this protein is 

not present in humans) (MacMicking et al, 2003). Mice deficient in LRG-47 were 

highly susceptible to Mtb infection, illustrating the importance of this pathway 

(MacMicking et al, 2003). More recently, induction of autophagy has been shown to 

mediate killing of Mtb in macrophages, in response to IFNɔ (Gutierrez et al, 2004). 

Autophagy leads to the delivery of antimicrobial ubiquitin peptides to the lysosome, 

resulting in Mtb killing (Alonso et al, 2007). Finally, members of the guanylate 

binding protein (GBP) family of GTPases may be involved in IFNɔ mediated killing. 

Kim et al (2011) found that several members of this family, including GBP1, GBP6, 

GBP7 and GBP10 were required for optimum IFNɔ-induced killing of BCG in 

murine macrophages. 

It has long been assumed that the major source of IFNɔ during Mtb infection 

is CD4
+
 T cells (Flynn and Chan, 2001a). However, other immune cells such as 

CD8
+
 T cells, ɔŭ T cells, NK cells and NK T cells are also capable of producing 

IFNɔ. Recently, Gallegos et al (2011) showed that transfer of both WT and IFNɔ
-/-

 

Mtb-specific CD4
+
 T cells into WT mice led to protection against Mtb, suggesting 

that CD4
+
 T cells may not be the major source of IFNɔ. However, a recent study 

showed that around 70% of IFNɔ
+
 cells in the lung of Mtb infected mice were CD4

+
 

T cells, with CD8
+
 T cells making up the remaining populations (Bold and Ernst, 

2012). In addition, IFNɔ production by CD8
+
 T cells 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 Gallegos et al (2011) may therefore be that CD4
+
 T cells have 

additional, IFNɔ-independent mechanisms for controlling Mtb.  

1.3.3.3. Requirement for the Th1 response in human disease 

Data from patients with specific genetic defects in Th1-mediated immunity 

has also provided strong evidence for the role of the Th1 arm in protection from 

mycobacterial infection. Patients with genetic defects in this arm of the immune 

response develop a syndrome known as Mendelian susceptibility to mycobacterial 

disease (MSMD) which is characterised by life-threatening infections from normally 

non-pathogenic mycobacteria (Casanova et al, 2012). Examples include 

disseminated BCG infection following vaccination, and infection with environmental 

mycobacteria such as Mycobacterium avium and Mycobacterium kansasii (Casanova 

et al, 2012). 

Mutations in several genes are known to cause MSMD. These are IFNGR1 

and IFNGR1, the two components of the receptor for IFNɔ; STAT1, the main 

transcription factor that activated by IFNɔ; IL12B, encoding IL-12p40; IL12RB1, a 

component of the IL-12 receptor; TYK2, a kinase required for several signalling 

pathways including IL-12; and NEMO, required for the upregulation of IL-12 via 

CD40 signalling (Casanova and Abel, 2002; Casanova et al, 2012). More recently, 

primary deficiency in IRF8 was found to lead to selective loss of monocytes and 

dendritic cells, leading to MSMD (Hambleton et al, 2011). Similar results have been 

observed in mice deficient in IRF8 (Marquis et al, 2011). The loss of function of all 

these genes leads to impaired development of, or responsiveness to, IFNɔ mediated 

immunity, illustrating the importance of the IFNɔ response in defence against 

mycobacteria (Casanova and Abel, 2002; Casanova et al, 2012).  
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In addition to increased susceptibility to non-pathogenic mycobacteria, 

deficiencies in components of Th1 immunity have, in rare cases, been linked to 

susceptibility to Mtb (Casanova and Abel, 2002). One individual with partial 

IFNGR1 deficiency was found to have clinical TB (Jouanguy et al, 1997) and severe 

TB has been found in several children with IL12RB1 deficiency (Altare et al, 2001; 

Caragol et al, 2003; Ozbek et al, 2005). This condition, known as Mendelian 

susceptibility to TB (MST), further underlines the importance of Th1 immunity in 

resistance against Mtb (Alcais et al, 2009). 

1.3.4. The Th17 response in infection and vaccination 

The cytokine IL-17 is produced by several cell types including CD4
+
 Th17 

cells, although in Mtb infected mice ɔŭ T cells have been shown to be a major source 

(Locksley et al, 2001). Mice deficient in the IL-17 receptor, IL-23p19 (required for 

Th17 development) or treated with neutralising antibody against IL-17 had similar 

levels of Mtb in the lungs compared to control mice (Khader et al, 2005; Aujla et al, 

2007; Redford et al, 2010). However, Redford et al (2010) found that anti-IL-17 

treated mice had dramatically lower Mtb in the spleen, suggesting that IL-17 may 

enhance the dissemination of Mtb from the lung to other organs. IL-17 has also been 

shown to mediate pathology in Mtb infected mice repeatedly vaccinated with BCG 

(Cruz et al, 2010).  

However, IL-17 may play a positive role in the recall response to Mtb 

following vaccination (Khader et al, 2007). Th17 cells appeared early in the lungs of 

mice vaccinated with an Mtb peptide, following challenge with Mtb, and were 

responsible for the subsequent recruitment of protective IFNɔ
+
 Th1 cells into the 
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lung (Khader et al, 2007). Th17 cells were shown to trigger the production of 

chemokines such as Cxcl9, Cxcl10 and Cxcl11, which stimulated the influx of IFNɔ 

producing T cell into the lung (Khader et 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 CD4
+
 T cell for protection 

(Cooper, 2009). The contribution of CD8
+
 T cells has been addressed by infecting 

mice genetically deficient in several components of MHC class I pathway, which is 

required for the activation of CD8
+
 T cells. The first study to address the role of 

CD8
+
 T cells in Mtb infection used mice deficient in beta-2-microglobulin, which 

binds to and stabilises MHC class I molecules on the cell surface. These mice were 

highly susceptible to Mtb infection, suggesting a vital role for CD8
+
 T cells (Flynn et 

al, 1992). However, beta-2-microglobulin also associates with the MHC class I 

homolog HFE, which regulates iron production, and this was shown to account for a 

large part of the increased susceptibility to Mtb (Schaible et al, 2002). Subsequent 

studies have shown, using mice specifically deficient in MHC class I (Rolph et al, 

2001) or mice depleted of CD8
+
 T cells by antibody treatment (Mogues et al, 2001), 

that loss of CD8
+
 T cells leads to a relatively mild phenotype, with around a 1-log 

increase in Mtb in the lung. However, CD8
+
 T cells may play an important role in 

maintaining control at later stages of infection, as depletion of CD8
+
 T cells from 

mice at later timepoints led to a massive increase in Mtb in the lung (van Pinxteren et 

al, 2000). CD8
+
 T cells can produce IFNɔ, and can directly kill Mtb-infected cells, 
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which may explain the increased levels of bacteria observed in their absence 

(Serbina and Flynn, 1999; Serbina et al, 2000; Woodworth et al, 2008).  

1.3.6. IL -1Ŭ and IL -1ɓ 

The IL-1 family of cytokines consists of 11 members that carry out diverse 

immunological functions (Sims and Smith, 2010). The best studied of these are IL-

1Ŭ, IL-1ɓ and IL-18. IL-1ɓ is secreted primarily by monocytes, macrophages and 

dendritic cells, and functions to induce the production of chemokines and adhesion 

molecules, leading to the influx of immune cells, especially neutrophils, to the site of 

infection (Dinarello, 2009). IL-1ɓ also induces cytokines, such as IL-6, acute phase 

proteins and vasodilation, and is important for the development of the Th17 response 

(Dinarello, 2009). IL-1Ŭ also possesses potent pro-inflammatory activity, however it 

is expressed more widely than IL-1ɓ and is not secreted, but retained on the cell 

membrane (Dinarello, 2009). IL-18 is an activator of the Th1 response, synergising 

with IL-12 to stimulate IFNɔ production from T cells and NK cells (Okamura et al, 

1995; Ushio et al, 1996; Robinson et al, 1997). IL-1Ŭ and IL-1ɓ both signal through 

the IL-1 receptor (IL-1R), and require MyD88 for their activities (Dinarello, 2009). 

Given the potent pro-inflammatory effects of IL-1 family members, their 

production is tightly regulated, and disregulation of IL-1 production in humans can 

result in severe autoinflammatory disorders (Dinarello, 2009). IL-1ɓ is regulated at 

two stages. First, signals through TLRs or other PRRs leads to the transcription and 

translation of pro-IL-1ɓ, which is inactive and retained with the cytoplasm. The 

second step requires assembly of a multi-protein complex called the inflammasome 

which activates the enzyme caspase-1. Caspase-1 cleaves pro-IL-1ɓ to produce 



Chapter 1: Introduction 

 

43 

 

mature IL-1ɓ, which is secreted from the cell (Schroder and Tschopp, 2010). Several 

proteins in the NLR family have been described to exhibit inflammasome activity, 

including NLRP1, NLRP3, IPAF and AIM2 (Schroder and Tschopp, 2010). 

Mice deficient in the IL-1 receptor show severely increased susceptibility to 

Mtb (Juffermans et al, 2000; Fremond et al, 2007; Mayer-Barber et al, 2010; Mayer-

Barber et al, 2011). IL-1Ŭ and IL-1ɓ, despite signalling through the same receptor, 

play non-redundant roles in protecting against Mtb, as mice deficient in either 

cytokine show equivalent susceptibility to IL-1 receptor deficient mice (Mayer-

Barber et al, 2011). At present, the role of IL-1 in the immune response to Mtb is 

unclear. However, mice lacking IL-1 appear to have normal levels of TNFŬ, IL -12 

and IFNɔ, suggesting a mechanism separate from effects on the cell mediated 

response (Cooper, 2009). 

1.3.7. TNFŬ in mouse and man 

TNFŬ is a cytokine produced by many cells, including macrophages and T 

cells, and has pleiotropic effects on the immune response, including cellular 

activation, cellular migration and apoptosis (Locksley et al, 2001). TNFŬ is crucial 

for the control of Mtb infection in mice; mice treated with TNFŬ neutralising 

antibodies, or mice genetically deficient in TNFŬ or its receptor, fail to control 

bacterial replication and die rapidly following infection (Flynn et al, 1995; Roach et 

al, 2002). TNFŬ is also required for the maintenance of latency, as treatment of mice 

with anti-TNFŬ antibody led to reactivation of active disease in mice (Scanga et al, 

1999). TNFŬ also maintains latency in humans, as treatment of rheumatoid arthritis 
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and Crohnôs disease patients with neutralising antibody against TNFŬ (Infliximab) is 

associated with an increased risk of TB reactivation (Keane et al, 2001). 

However, the critical function of TNFŬ in the immune response to Mtb is 

unclear. In vitro, TNFŬ synergises with IFNɔ to activate macrophages to kill Mtb 

(Flesch et al, 1994) and mice deficient in the TNFŬ receptor or treated with TNFŬ 

neutralising antibodies had reduced iNOS and RNI expression (Flynn et al, 1995). 

TNFŬ also promotes apoptosis of Mtb infected macrophages which, as discussed 

above, can limit Mtb spread and lead to increased T cell priming (Behar et al, 2011). 

In a zebrafish larvae model of M. marinum infection, TNFŬ was shown to restrict 

mycobacterial growth, in part by preventing the necrosis of Mtb infected 

macrophages (Clay et al, 2008). However, it has long been considered that the most 

important function of TNFŬ in the immune response to Mtb is to promote the 

formation of the granuloma (Flynn et al, 2011; Ramakrishnan, 2012). However, as 

discussed below, recent evidence has challenged this hypothesis. 

1.3.8. The granuloma in Mtb infection 

The granuloma, a compact aggregate of immune cells, is the hallmark of Mtb 

infection (Flynn et al, 2011). Macrophages are the major constituents of the 

granuloma, many of which are infected with Mtb (Flynn et al, 2011). Other immune 

cells such as DCs, neutrophils, T cells, B cells, NK cells and fibroblasts are also 

associated with granulomas (Saunders and Britton, 2007). It has long been 

considered that the granuloma functions to sequester Mtb in a compact area, in order 

to prevent it spreading further within the infected lung, and to other organs (Saunders 

and Britton, 2007). However, recent evidence, particularly from the zebrafish larvae 
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model of M. marinum infection, has suggested that the granuloma and its associated 

macrophages may actually promote the dissemination of Mtb (Ramakrishnan, 2012).   

The formation of granulomas requires two key components (Saunders and 

Britton, 2007). First, an adaptive Th1 response is required, as shown by the fact that 

mice deficient in IFNɔ do not generate granulomas following Mtb infection (Cooper 

et al, 1993). In addition, MSMD patients deficient in IFNɔ or the IFNɔ receptor fail 

to generate granulomas in infected tissues following infection with non-pathogenic 

mycobacteria (Casanova and Abel, 2002). Production of IFNɔ by T cells is thought 

to mediate killing of Mtb within the granuloma, and thus control the infection 

(Saunders and Britton, 2007). The second key component in granuloma formation is 

the production of cytokines by cells of the innate immune system, and TNFŬ is 

thought to be the most critical. TNFŬ deficient mice generated poorly formed 

granulomas following Mtb 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 immune cells, and TNFŬ has been shown to promote 

chemokine production (Roach et al, 2002). TNFŬ is also thought to orchestrate 

granuloma formation in human TB patients, and granuloma breakdown is thought to 

explain why patients receiving neutralising antibodies against TNFŬ (Infliximab) are 

at increased risk of reactivating latent TB (Keane et al, 2001).  

However, the role of TNFŬ in granuloma formation has been challenged in 

recent years. Treatment of cynomolgus macaques with TNFŬ neutralising antibodies 

prior to Mtb infection resulted in disseminated disease, but granulomas in the lung 

remained intact (Lin et al, 2011a). In addition, zebrafish larvae deficient in TNFŬ 
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formed granulomas faster than WT controls following M. marinum infection, 

although these granulomas eventually broke down due to excessive necrosis (Clay et 

al, 2008). Thus, TNFŬ may be involved in maintenance, rather than formation, of 

granulomas.  

Recent work, also using the zebrafish larvae model of M. marinum infection, 

has questioned whether the granuloma functions to prevent Mtb dissemination 

(Ramakrishnan, 2012). This was suggested by the fact that granuloma formation in 

this model dependent on the key mycobacterial virulence factor ESX-1 (Volkman et 

al, 2004). Subsequently, live imaging of granuloma formation in zebravish larvae 

has suggested that M. marinum induces the recruitment of macrophages to the 

granuloma in order to generate a fresh source of cells to infect (Davis and 

Ramakrishnan, 2009). These infected macrophages can then disseminate to other 

sites, leading to the spread of the infection (Davis and Ramakrishnan, 2009). Thus, 

Mtb and other mycobacteria may exploit the recruitment of cells to the granuloma in 

order to promote bacterial dissemination. However, 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 to Mtb 

A potent immune response is required to efficiently clear or control an 

infection; however, this response must be tightly regulated to prevent an over 

exuberant immune response leading to immune-mediated pathology. This regulation 

is achieved through several specialised cells and soluble factors.  
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1.4.1. IL -10 and the suppression of the immune response to Mtb 

1.4.1.1. IL -10 background 

The cytokine IL-10 is an important regulator of the immune response (Moore 

et al, 2001). IL-10 signals through the IL-10 receptor (IL-10R) on target cells and 

mediates its activity primarily through the transcription factor STAT3 (Moore et al, 

2001). IL-10 is produced by a wide variety of immune cells including Th1 and Th17 

CD4
+
 T cells, regulatory T cells, CD8

+
 T cells, B cells, DCs, macrophages and 

neutrophils (Saraiva and OôGarra, 2010). 

IL-10 was first described as a product of Th2 cells that could inhibit the 

production of cytokines such as IFNɔ from Th1 cells (Fiorentino et al, 1989; 

Fiorentino et al, 1991b). This effect was subsequently shown to be indirect, via the 

ability of IL-10 to suppress the production of IL-12 from APCs (D'Andrea et al, 

1993; Murphy et al, 1994). IL-10 can also inhibit numerous other pro-inflammatory 

cytokines and chemokines from macrophages and DCs, including IL-1, IL-6 and 

TNFŬ (Fiorentino et al, 1991a; Moore et al, 2001). In addition, IL-10 can inhibit 

antigen presentation by macrophages and DCs, through the downregulation of MHC 

class II and co-stimulatory molecules (de Waal Malefyt et al, 1991; Ding et al, 1993) 

and can inhibit macrophage killing of intracellular pathogens such as Mtb (Gazzinelli 

et al, 1992; O'Leary et al, 2011; Redford et al, 2011).  

Although cells of the innate immune system appear to be the major targets of 

IL-10, recent studies have shown that IL-10 may mediate some of its suppressive 

activities by acting on T cells. IL-10 signalling in T regulatory cells (Tregs) was 

found to maintain FoxP3 expression in a mouse model of colitis (Murai et al, 2009). 

More recently, IL-10 signalling in Tregs was shown to be required for the 



Chapter 1: Introduction 

 

48 

 

suppression of the Th17 response (Chaudhry et 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 production from immune cells is regulated at multiple levels; by 

chromatin modifications, at the transcriptional level by a wide range of transcription 

factors, and post-transcriptionally through the regulation of mRNA stability (Saraiva 

and O'Garra, 2010). Many mechanisms of IL-10 regulation are common to several 

immune cells, although cell-specific mechanisms are also in place (Saraiva and 

O'Garra, 2010). 

Many cells of the innate immune system, including macrophages, DCs and 

neutrophils, produce IL-10 in response to pathogens or pathogen derived products, 

through triggering of PRRs (Boonstra et al, 2006; Zhang et al, 2009). Stimulation of 

macrophages and DCs with TLR3, TLR4 and TLR9 agonists leads to IL-10 

production from macrophages and myeloid DCs, and involved both the MyD88 and 

TRIF dependent pathways (Boonstra et al, 2006). In addition to TLRs, the C-type 

lectins dectin-1 (LeibundGut-Landmann et al, 2007) and DC-SIGN (Geijtenbeek and 

van Kooyk, 2003; Gringhuis et al, 2007) can stimulate IL-10 production in innate 

immune cells. 

A key pathway for IL-10 downstream of PRR signalling is the extracellular 

signal-related kinase (ERK) MAP kinase pathway (Saraiva and O'Garra, 2010). 

Activation of ERK in response to TLR signalling requires the upstream MAP kinase 

family members tumour progression locus 2 (TPL2) and MEK1/2 (Symons et al, 

2006) and macrophages deficient in Tpl2, or treated with MEK1/2 inhibitors, 

produce markedly less IL-10 compared to controls in response to TLR ligands (Yi  et 
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al, 2002; Agrawal et al, 2003; Dillon et al, 2004; Kaiser et al, 2009). The strength of 

ERK activation appears to correlate with IL-10 production in macrophages, myeloid 

DCs and pDCs (Kaiser et al, 2009). Activation of ERK is highest in macrophages 

following TLR stimulation, with moderate levels in myeloid DCs and undetectable 

amounts in pDCs (Kaiser et al, 2009). Downstream of ERK signalling, the 

transcription factor c-Fos can mediate IL-10 induction (Agrawal et al, 2003; Dillon 

et al, 2004; Kaiser et al, 2009). ERK is also required for induction of IL-10 

downstream of dectin-1 in DCs and neutrophils, through a pathway involving Syk 

and Card9 (Slack et al, 2007; Zhang et al, 2009; Dorhoi et al, 2010). ERK signalling 

has also been shown to promote IL-10 production from several CD4
+
 T cell subsets 

(Saraiva et al, 2009). 

Many other pathways have also been implicated in IL-10 production in innate 

immune cells (Saraiva and O'Garra, 2010). Downstream of LPS stimulation in 

macrophages, NF-əB p65 was recruited to a DNase1 hypersensitivity site in the IL-

10 promoter, and this was required for optimal IL-10 production (Saraiva et al, 

2005). NF-əB p50 homodimers are also recruited to the proximal IL-10 promoter, 

and macrophages from p50 deficient mice show impaired IL-10 production in 

response to LPS (Cao et al, 2006). In addition, and in keeping with a requirement for 

the TRIF-dependent pathway (Boonstra et al, 2006), type I IFN has been shown to 

promote IL-10 production in macrophages, in response to LPS (Chang et al, 2007; 

Iyer et al, 2010).  

1.4.1.3. The role of IL-10 in infectious disease 

Given the potent anti-inflammatory properties of IL-10, the impact of IL-10 

in the immune response to pathogens has been the focus of much study, primarily 
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using mice genetically deficient in IL-10 (Il10
-/-

 mice). Several studies have shown 

that IL-10 can play a detrimental role in the immune response to infection. Dai et al 

(1997) found that Il10
-/-

 mice had greatly reduced bacterial loads following infection 

with Listeria monocytogenes, and this was associated with a greatly increased Th1 

response and higher levels of IL-1, TNFŬ and IL-12. Similar results have been 

reported in mice infected with Leishmania major (Belkaid et al, 2001). Whereas WT 

mice failed to clear the parasites, leading to a chronic infection, Il10
-/-

 mice, and 

mice treated with IL-10R blocking antibodies, were able to clear the parasites, 

showing that the activities of IL-10 can result in pathogen persistence (Belkaid et al, 

2001).  

However, in other situations IL-10 is vital in protecting the host from 

immune-mediated pathology. Although Il10
-/-

 mice infected with Plasmodium 

chabaudi produced increased levels of IFNɔ, TNFŬ and IL-12, this did not lead to 

improved pathogen clearance (Li  et al, 1999). Instead, Il10
-/-

 mice developed a much 

more severe infection compared to WT controls, with increased fever and weight-

loss, and significant mortality (Li  et al, 1999). Similar results were reported in the 

context of Toxoplasma gondii infection, with Il10
-/-

 mice developing severe immune-

mediated pathology and suffering severe mortality compared to WT controls, despite 

a greatly enhanced Th1 response (Gazzinelli et al, 1996).  

1.4.1.4. The role of IL-10 in Mtb infection 

IL-10 can inhibit several aspects of the immune response which are critical 

for protection against Mtb infection (Moore et al, 2001; Redford et al, 2010). IL-10 

can suppress the production of IL-12 from macrophages and DCs, leading to 

suppression of IFNɔ production from T cells (Fiorentino et al, 1991b; D'Andrea et 
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al, 1993; Moore et al, 2001), a process which is crucial in protection against Mtb 

(Flynn and Chan, 2001a). In addition, IL-10 suppresses IL-1 and TNFŬ production 

from innate immune cells (Fiorentino et al, 1991a), and both these cytokines are 

needed to control Mtb infection (Flynn et al, 1995; Mayer-Barber et al, 2011). A 

large number of studies have addressed the effect of IL-10 on the response to Mtb, in 

both mice and human infection, but the results have often been contradictory 

(Redford et al, 2011). A summary of the effects of IL-10 on the immune response to 

Mtb is shown in Figure 1.4.  

1.4.1.4.1. Results from the mouse model 

A number of studies have addressed the role of IL-10 in Mtb infection by 

infecting Il10
-/-

 mice with Mtb, and comparing the subsequent immune response and 

bacterial loads to WT mice. Some studies have reported no difference in bacterial 

burden in the lungs between WT and Il10
-/-

 mice following Mtb infection (North, 

1998; Jung et al, 2003) suggesting that IL-10 may not play an important role in 

infection. A subsequent study found that although IL-10 did not affect Mtb-bacterial 

load, it protected mice against fatal immune-pathology, although this only occurred 

at late stages of infection (Higgins et al, 2009).  
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Figure 1.4. The effects of IL-10 on the immune response to Mtb 

However, other studies have found decreased burdens of Mtb in Il10
-/- 

mice 

(Roach et al, 2001; Beamer et al, 2008; Redford et al, 2010). In these studies, the 

increased resistance to Mtb in Il10
-/- 

mice correlated with an enhanced Th1 response, 

including increased production of IFNɔ (Roach et al, 2001; Beamer et al, 2008; 

Redford et al, 2010). Levels of TNFŬ, IL-17, GM-CSF and IP-10 were also 

increased in the serum of Il10
-/- 

mice infected with Mtb (Redford et al, 2010). A 

further study used transgenic mice which over-produced IL-10 under the control of 

the IL-2 promoter, and found that this increased IL-10 production led to failure to 

control Mtb at later stages of infection (Turner et al, 2002).  
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These differences observed between these studies are likely to be due to 

variation in the strain of mouse used, strain of Mtb used and route of infection 

(Redford et al, 2011). In addition, the majority of these studies were carried out 

using C57Bl/6 and BALB/c mice, which are relatively resistant to Mtb infection, and 

may therefore not provide the best model for human TB (Redford et al, 2011). The 

CBA/J mouse is dramatically more susceptible to Mtb, and produce increased levels 

of IL-10 following infection (Turner et al, 2002). Importantly, Redford et al (2010) 

showed that blockade of IL-10 signalling during Mtb infection in CBA/J mice can 

reduce Mtb levels in the lungs, and enhance the Th1 response. IL-10 may therefore 

play an important role in more susceptible mouse models of Mtb.  

1.4.1.4.2. IL-10 in human TB 

Several studies have found that IL-10 mRNA and protein are detectable in 

the lungs of patients with active TB (Barnes et al, 1993; Bonecini-Almeida et al, 

2004; Almeida et al, 2009). In addition, neutralisation of IL-10 during stimulation of 

PBMCs from PPD
+
 positive donors led to enhanced T cell proliferation and IFNɔ 

production, suggesting that IL-10 can suppress Mtb specific T cell responses during 

human TB (Gong et al, 1996; Rojas et al, 1999). However, although a large number 

of studies have been carried out addressing whether IL-10 polymorphisms are 

associated with reduced or increased protection against Mtb, results have generally 

been inconclusive (Redford et al, 2011).  

1.4.2. Suppression of the immune response to Mtb by Tregs 

Regulatory T cells (Tregs) are another important mechanism for the 

regulation of the immune response. These cells are important for the prevention of 



Chapter 1: Introduction 

 

54 

 

autoimmunity, and can also regulate the immune response to infection, in order to 

prevent immunopathology (Fehervari and Sakaguchi, 2004; Belkaid and Tarbell, 

2009). Tregs are induced during the immune response to Mtb in both mice and 

humans, and can regulate the induction of the protective immune response (Urdahl et 

al, 2011). The transfer of Mtb-specific Tregs into Mtb infected mice at day 11 post-

infection resulted in increased bacterial growth at later timepoints, and delayed the 

expansion of effector T cells (Shafiani et al, 2010). In addition, co-transfer of Tregs 

with CD4
+
 T cells into RAG

-/-
 infected with Mtb blocked the protective effects of 

CD4
+
 T cells (Kursar et al, 2007). Furthermore, depletion of Tregs from mice 

infected with Mtb results in lower bacterial loads in the lung and spleen, and was 

accompanied by increased IFNɔ production by CD4
+
 T cells (Scott-Browne et al, 

2007). Thus, Tregs appear to play an important regulatory role during Mtb infection 

by specifically targeting the T cell response (Urdahl et al, 2011).  

1.5. Tuberculosis and type I IFN 

1.5.1. Background 

There are three families of IFN, known as type I, II and III. IFNɔ is the only 

member of the type II IFN family, and is known to be a crucial component in the 

immune response to Mtb due to its stimulatory effects on macrophages (Flynn and 

Chan, 2001a). The type I IFNs consist of more than 20 IFNŬ genes and a single 

IFNɓ gene. There are several further subtypes of type I IFNs, such as IFNə, IFNŭ, 

IFNŮ and IFNŰ, but these are only expressed in specific tissues and are not found in 

all species (Theofilopoulos et al, 2005). The more recently discovered type III IFNs, 

also known as IFNɚ, consist of IFNɚ1, IFNɚ2 and IFNɚ3 (also known as IL-29, IL-
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28A and IL-28B) in humans, and IFNɚ2 and IFNɚ3 in mice (Donnelly and Kotenko, 

2010). 

The type I IFNs were discovered in 1957 as soluble factors capable of 

inhibiting viral replication (Isaacs and Lindenmann, 1957). Almost all cells of the 

body are capable of producing and responding to type I IFN, although some, such as 

pDCs, are specialised to secrete large amounts (Asselin-Paturel et al, 2001; Colonna 

et al, 2004). Although long regarded as purely antiviral effectors, the type I IFN are 

now known to regulate a wide range of immune functions, and play a role in a 

number of bacterial infections, including Mtb (Trinchieri, 2010).  

1.5.2. The Regulation of type I IFN production 

The master regulators of type I IFN production are the transcription factors 

IRF3 and IRF7 (Decker et al, 2005). IRF3 is expressed constitutively, and serine 

phosphorylation of IRF3, either by TBK-1 or IKKŮ, causes it to dimerise and 

migrate to the nucleus where, along with other transcription factors, it activates 

transcription of the IFNɓ gene (Decker et al, 2005). Signalling by low levels of IFNɓ 

leads to activation of IRF7, which then stimulates the expression of IFNŬ and the 

further expression of IFNɓ (Marie et al, 1998; Sato et al, 1998). 

Various bacterial and viral components trigger type I IFN production in 

immune cells. TLR3 and TLR4, in response to double-stranded viral RNA and 

bacterial LPS respectively, activate IRF3 via the TRIF dependent pathway (Kawai 

and Akira, 2010). Double-stranded viral RNA also activates the cytoplasmic 

receptors RIG-I and MDA-5, leading to IRF3 activation through MAVS and TBK1 

(Kawai and Akira, 2010). Finally the NLRs, NOD1 and NOD2, trigger type I IFN in 
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response to components of peptidoglycan (Trinchieri, 2010) and it is this NLR-

dependent pathway which is thought to mediate type I IFN induction in response to 

Mtb, through Rip2 and IRF5 (Pandey et al, 2009). 

However, type I IFN induction in pDCs appears independent of the 

amplification loop that operates in other cells. Instead, single-stranded RNA and 

CpG stimulate the rapid activation of IRF7 through TLR7 and TLR9, and induce 

high levels of IFNŬ and IFNɓ through a MyD88-dependent pathway (Colonna et al, 

2004; Guiducci et al, 2006). This difference is due to the trafficking of CpG to 

different endosomes in pDCs compared to conventional DCs (Honda et al, 2005). 

However, the type of CpG used to stimulate pDCs affects whether high levels of 

IFNŬ are induced; CpG-A localises to early endosomes and induces high levels of 

IFNŬ, whereas CpG-B localises to late endosomes and does not induce IFNŬ 

(Guiducci et al, 2006). 

1.5.3. IFN signalling 

The three families of IFNs signal through distinct receptors, but share many 

downstream signalling molecules and induce overlapping gene expression (Der et al, 

1998; Stark et al, 1998; Donnelly and Kotenko, 2010). Signalling by the IFNs is 

summarised in Figure 1.5. All members of the type I IFN family signal through a 

common receptor, a heterodimeric molecule consisting of IFNAR1 and IFNAR2 

(known as the IFNŬɓR), and the downstream signalling from this receptor has been 

extensively characterised (Stark et al, 1998) (Figure 1.5). In response to binding, the 

two subunits of the IFNŬɓR change conformation and dimerise, resulting in the 

phosphorylation and activation of the receptor associated Janus family kinases Tyk2 
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and Jak1, and the phosphorylation of the intracellular domain of the IFNŬɓR (Stark 

et al, 1998; Decker et al, 2005). This creates a docking site for STAT1 and STAT2 

molecules, which are then phosphorylated by Jak1 and Tyk2, causing them to form 

STAT1:STAT2 heterodimers and migrate to the nucleus, where they associate with 

the transcription factor IRF9 to form the interferon-stimulated gene factor 3 (ISGF3) 

complex (Stark et al, 1998; Decker et al, 2005). The ISGF3 binds to a consensus 

sequence, the interferon stimulated response element (IRSE), in the promoters of 

interferon stimulated genes (ISGs) to activate their transcription (Stark et al, 1998; 

Decker et al, 2005).  

IFNɔ signals through a receptor consisting of IFNGR1 and IFNGR1. Ligand 

binding results in activation of Jak1 and Jak2, and the predominant transcriptional 

complex activated by IFNɔ are homodimers of STAT1. This complex migrates to the 

nucleus and activates the transcription of genes with an IFNɔ-activated site (GAS) in 

their promoter (Stark et al, 1998). Type I IFN can also stimulate the formation of 

STAT1 homodimers, leading to overlap between IFNɔ and type I IFN inducible 

genes (Platanias, 2005) (Figure 1.5).  

The three subtypes of IFNɚ signal through a separate receptor to type I IFN, 

consisting of a unique IFNɚ-R1 receptor subunit coupled to IL-10R2 (Donnelly and 

Kotenko, 2010). However, the IFNɚ receptor, like the IFNŬɓR, is associated with 

Jak1 and Tyk2, and also activates the ISGF3 complex, inducing very similar gene 

expression to type I IFN, and similar antiviral activity (Donnelly and Kotenko, 

2010). 
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Figure 1.5. An overview of signalling pathways activated by IFNs. Adapted from 

Platanias et al, (2005) 

1.5.4. Type I IFN in protection against viral infection  

Type I IFNs were discovered, and named, on the basis of their ability to 

interfere with viral replication (Isaacs and Lindenmann, 1957) and mice deficient in 

type I IFN through the deletion of the IFNAR1 subunit of the IFNŬɓR (Ifnar1
-/-

 

mice) are highly susceptible to certain viral infections (van den Broek et al, 1995; 

Theofilopoulos et al, 2005). 

This activity is due to the potent antiviral genes induced by type I IFN. 

Prominent among these are protein kinase R (PKR), 2ô5ôoligoadenlyate synthetase 

(2ô5ôOAS), RNAse L and Mx proteins (Sadler and Williams, 2008). These proteins 

inhibit viral replication in a variety of ways, and mice deficient in these genes are 

susceptible to viral infection (Sadler and Williams, 2008). Protein kinase R is a 

serine threonine kinase that phosphorylates the translational initiation factor eiF2, 
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leading to inhibition of translation (Stark et al, 1998; Sadler and Williams, 2008). 

2ô5ôOAS enzymes produce short 2ô5ôoligoadenylate molecules which activates the 

RNAse L, which in turn destroys viral dsRNA. Type I IFNs also induce many 

members of the TRIM family of proteins (Rajsbaum et al, 2008), some of which 

have antiviral activity (McNab et al, 2010). However, the understanding of the anti-

viral effects of type I IFNs is still in its infancy, as the functions of the vast majority 

of type I IFN inducible genes are not known (Stetson and Medzhitov, 2006). 

1.5.5. Type I IFN in bacterial infection 

In recent years, the recognition that type I IFN can affect many immune 

processes besides mediating antiviral immunity has led to investigations into the role 

of type I IFN in bacterial infection (Trinchieri, 2010). Broader functions of type I 

IFNs include activating DCs in response to TLR ligands (Asselin-Paturel et al, 

2005), stimulating DCs to cross-present antigen to CD8
+
 T cells (Le Bon et al, 

2003), enhancing the survival of activated T cells (Marrack et al, 1999), inducing 

IFNɔ in CD8
+
 T cells (Cousens et al, 1999) and NK cells (Hunter et al, 1997), and 

regulating the humoral immune response (Le Bon et al, 2001). 

Studies investigating the role of type I IFN in bacterial infection have made 

use of mice lacking the receptor for type I IFN (Ifnar1
-/-

 mice). These mice have 

been challenged with a variety of bacterial pathogens, and it has become clear that 

type I IFN can have both positive and negative effects for the host, depending on the 

infection (Bogdan et al, 2004; Decker et al, 2005; Trinchieri, 2010). Ifnar1
-/-

 mice 

challenged with group B streptococcus (GBS), Streptococcus pneumoniae and 

Escherichia coli all had increased mortality compared to wild-type controls, showing 
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an essential role for type I IFNs in response to these pathogens (Mancuso et al, 

2007). Type I IFN was also found to be essential for defence against Streptococcus 

pyogenes (Gratz et al, 2011).  

However, in some infections type I IFN can play a negative role in host 

resistance to infection. This first became apparent in the context of Listeria 

monocytogenes infection. Three papers published in 2004 showed that Ifnar1
-/-

 mice 

infected with Listeria had reduced bacterial burdens in the spleen and liver compared 

to wild-type mice, showing that in the absence of type I IFN, the immune response is 

more effective (Auerbuch et al, 2004; Carrero et al, 2004; O'Connell et al, 2004). 

The mechanism behind these negative effects of type I IFN is unclear. Two of these 

studies found that apoptosis of splenic lymphocytes was reduced in Ifnar1
-/-

 mice 

(Carrero et al, 2004; O'Connell et al, 2004). In addition, Auerbuch et al (2004) 

showed that the levels of IL-12p70 in the serum of Ifnar1
-/- 

mice are elevated 

compared to wild-type mice, suggesting that type I IFNs negatively regulate IL-12. 

More recently, Rayamajhi et al (2010) showed that type I IFN could downregulate 

the expression of the IFNɔ receptor (specifically IFNGR1) on the surface of Listeria 

monocytogenes infected macrophages, leading to a reduced responsiveness to IFNɔ 

in these cells.  

Similar results have recently been demonstrated in the context of Francisella 

tularensis infection, with Ifnar1
-/-

 mice showing enhanced bacterial clearance (Henry 

et al, 2010). In this study, type I IFN was suggested to suppress IL-17 production 

from ɔŭ T cells (Henry et al, 2010). In general, type I IFN seems to play a protective 

role against extracellular bacteria, such as Streptococci, but a negative role against 

intracellular bacteria, such as Listeria monocytogenes and Francisella tularensis. 
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1.5.6. Type I IFN in Mtb infection 

The role of type I IFN in Mtb infection has been the subject of much 

investigation, mostly using mouse models of Mtb infection. However, contradictory 

results have been observed, with some studies reporting a beneficial role for type I 

IFN in the immune response, whilst others have found a detrimental role. The results 

of these studies are summarised in Table 1.1 at the end of this section. As shown in 

Table 1.1, the majority of studies suggest that type I IFN hinders the immune 

response to Mtb.  

A study by Manca et al (2001) compared infection of mice with HN878, a 

hypervirulent strain of Mtb, with other less virulent strains. They found that HN878 

induced higher levels of type I IFN from mouse lungs, but a less potent Th1 response 

(Manca et al, 2001). Treatment of mice with recombinant type I IFN led to reduced 

survival times following Mtb infection (Manca et al, 2001). The authors concluded 

that virulent strains of Mtb induce type I IFNs as a pathogenic mechanism, in order 

to blunt the crucial Th1 response (Manca et al, 2001). A further study by the same 

group showed that another hypervirulent strain, W4, also induced more type I IFN in 

the lungs of mice compared to non-hypervirulent strains (Manca et al, 2005). This 

study also found that Ifnar1
-/-

 mice survived longer than wild type mice following 

Mtb infection, showing that mice are better protected against Mtb in the absence of 

type I IFN signalling (Manca et al, 2005). Subsequently, Ordway et al (2007) found 

that Ifnar1
-/-

 mice infected with five different Mtb strains showed decreased bacterial 

counts in the lung at later time-points post-infection. However, there was no 

difference in the survival of these mice (Ordway et al, 2007). Stanley et al (2007) 

also compared resistance of wild-type and Ifnar1
-/-

 mice to Mtb infection and found 
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that Ifnar1
-/-

 mice had reduced bacterial burdens in the spleen, but the lung was not 

affected. In general, all of these studies reported decreased bacterial burdens in the 

lungs or spleen of Ifnar1
-/- 

mice compared to wild-type, suggesting that type I IFN 

plays a negative role during Mtb infection. In support of this conclusion, mice 

deficient in a prominent ISG, protein kinase R (PKR), were also shown to have 

reduced burdens of Mtb following infection (Wu et al, 2012). PKR was shown to 

promote IL-10 production from macrophages infected with Mtb, and inhibit 

responsiveness to IFNɔ (Wu et al, 2012). 

More recently, a novel strategy was used to study the effects of type I IFN in 

Mtb infection. Antonelli et al (2010) treated Mtb-infected mice intranasally with 

poly-IC, an analogue of dsRNA that can induce large amounts of type I IFN from 

immune cells through TLR3. They found that mice treated with Poly-IC had a 

dramatic increase in bacterial load in the lung, accompanied by increased lung 

pathology and decreased survival (Antonelli et al, 2010). Importantly, this effect was 

not seen in Ifnar1
-/-

 mice, demonstrating that the negative effects of Poly-IC were 

type I IFN dependent (Antonelli et al, 2010). Treatment of mice with Poly-IC was 

accompanied by the CCR2-dependent migration of a myeloid population to the lung, 

which seemed to be permissive for Mtb growth (Antonelli et al, 2010).  

Limited evidence correlates type I IFN with beneficial effects in Mtb 

infection (Table 1.1). Some studies with Ifnar1
-/-

 mice have shown reduced 

resistance to infection with mycobacteria, although they conflict with other studies 

described above. Kutchey et al (2006) showed that Ifnar1
-/-

 mice had increased 

growth of BCG early in infection and Cooper et al (2000) found similar results with 

Mtb Erdman, suggesting that type I IFN may be required for an optimum immune 
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response to Mtb. The differences between these and other studies may be a result of 

the use of differing strains of mice, strains of mycobacteria and routes of infection. 

More recently, Desvignes et al (2012) generated mice deficient in both type I IFN 

and IFNɔ signalling, and found that these mice showed greater susceptibility to Mtb 

compared to IFNɔ single knockout mice. The authors concluded that type I IFN can 

play a protective role in the absence of IFNɔ signalling, possibly through partial 

compensation of IFNɔ activities (Desvignes et al, 2012). 

Recently, the potential role of type I IFN in human disease was highlighted. 

Berry et al (2010) carried out whole-blood transcriptional profiling of patients with 

active and latent TB, as well as healthy controls, and found a 393 gene signature in 

the blood of active patients, which correlated with disease severity and was 

diminished upon antibiotic treatment. Modular and pathway analysis of this 

signature showed it to contain genes associated with both type I IFN and IFNɔ 

signalling. By carrying out analysis of separated cells, this signature was found to be 

specific to neutrophils and macrophages (Berry et al, 2010). A subsequent 

independent study also found an upregulation of IFN inducible genes in the blood of 

active TB patients (Maertzdorf et al, 2011). However, the effects of type I IFN 

signalling in human TB patients are unclear. 
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Reference Experimental  

strategy 

Mouse 

Strain 

Route of Mtb 

infection 

Strain of 

Mtb 

Read-out Concluded role of type I IFN 

Cooper et al 

2000 

WT vs. Ifnar1
-/-

 mice B6/129 Aerosol Erdman Lung CFU Positive ï early increase in Mtb 

levels in Ifnar1
-/-

 mice 

Manca et al 

2001 

Intranasal treatment 

with recombinant 

IFNŬɓ 

B6D2/F1 Aerosol HN878 and 

CDC1551 

Survival and lung 

CFU 

Negative ï reduced survival time 

in IFNŬɓ treated mice, and 

increased lung CFU 

Manca et al 

2005 

WT vs. Ifnar1
-/-

 mice B6D2/F1 Aerosol HN878 Survival and 

Lung CFU 

Negative ï longer survival in 

Ifnar1
-/-

 mice 

Kutchey et al 

2006 

WT vs. Ifnar1
-/-

 mice 129S6/SvEv Aerosol BCG Lung CFU Positive ï early increase in BCG 

levels in Ifnar1
-/-

 mice 

Ordway et al 

2007 

WT vs. Ifnar1
-/-

 mice C57Bl/6 

controls, 

A129 

Ifnar1
-/- 

Aerosol H37Rv, 

HN878, 

CSU123. 

CSU93 

Erd KO1 

Survival and 

Lung CFU 

Negative ï increased lung CFU 

in Ifnar1
-/-

 mice but no change in 

survival 

Stanley et al, 

2007 

WT vs. Ifnar1
-/-

 mice C57Bl/6 Intravenous Erdman Lung/Spleen 

CFU 

Negative ï increased CFU in the 

spleen 

Antonelli et 

al, 2010 

Intranasal treatment 

with Poly-ICLC 

C57Bl/6 Aerosol H37Rv Survival and 

Lung CFU 

Negative ï reduced survival time 

and increased Mtb in Poly-ICLC 

treated mice 

Desvignes et 

al, 2012 

IFNɔR
-/-

 vs. Ifnar1
-/-

IFNɔR
-/- 

mice  

C57Bl/6 Aerosol H37Rv Survival and 

Lung CFU 

Positive ï could play a protective 

role in the absence of IFNɔ 

Table 1.1. Summary of previous literature investigating the role of type I IFN in Mtb infection 
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1.6. Microarray as a tool for studying host-pathogen 

interactions 

1.6.1. Background 

A common aim in biological research is to determine which genes change 

expression under different biological conditions. Well-studied examples include 

studying the responses of cells to a given stimulus over time or comparing healthy 

and diseased tissues. Knowledge of the genes that 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 properties of this gene. Techniques for studying gene 

expression involve detecting and quantifying the amounts of a given mRNA in a 

sample, using techniques such as PCR. However, these strategies, although 

powerful, are limited by the fact that the expression of only a small number of genes 

could be determined. Furthermore, this results in bias, where experimenters 

determine the expression of genes they already predict may be involved. The advent 

of DNA microarray technology in the mid-1990s revolutionised the study of gene 

expression, as it allowed the simultaneous and rapid quantification of thousands of 

mRNA species from a biological sample, and thus provided a global and unbiased 

picture of gene expression. Although the generation of such large amounts of data 

has its own problems and obstacles, particularly in regard to data analysis and 

statistical methods, the large number of published microarray studies revealing 

insights into various biological processes is testament to the power of this technique 

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

A DNA microarray consists of a solid surface known as a chip, typically 

made of glass or plastic, onto which short single-stranded DNA sequences are added. 

These DNA sequences are known as probes, and each binds to a complementary 

mRNA sequence. Analysis of gene expression by microarray includes several stages. 

First, total mRNA must be extracted and purified from the biological samples in 

question. This mRNA is then amplified, to give a sufficient amount of material for 

analysis, and then labelled with a specific fluorescent marker to allow detection. The 

labelled mRNA is then hybridised with the microarray chip in order to allow binding 

of the DNA probes with complementary mRNA species. Thus, if the complementary 

mRNA of a given DNA probe is present in a sample, it will bind to the 

complementary probe, and binding can be detected by exciting the fluorescent tags 

on the mRNA molecules with light of the appropriate wavelength. The chip is then 

scanned to generate an image showing the points of fluorescence on the chip and the 

image is processed to numerically determine the relative intensity at each of the 

probes on the chip (Heller, 2002).  

There are a number of different microarray platforms available from different 

companies (Heller, 2002). The differences between the platforms involve how the 

DNA probes are attached to the microarray surface. This is achieved either through 

deposition, in which the DNA probes are synthesised separately and then deposited 

onto the surface, or in situ synthesis, where the probes are synthesised directly onto 

the chip surface (Heller, 2002). 
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1.6.3. Illumina BeadArray technology 

A recently developed and widely used technology for depositing DNA 

probes onto a microarray chip is BeadArray technology developed by Illumina 

(Illumina, 2005), unlike previous technologies such as Affymetrix technology, which 

attached the probes directly to the chip by in situ synthesis, BeadArray technology 

attaches multiple copies of each 50 base-pair oligonucleotide probe to silica beads of 

approximately 3ɛm in diameter (microbeads) (Illumina, 2005). These beads are then 

randomly self-assembled into microwells on the surface of the chip, in a defined grid 

pattern, with each bead located approximately 5.7ɛm from adjacent beads (Illumina, 

2005). Importantly, each probe contains both a region for mRNA binding and an 

ñaddressò sequence. The address sequence allows the location of each bead, and 

therefore each probe, on the chip to be determined, a process known as decoding 

(Illumina, 2005). This information is then used to determine which probes have 

bound their complementary mRNA, following hybridisation of the chips with biotin-

labelled mRNA. Additionally, approximately 30 identical beads 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 measurement (Illumina, 

2005).  

1.6.4. The application of microarray in studying the immune 

response 

Since its development, DNA microarray technology 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 

using in vitro assays. The power of microarray in these scenarios 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 first proposed in a study by 

Golub et al (1999), where investigators found gene signatures that could discriminate 

between patients with acute myeloid leukaemia and acute lymphoblastic leukaemia. 

These techniques have subsequently been applied to a range of different cancers. For 

example, transcriptional profiling is now used to distinguish different classes of 

breast cancer, and to predict patient outcome and response to chemotherapy (Sotiriou 

and Pusztai, 2009). Microarray has also been applied to the study of autoimmune 

diseases, and has yielded new insights into the pathogenesis of previously poorly 

understood conditions (Pascual et 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 I IFN 

signalling and neutrophils (Bennett et al, 2003). Type I IFN was subsequently shown 

to prime neutrophils to undergo netosis, resulting in the release of neutrophil 

extracellular traps (NETs), resulting in the generation of the auto-antibodies against 

nuclear antigens, which lead to SLE pathogenesis (Garcia-Romo et al, 2011). Similar 

approaches were applied to systemic onset juvenile idiopathic arthritis (SoJIA), an 

autoimmune condition affecting children and characterised by fever, rash and 

arthritis (Pascual et al, 2010). Transcriptional profiling of PBMCs from SoJIA 

patients revealed an upregulation of IL-1ɓ production, and treatment of patients with 

anakinra, an IL-1 receptor antagonist, dramatically improves the symptoms of SoJIA 

patients (Pascual et al, 2005).  
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These techniques have also been applied to infectious diseases, leading to 

novel insights into disease pathogenesis. Blood signatures were shown to 

discriminate patients with influenza, E. coli and S. aureus infection, which may aid 

in the differential diagnosis of these conditions (Ramilo et al, 2007). As discussed 

above, profiling of the whole blood of patients with active and latent TB compared 

to healthy controls found an IFN signature specific to patients with active TB (Berry 

et al, 2010). This could potentially aid in the diagnosis of active TB, which is not 

straightforward (Barry et al, 2009), and also reveals a potential role for type I IFN in 

disease pathogenesis (Berry et al, 2010). These studies demonstrate that microarray 

can be effectively 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 has been effective in answering more specific 

questions 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 pathogen-derived products, and this has 

shed light on 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 host-pathogen interactions by Zhu et 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 fungi (Jenner and Young, 2005). 

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

transcriptional response of immune cells to different pathogens (Jenner and Young, 
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2005). For example, Nau et al (2002) stimulated human macrophages with E.coli, S. 

typhi, S. typhimurium, S. aureus, L. monocytogenes, Mtb and BCG, and identified a 

common response including cytokines, chemokines, transcription factors and cell-

surface receptors. A similar ñcore responseò was found by a large-scale meta-

analysis of published host-pathogen microarray studies (Jenner and Young, 2005). 

The reasons for this overlap reflects the fact that diverse pathogens can all activate 

TLR signalling pathways, 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, pathogen-specific responses have also been 

identified by microarray studies of infected immune cells. For example, Nau et al 

(2002) found that Mtb induced lower levels of mRNA for IL-12p40 and IL-15 

compared to other pathogens. In addition, Chaussabel et al (2003) found pathogen 

specific response to a variety of intracellular pathogens, including Mtb, in human 

macrophages and DCs.  

A further application of microarray is to study the role of specific molecules 

and signalling pathways by making use of mouse gene knockout technology (Jenner 

and Young, 2005). In these 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 a particular molecule can be determined globally (Jenner and 

Young, 2005). For example, Gilchrist et al (2006) used microarray and other systems 

biology techniques to identify the transcription factors ATF3 as a negative regulator 

of the macrophage response to LPS. This was confirmed by stimulating Atf3
-/-

 

macrophages with LPS and analysing the transcriptional response by microarray, 
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which found that a number of pro-inflammatory mediators such as IL-12, TNF and 

iNOS were upregulated in Atf3
-/-

 macrophages (Gilchrist et al, 2006).  

A number of microarray studies have investigated the transcriptional 

response of innate immune cells to Mtb infection. A recent study found that type I 

IFN inducible genes were upregulated in human macrophages infected with Mtb 

(Wu et al, 2012), in keeping with the IFN signature observed in active TB patients 

(Berry et al, 2010). Microarray analysis of Mtb-infected murine macrophages found 

that genes involved in steroid biosynthesis were upregulated in response to the 

hypervirulent Mtb isolate HN878, possibly reflecting a virulence strategy employed 

by this strain (Koo et al, 2012). A study by Tailleux et al (2008) was the first to use 

microarray to determine the gene expression of both Mtb and the host cell (human 

macrophages and DCs) simultaneously. This study found cell-specific response to 

Mtb; for example macrophages but not DCs, upregulated genes encoding vesicular 

(v)-ATPase subunits (Tailleux et al, 2008). In addition, Mtb responded differently to 

macrophages and DCs; Mtb showed an increased stress response within DCs 

compared to macrophages, possibly reflecting the fact that DCs present a less 

permissive environment for Mtb growth compared to macrophages (Tailleux et al, 

2008). Microarray has also been used to study the role of particularly signalling 

molecules in the transcriptional response of innate cells to Mtb. Transcriptional 

profiling of Mtb-infected macrophages deficient in the enzymes iNOS (Ehrt et al, 

2001), the signalling molecule MyD88 (Shi et al, 2003) and the type I IFN receptor 

Ifnar1 (Shi et al, 2005) has revealed important roles for these molecules in 

transcriptional regulation in response to Mtb. Notably, induction of a number of 

important genes including iNOS and IP10 was found to be MyD88-independent, but 

dependent on the IFNŬɓR, thus revealing important regulatory mechanisms that 
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occur in response to Mtb infection (Shi et al, 2005). Thus, microarray is a powerful 

tool for generating new insights into the response of innate immune cells to Mtb, and 

the mechanisms employed by Mtb to subvert this response. These studies are 

discussed in more detail in Chapter 3. 
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2.1. Mice 

C57Bl/6 (B6), B6 Ifnar1
-/-

, B6 Il10
-/-

, B6 Tpl2
-/-

, B6 Tpl2
-/-

Ifnar1
-/-

 and B6 

Tpl2
-/-

Il10
-/-

 were bred and housed under specific pathogen free conditions at the 

MRC-NIMR under UK Home Office regulations. Female mice were used between 8-

20 weeks of age.  

2.2. Reagents 

2.2.1. Cell culture medium 

Cell culture medium used for all experiments was RPMI 1640 (Lonza) 

supplemented with 5% heat-inactivated fetal calf serum (FCS) (Biosera), 0.05mM 2-

mercaptoethanol (Sigma), 2mM L-glutamine (Lonza), 1mM sodium pyruvate 

(Lonza) and 10mM HEPES (Lonza). This is subsequently referred to as cRPMI. 

2.2.2.  Recombinant IFNs 

Recombinant IFNɓ was purchased from PBL and recombinant IFNɔ was 

purchased from R&D systems. IFNɓ was used at 2ng/ml unless otherwise indicated 

and IFNɔ was used at 5ng/ml.  

2.2.3. Inhibitors  

The MEK1/2 inhibitor PD0325901 was purchased from Philip Cohen 

(University of Dundee, Scotland, UK) and reconstituted in Dimethyl sulfoxide 

(DMSO; Sigma). PD0325901 was used at a concentration of 0.1ɛM. 

2.2.4. Mtb 

All experiments using Mtb were carried out under bio-safety containment 

level 3 conditions. Mtb H37Rv was originally from the London School of Hygiene 

and Tropical Medicine (LSHTM) and grown at the MRC-NIMR. Mtb H37Rv was 
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grown by seeding either 100µl 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 acid-albumin-dextrose catalase 

(OADC; BD Difco). 10ml cultures were placed in a rotor at 37ºC, rotating at 25rpm 

and growth was monitored by reading optical density at 600nm. When OD was 

approximately 1, 1ml of the rotating culture was added to 50ml 7H9 culture broth in 

a roller bottle, which was placed on a roller at 37ºC, at 2rpm. OD was monitored as 

above and when OD was approximately 1, Mtb was centrifuged for 20mins at 

3000rpm to pellet cells, and the pellet was washed twice in phosphate-buffered 

saline (PBS) to remove any remaining media, and then resuspended in PBS. A 

slower spin was then carried out (10mins at 800rpm) to remove Mtb clumps, and the 

supernatant was aliquotted into freezing vials, 1ml per vial, and stored at -80
º
C. To 

determine the number of viable colony forming units (CFUs) of Mtb per tube in the 

stock, vials were thawed and serially diluted onto 7H11 plates supplemented with 

OADC. For each new stock, selected vials were plated onto blood agar plates, to 

ensure no contamination with other microorganisms. These vials were then thawed 

and used to infect macrophages 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 marrow-derived macrophages, bone marrow cells were 

flushed from the femurs and tibia of mice and seeded into bacterial plates (Sterilin) 

at 0.5x10
6
 cells/ml, in 8ml cRPMI containing 10% FCS and 20% L929 cell-

conditioned medium (LCCM) which contains macrophage colony-stimulating factor 

(M-CSF). At day 4, 10ml fresh cRPMI containing 10% FCS and 20% LCCM was 
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added. At day 6, non-adherent cells were discarded, 5ml ice-cold PBS was added and 

plates were incubated at 4ºC for 15mins. Macrophages were then removed from the 

plate, pelleted by centrifugation at 1200rpm for 7mins and resuspended in cRPMI 

(5% FCS). Macrophages were counted and seeded into 24-well flat-bottomed tissue 

culture plates (Corning) at 1x10
6
 cells/ml, in a final volume of 1ml. For the 

microarray experiment presented in Chapter 3, macrophages were seeded into 6-well 

flat-bottomed tissue culture plates (Corning) at 1x10
6
 cells/ml, in a final volume of 

3ml. Cells were rested overnight and on day 7 medium was removed, cells were 

washed once with PBS and infected as described below. 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 with Mtb 

Macrophages were infected with Mtb at a multiplicity of infection (MOI) of 

2:1 (bacteria: cell). Mtb was left in the wells until the supernatant or cells were 

harvested. The number of bacteria in the inoculum was determined by serial 

dilutions on 7H11 plates supplemented with 10% OADC. 

2.3.3. Enumeration of intracellular Mtb in macrophages following 

infection 

To determine the number of intracellular Mtb CFUs present in macrophages 

following infection, supernatants were harvested, macrophages were washed once 

with PBS to remove extracellular bacteria and 1ml of 0.2% saponin (Sigma) was 

added for 1hr at 37 ºC to lyse the cells. This suspension was then serially diluted and 

plated onto 7H11 plates supplemented with OADC, and colonies were counted after 

14-16 days at 37ºC. 



Chapter 2: Materials and Methods 

 

77 

2.4. Cytokine quantification by ELISA  

For quantification of cytokine concentrations in cellular supernatants, cell-

free supernatants were harvested at the indicated time point post-infection and 

measured by enzyme-linked immune-adsorbent assay (ELISA). Commercially 

available kits were used for TNFŬ, IL-12p70 and IL-27 (eBioscience), IL-1ɓ (R&D 

systems) and IFNɓ (PBL), and were used according to the manufacturerôs 

instructions. Matched antibody pairs were used for IL-10 and IL-12p40. Details of 

ELISAs used are shown in Table 2.1.  

Cytokine Standard 

starting 

concentration 

Coating 

antibody 

Detection antibody Substrate Detection 

limit  

IL -10 10ng/ml JES-2A5, 

5µg/ml 

(DNAX) 

SXC-1, 0.25µg/ml 

(BD biosciences) 

TMB 40pg/ml 

IL -12p40 50ng/ml C15.6, 

5µg/ml  

(DNAX) 

C17.8, 0.5µg/ml  

(DNAX) 

ABTS 

 

50pg/ml 

TNFŬ 10ng/ml n/a n/a TMB 20pg/ml 

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

IL -1ɓ 10ng/ml n/a n/a TMB 20pg/ml 

IFNɓ 1000pg/ml n/a n/a TMB 20pg/ml 

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

Table 2.1. Details of ELISAs used for quantification of cytokines 

2.5. Protein analysis by Western blotting 

For Western blot analysis, macrophages were rested overnight in cRPMI 

containing 1% FCS, and then stimulated with IFNɔ at 5ng/ml in cRPMI with 0% 

FCS. At the indicated times post-stimulation, cells were lysed in RIPA buffer (0.1% 

SDS, 1% NP-40, 50 mM NaCl, 0.5% deoxycholate acid, 50 mM, Tris HCl, pH 8.0, 2 

mM EDTA, 2 mM sodium-pyrophosphate, 50 mM sodium fluoride, 100 mM 

vanadate (all from Sigma-Aldrich), and complete EDTA-free protease inhibitor 

cocktail (Roche)). The concentration of protein in the lysates was determined by 
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BCA assay (ThermoScientific). Protein in the samples were then denatured by 

adding sodium dodecyl sulfate (SDS). 

20ug of protein was loaded onto a 12.5% poly-acrylamide gel, which was run 

at 45mA for approximately 4hr to separate the proteins according to size. The protein 

in the gel was then transferred onto a methanol-activated membrane (Millipore) 

overnight at 180mA. The membrane was then blocked for 1hr at room temperature in 

20ml PBS with 5% milk and 0.05% Tween-20 (Sigma). The membrane was then 

incubated with the primary antibody; total STAT1 (Cell Signalling; 1/1000 dilution 

overnight at 4ºC), Tyr701 phosphorylated STAT1 (Cell Signalling; 1/1000 dilution 

overnight at 4 ºC), or Actin as a loading control (Calbiochem; 1/5000 dilution for 2hr 

at room temperature), in 20ml PBS with 5% milk and 0.05% Tween-20. The 

secondary antibody (HRP-Conjugated Goat Anti-Rabbit IgG; Southern Biotech), at 

1/2000 dilution in 20ml PBS with 5% milk and 0.05% Tween-20, was then added for 

1hr at room temperature. The membrane was then developed using ECL (Millipore) 

and photographic paper.  

2.6. RNA extraction and purification  

2.6.1. Harvesting and purification of RNA 

At indicated time point post-infection, macrophage supernatants were 

harvested and cells were washed once with PBS. 350µl RLT buffer (Qiagen) with 

1% 2-mercaptoethanol was added to lyse cells. Lysates were stored at -80ºC until 

further processing. Lysates were homogenised using QIAshredder kits (Qiagen) and 

RNA was purified using RNeasy Mini Kits (Qiagen). An optional on-column DNA 

digestion step was performed using RNase-Free DNAse sets (Qiagen). All kits were 

used according to manufacturerôs instructions. The concentration of purified RNA 
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was determined using a NanoDrop 1000 spectrophotometer (NanoDrop Products, 

Thermo Scientific). For RNA to be used for microarray analysis, RNA quality was 

assessed using an Agilent 2100 Bioanalyser (Agilent technologies). All samples had 

an RNA integrity number (RIN) of >9.3, which indicated high quality. Purified RNA 

was stored at -80
º
C for further processing.  

2.6.2. Conversion of RNA to cDNA for qPCR analysis 

RNA was reverse transcribed to cDNA using High Capacity cDNA Reverse 

Transcription kits (Applied Biosystems) using the master mix shown in Table 2.2.  

Reagent Company Volume per reaction 

(final volume 20µl) 

Final 

Concentration 

RNA N/A 10µl N/A 

RT buffer Applied Biosystems 2µl N/A 

dNTPs Applied Biosystems 0.8µl 4mM 

Random Primers Applied Biosystems 2µl N/A 

MultiScribe Reverse 

transcriptase 

Applied Biosystems 1µl 2.5U/µl 

RNAsin Promega 0.5µl 1U/µl 

Nuclease-free H2O Promega 3.7µl N/A 

Table 2.2. Reagents used for reverse transcription master mix 

This mixture was incubated at 25ºC for 10mins, 37ºC for 2hrs then 85ºC for 

5mins. Following conversion to cDNA, remaining RNA was digested by using 

RNAse H (Invitrogen), at a final concentration of 0.03U/µl, for 30mins at 37ºC. 

cDNA was then diluted to a final concentration of 5µg/ml and used for qPCR 

analysis as detailed below.  

2.6.3. qPCR analysis 

The expression of target genes was determined by qPCR (7900HT; applied 

Biosystems). Samples were placed in a 96-well optical reaction plate (Applied 

Biosystems) with volumes of reagents as shown in Table 2.3. Each plate also 
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contained a no-template control with 4.5ul H20 replacing the cDNA, to control for 

contamination. The temperature and cycle number of the qPCR reactions is shown in 

Table 2.4. FAM-labelled Taqman primer probes were used to probe for specific 

genes. Following the reaction, the delta Ct (æCt) method was used to determine the 

expression value of the gene of interest (GOI) relative to a house-keeping gene, Hprt 

(hypoxanthine guanine phosphoribosyl transferase) using the following formula: 

æCt GOI = 1.8
(CtHprt ï CtGOI)

 x 100000 

 

Reagent Company Volume per reaction 

(final volume 10µl) 

Final 

concentrations 

cDNA n/a 4.5µl 11.25ng/µl 

Taqman universal 

PCR master mix 

Applied 

Biosystems 

5µl n/a 

Taqman primer 

probe 

Applied 

Biosystems 

0.5µl 900nM 

Table 2.3. Reagents used for qPCR analysis 

 

 

Temperature Time No. Cycles 

50ºC 2mins 1 

95ºC 10mins 1 

95ºC/60ºC 15s/1min 40 

Table 2.4. Temperatures and times used for qPCR reactions 
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Target Gene Applied Biosystems 

catalogue number 

Il10 Mm_00439616_m1 

Il12a Mm_00434165_m1 

Il12b Mm_00434174_m1 

Tnf Mm_00443258_m1 

Il1b Mm_00434228_m1 

Ifngr1 Mm_00599890_m1 

Ifna2 Mm_00833961_m1 

Ifna5 Mm_00833976_m1 

Ifna6 Mm_0170358_s1 

Ifnb1 Mm_00439552_s1 

Fos Mm_00487425_m1 

Egr1 Mm_00656724_m1 

Jmjd3 Mm_01332680_m1 

Ier3 Mm_00519290_g1 

Dusp1 Mm_00457274_g1 

Dusp5 Mm_01266106_m1 

Hprt Mm_00446968_m1 

Table 2.5 Taqman primer probes used for qPCR 

2.7. Microarray processing and data analysis 

2.7.1. Amplification  

For microarray analysis, 300ng of total RNA was reverse transcribed to 

cDNA, purified and used as a template for in vitro transcription to generate biotin 

labelled, antisense complementary RNA (cRNA) target molecules, using the 

Illumina TotalPrep-96 RNA Amplification Kit (Illumina) according to the 

manufacturerôs instructions. The concentration of purified cRNA was determined 

using a NanoDrop 1000 spectrophotometer (NanoDrop Products, Thermo 

Scientific).  

2.7.2. Hybridisation  

750ng of biotin-labelled cRNA was hybridized overnight to Illumina Mouse 

WG-6 V2.0 Beadchip arrays (Illumina). The arrays were then washed, blocked, 
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stained and scanned on an Illumina BeadStation 500 following the manufacturerôs 

protocols. Illumina BeadStudio software (Illumina) was used to generate signal 

intensity values from the scans. 

RNA amplification for the microarray data presented in Chapter 3 was 

performed by Dr Christine Graham of the Division of Immunoregulation, MRC 

National Institute for Medical Research, Mill Hill, London, UK. Hybridisation of 

cRNA to arrays, scanning and pre-processing for the microarray data presented in 

Chapter 3 was performed by Quynh-Anh Nguyen, Microarray Core Facility, Baylor 

Institute for Immunology Research, Dallas, Texas. RNA 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 

2.7.3.1. Data pre-processing, normalisation and removal of undetectable 

transcripts 

Illumina BeadStudio software was used to subtract background from signal 

intensity values. GeneSpring GX version 11 (Agilent Technologies) was used to 

perform further normalisation and data analysis. The following pre-processing and 

normalisation steps were applied to all microarray data presented. A threshold signal 

value of 10 was set, and all signal intensity values less than 10 were set to equal 10, 

to remove noise due to low values. Signal values were then log-transformed to the 

base 2. Per-chip normalisation was applied using the 75
th
 percentile shift algorithm. 

This normalisation reduces differences in gene expression due to technical variations 

between different samples within a chip, and between chips, such as differences is 
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labelling or hybridisation (Quackenbush, 2002). Per-gene normalisation was then 

applied by dividing the signal value for each gene in each sample by the median of 

the signal value for that gene across all samples. Prior to further analysis, all 

transcripts were filtered to select transcripts that were significantly detectable from 

background: those called ópresentô in 100% of any one group of replicates (p<0.01). 

2.7.3.2. Fold-change and statistical analysis 

Following the removal of undetectable transcripts, fold-change and statistical 

analyses were applied to generate lists of differentially expressed transcripts, using 

GeneSpring. The specifics of the analyses carried out to generate lists of 

differentially expressed transcripts are presented in the relevant results section and 

figure legend. Fold change filters retained transcripts with greater than 2-fold 

changes in expression between conditions. For statistical analyses, two-way 

ANOVA (p<0.05) with Benjamini Hochberg FDR multiple testing correction was 

used. 

2.7.3.3. Hierarchical and k-means clustering 

Lists of differentially expressed transcripts generated by fold-change and 

statistical analysis were subjected to hierarchical clustering. This technique 

constructs a vertical dendrogram where transcripts with similar expression profiles 

across the condition are grouped together, and is useful in identifying patterns within 

the gene expression dataset (Quackenbush, 2002). The dendrogram is then displayed 

with gene expression shown as a red-blue heat map, with red indicating upregulation, 

blue indicating downregulation and yellow no change. For all hierarchical clustering 

a Pearson centred distance metric was used, as this clusters transcripts based on the 

expression profile of transcripts over the different samples, rather than the magnitude 
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of gene expression which is used by Euclidian-based distance metric (Quackenbush, 

2002). This was because transcripts with similar expression patterns, e.g. transcripts 

with expression at a particular time point, are likely to be co-regulated regardless of 

if one transcript is induced to a higher magnitude. In most cases, Pearson centred 

clustering was combined with complete linkage rule, which tends to generate 

compact clusters of a similar size (Quackenbush, 2002).  

A second form of clustering, k-means clustering, was also applied to lists of 

differently expressed transcripts, again using a Pearson centred distance metric. This 

method separates the transcripts into a defined number of clusters (k) which can then 

be analysed in more detail (Quackenbush, 2002).  

2.7.3.4. Functional analysis using IPA and GO analysis 

Ingenuity Pathways Analysis (IPA) (Ingenuity Systems, Inc., Redwood, CA, 

USA, www.ingenuity.com) was used to determine signalling pathways associated 

with clusters of differentially expressed transcripts. IPA is a database containing 

more than 9,800 human, 7,900 mouse and 5,000 rat genes, which is manually 

curated with gene associations generated from over 200,000 full text scientific 

articles (Calvano et al, 2005). Gene lists generated as described above were uploaded 

into IPA, and Fisherôs exact test, with Benjamini Hochberg FDR multiple testing 

correction was used to determine statistically significant overlap between gene lists 

and canonical IPA 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, if over-represented 

in the dataset, or blue, if under-represented.  
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Further functional analysis was carried out using gene ontology (GO) 

analysis in GeneSpring. This analysis uses the GO database, where genes are 

assigned ontologies relating to their molecular functions, associated biological 

processes and cellular location (Harris et al, 2004). Lists of genes can then be 

analysed with regard to their associated GO ontologies, and significant associations 

with particular terms can be calculated. 

2.8. Statistical analysis 

Statistical analysis on experimental data was carried out using PRISM 

software. T-test, 1-way ANOVA and 2-way ANOVA were used as indicated in the 

figure legend, with a significant result taken with a p-value of less than 0.05.  
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Chapter 3. The macrophage transcriptional response 
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3.1. Background 

Macrophages are the immune systemôs first line of defence against 

pathogenic microorganisms, populating key sites of the body where interactions with 

the outside environment occur, and engulfing and destroying foreign material, 

including bacteria. Macrophages also produce cytokines and chemokines which 

attract and activate other immune cells (Medzhitov and Horng, 2009). Alveolar 

macrophages in the lung are the first cells to encounter Mtb 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, are therefore a major reservoir for Mtb throughout the course of 

infection (Wolf et al, 2007). The interactions between Mtb and macrophages are 

therefore critical in determining the outcome of infection. 

Macrophages recognise pathogens through pattern recognition receptors 

(PRRs), which detect conserved features unique to microorganisms. Mtb is 

recognised by macrophages through Toll-like receptors (TLRs), C-type lectins 

including dectin-1, DC-SIGN and the mannose receptor (MR), and the Nod-like 

receptor NOD2 (Kleinnijenhuis et al, 2011). Recognition of a pathogen by PRRs on 

macrophages triggers many signalling pathways, resulting in the activation of 

transcription factors such as NF-əB, and the induction and repression of hundreds of 

genes involved in the antimicrobial response (Jenner 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 against 

pathogens such as Mtb, 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, as it allows the 

user to determine the expression of thousands of genes in an unbiased manner. A 

number of studies have used microarray to study the response of human (Nau et al, 

2002; Chaussabel et al, 2003; Wang et al, 2003; Tailleux et al, 2008) or mouse (Ehrt 

et al, 2001; Shi et al, 2003; Shi et al, 2005; Koo et al, 2012) macrophages to Mtb. 

The major findings from these studies, and the cell types, time points and stimuli 

used are shown in Table 3.1. 

As shown in Table 3.1, these studies have led to important insights into the 

host pathogen interactions that occur in Mtb-infected macrophages. For example, Shi 

et al (2005) found that a number of immunologically important genes were induced 

by Mtb via type I IFN and STAT1 signalling, independently of TLRs, at 4hr post-

infection. A more recent study by Tailleux et al (2008) analysed the response of 

human macrophages and DCs to Mtb, and additionally profiled Mtb gene expression 

within these two cell types. This revealed cell-specific responses to Mtb by 

macrophages and DCs, with macrophages upregulating genes involved with 

phagosome acidification and vesicle trafficking (Tailleux et al, 2008).  

However, previous microarray studies of Mtb-infected macrophages have 

tended to use a limited number of time points (Table 3.1), and so the dynamics of the 

macrophage response to infection was not assessed (Ehrt et al, 2001; Chaussabel et 

al, 2003; Shi et al, 2003; Wang et al, 2003; Shi et al, 2005; Tailleux et al, 2008; Koo 

et al, 2012). In addition, the majority of these studies did not analyse macrophage 

gene expression at time points earlier than 4hr post-infection (Ehrt et al, 2001; 

Chaussabel et al, 2003; Shi et al, 2003; Wang et al, 2003; Shi et al, 2005; Tailleux et 

al, 2008; Koo et al, 2012) (Table 3.1). Although Nau et al (2002) analysed the 



Chapter 3: The macrophage transcriptional response to Mtb 

 

89 

response of human macrophages to Mtb at 1hr and 2hr post-infection, the primary 

aim of this study was to compare the common macrophage response to various 

bacterial pathogens, and the response to Mtb was not analysed in detail. Microarray 

studies of LPS stimulated macrophages have found that gene expression can change 

rapidly following treatment, with clusters of upregulated genes observed as early as 

1hr post-stimulation (Gilchrist et al, 2006; Ramsey et al, 2008). These genes are 

likely to regulate the macrophage response at later time points, and could play an 

important role in the immune response. 

Here we carried out a microarray analysis of Mtb-infected macrophages over 

an extended time course, including both early and late time points. We found the 

macrophage response to Mtb to be highly dynamic, with many clusters of genes 

induced or repressed at different time points. This included early clusters of genes, 

which were induced at 30mins to 1hr post-infection. Analysis of these clusters by 

ingenuity pathway analysis (IPA) and gene ontology (GO) identified clusters of 

genes involved with a wide range of functions, some of which would protect the host 

against Mtb infection, and others that could be a result of Mtb virulence strategies to 

subvert the protective immune response. This illustrates the complexity of Mtb-

macrophage interactions, and provides a framework for future analyses. 
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Reference Cell type Mtb strain Time points Primary Findings 

Ehrt et al, 2001 Murine 

macrophages 

Clinical isolate 

1254 

24hr ¶ Synergy between Mtb and IFNɔ in induction of inflammatory 

genes, including iNOS 

¶ iNOS and NADPH oxidase found to be important 

transcriptional regulators in response to Mtb 

Nau et al, 2002 Human 

macrophages 

Erdman 0, 1, 2, 6, 12, 24hr ¶ Defined common macrophage activation program in response 

to Mtb and various bacteria, including cytokines, chemokines, 

receptors and transcription factors 

¶ Response to Mtb not analysed in detail 

Chaussabel et al, 

2003 

Human 

macrophages 

and DCs 

DNS 16hr ¶ Compared macrophage and DC response to Mtb and other 

intracellular pathogens 

¶ Found common and pathogen-specific cluster of genes 

¶ Type I IFN inducible and MHC class I related genes induced 

by Mtb and Toxoplasma gondii in DCs and macrophages 

¶ Cytokines, chemokines and NF-əB related genes induced by 

Mtb in macrophages and DCs 

Shi et al, 2003 Murine 

macrophages 

Clinical isolate 

1254 

24hr ¶ Mtb transcriptional response largely MyD88-independent 

¶ MyD88 required for macrophage activation in response to 

IFNɔ 

Wang et al, 2003 Human 

macrophages 

Erdman 4, 12, 24, 48hr ¶ Found upregulation of cytokines, chemokines, proteasome 

components and STAT1 

Shi et al, 2005 Murine 

macrophages 

Clinical isolate 

1254 

24hr ¶ Induction of several immunologically important genes, 

including RANTES, IRG1, IP10 and iNOS independent of 

MyD88 but dependent on type I IFN and STAT1 
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Tailleux et al, 

2008 

Human 

macrophages 

and DCs 

H37Rv 4, 18, 48hr ¶ Cell-specific responses to Mtb identified 

¶ NADPH oxidase, phagosome acidification and intracellular 

trafficking regulated genes more strongly induced in 

macrophages 

¶ Type I IFN and TLR related genes more strongly induced in 

DCs  

¶ Profiling of Mtb gene expression found cell-specific 

adaptations to macrophages and DCs, with replication related 

genes upregulated in macrophages, and stress response genes 

upregulated in DCs 

Wu et al, 2012 Human THP-1 

macrophage-like 

cell-line 

11 W-Beijing 

strains and 

H37Rv 

4, 18, 48hr ¶ Similar response to W-Beijing strains compared to H37Rv 

¶ Core response included many cytokines, chemokines and 

receptors 

¶ Found induction of many IFN-inducible genes, which 

overlapped with IFN-signature identified by Berry et al (2010)  

Koo et al, 2012 Murine 

macrophages 

HN878 and 

CDC1551 

6 and 24hr ¶ Immune response genes induced by CDC1551 but not HN878 

at 6hr post-infection 

¶ Genes involved in lipid metabolism upregulated in response to 

HN878 but not CDC1551 at 24hr post-infection 

Table 3.1. Summary of previous microarray studies of innate immune cells infected with Mtb 
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3.2. Results 

3.2.1. The macrophage response to Mtb is temporally regulated  

To gain a global understanding of the transcriptional response of 

macrophages to Mtb infection, we began by using transcriptional profiling to study 

the global macrophage response to Mtb over an extended time-course, including both 

early and late time points. Macrophages were derived from the bone marrow of wild-

type (WT) mice, and were infected with the H37Rv strain of Mtb (which is used 

throughout this study) at a multiplicity 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 harvested from infected and uninfected 

macrophages at 0hr, , 30mins, 1hr, 3hr, 6hr and 24hr post-infection. Purified total 

RNA was amplified, labelled and hybridised to Illumina Mouse WG-6 V2.0 

Beadchip arrays, as described in the Materials and Methods, with duplicate 

biological samples for each condition. In 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 (Illumina), and further 

analysis was carried out using GeneSpring (Agilent Technologies). 

The 42581 analysed transcripts were filtered first to select transcripts that 

were significantly detectable from the background: those called ópresentô in 100% of 

any 1 group of 2 triplicates. This left 15018 transcripts. To 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 technique clusters samples based on how similar they are 
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to each other, and thus shows the overall trends within the dataset (Quackenbush, 

2002). 

Figure 3.1 shows that the 26 samples were separated into two groups by 

unsupervised clustering. One group contained Mtb-infected samples at 3hr, 6hr and 

24hr, while the second larger group contained all uninfected samples and Mtb-

infected samples at 15mins, 30mins and 1hr. This suggests that the major Mtb-

induced transcriptional changes occur at 3hr, 6hr and 24hr post-infection, as these 

samples cluster separately from the uninfected controls. The Mtb-infected samples at 

15mins and 30mins cluster together with the uninfected controls (Figure 3.1), 

suggesting minimal changes have occurred in response to Mtb at these early time 

points. However, although the 1hr Mtb-infected samples cluster in the same groups 

as the uninfected controls, they are on a separate branch, suggesting that some 

changes are occurring at this time point (Figure 3.1).  

To investigate further, two filters were applied to the 15018 detectable 

transcripts, designed to retain only transcripts that changed in response to Mtb 

infection over time. First, transcripts were retained if their expression changed by 

greater than 2-fold in response to Mtb at any time point, relative to the mean of the 

uninfected controls at that time point. Second, transcripts were retained if they were 

statistically different with regard to infection and time, as determined by two-way 

ANOVA (p<0.05) with Benjamini Hochberg FDR multiple testing correction. This 

left 6479 Mtb-regulated transcripts. To study the expression profile of these 

transcripts over time, they were clustered hierarchically using Pearson centred 

distance metric and complete linkage (Figure 3.2). Hierarchical clustering groups 

transcripts with similar expression profiles into clusters, generating a global 

overview of the gene expression in a dataset (Butte, 2002; Do and Choi, 2008). A 
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Pearson based distance metric was used as it clusters transcripts on 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 response to Mtb occurred at 3hr, 6hr and 24hr 

post-infection (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 post-infection (Figure 3.2), showing that 

certain genes are induced rapidly in macrophages following Mtb infection. This early 

response is likely to be important in inducing and regulating the later response of 

macrophages to Mtb. It was striking that the transcripts showed considerable 

heterogeneity in their expression profiles (Figure 3.2). Some clusters of transcripts 

remained upregulated or downregulated over relatively long periods of time, e.g. 

between 3hr and 24hr, whereas others were regulated only at one time point (Figure 

3.2).  

Taken together, this analysis shows that the macrophage response to Mtb 

occurs predominantly between 3hr and 24hr post-infection, but with small numbers 

of transcripts induced early (30mins-1hr) following infection. In addition, this 

response was highly dynamic, with groups of transcripts changing expression with 

varying kinetics. This illustrates the importance of using multiple time points, 

including early time points, to study the temporal response of immune cells to 

infection, as important transcriptional changes may be missed if few time points are 

used.  
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3.2.2. k-means clustering separates the macrophage response to Mtb 

into 24 clusters, based on their expression profiles 

Figure 3.2 shows that Mtb-induced transcription is complex, with many 

discrete clusters being up- or downregulated with varying kinetics. Clusters of 

transcripts with similar profiles are likely to be involved in shared processes, and to 

be regulated by common pathways or transcription factors (Do and Choi, 2008). In 

order to further study the regulation and function of these clusters, it was necessary 

to separate them into lists of transcripts which could be analysed in more detail. To 

achieve this, we used GeneSpring to separate the 6479 transcripts into clusters using 

k-means clustering. k-means clustering separates transcripts into a pre-defined 

number of clusters based on their expression profile (Butte, 2002). We used k-means 

clustering to separate the 6479 Mtb-regulated transcripts in 24 clusters, again using a 

Pearson centred distance metric. The 24 clusters varied in size, with the smallest 

(cluster 15) containing 51 transcripts and the largest (cluster 7) containing 707 

transcripts. Complete lists of the transcripts are presented in section 3.5 at the end of 

this chapter.  

The expression profiles of the 24 clusters are shown in Figure 3.3. Of the 24, 

17 clusters contained transcripts that were upregulated in response to Mtb infection 

and seven were downregulated, reflecting the higher number of upregulated 

transcripts and the greater heterogeneity of their expression (Figure 3.3). As 

predicted from Figure 3.2, the clusters varied enormously in their kinetics of 

induction or repression over time. Of those upregulated in response to Mtb, two 

showed changes at 1hr post-infection; cluster 8, which remained upregulated 

throughout the course of infection, and cluster 15, which was induced only 

transiently and returned to baseline by 3hr post-infection (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 14 and 24 (24hr) were only upregulated at one 

time point following Mtb infection (Figure 3.3). Others remained upregulated over 

two time points; clusters 0, 2 and 20 at 6hr-24hr post-infection and clusters 5 and 12 

at 3hr-6hr post-infection (Figure 3.3). Finally, clusters 4, 6, 11, 19, 22 and 23 were 

induced by Mtb and remained upregulated at 3hr, 6hr and 24hr post-infection, 

although the peak and magnitude of expression varied between these clusters (Figure 

3.3). The downregulated clusters showed similar heterogeneity, with cluster 3 

downregulated only at 24hr post-infection, cluster 10 at 6hr and 24hr post-infection, 

clusters 7 and 17 at 3hr and 6hr post-infection and clusters 16 and 18 at 3hr, 6hr and 

24hr (Figure 3.3). In summary, the 6479 genes making up the macrophage response 

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

dynamic and temporal variability in their expression profiles.  

3.2.3. Mtb-regulated gene clusters are associated with a variety of 

functions and signalling pathways  

Having separated the transcriptional response of macrophages to Mtb into 24 

clusters, we next investigated the functions of these clusters, and the signalling 

pathways that regulate their expression. Two approaches were used; gene ontology 

(GO) analysis (using GeneSpring), which gives broad information as to the potential 

functions of transcript lists, and ingenuity pathway analysis (IPA) which gives more 

specific information on the signalling pathways associated with transcript clusters. 

Each of the 24 clusters were analysed by GO analysis and IPA, with the top 5 

significant overlaps for each analysis shown (p<0.01) (Figure 3.4.1-3.4.4). Where 

significant associations were found, these were confirmed by literature searching of 
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the relevant transcripts, under the column ñliterature associationsò. In addition, 

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 overlap with either GO terms 

or IPA signalling pathways (clusters 0, 1, 3, 6, 14, 18, 20 and 21) (Figure 3.4.1-

3.4.4). The remaining 16 clusters showed overlap with a wide range of biological 

processes and signalling pathways (Figure 3.4.1-3.4.4). These are discussed below 

selected clusters hierarchically clustered and visualised with a heat map to show the 

gene expression in more detail, with the relevant genes in each cluster indicated 

(Figures 3.5-3.17). 

3.2.3.1. Early clusters are associated with NF-əB and ERK MAP kinase 

signalling 

A small number of transcripts were upregulated at 30mins to 1hr following 

Mtb infection (Figure 3.2). k-means clustering separated these transcripts into two 

clusters with differing expression profiles (Figure 3.3). Cluster 8 contained 

transcripts that were induced early and remained upregulated throughout the 

infection, whereas transcripts in cluster 15 were induced only transiently, and were 

rapidly downregulated after peaking at 1hr post-infection (Figure 3.3).  

GO analysis of cluster 8 showed a strong association with terms involved 

with cytokines and chemokines, such as ñcytokine activityò and ñchemokine 

activityò (Figure 3.4.2). This was due to the presence of the cytokines Il1b and Tnf 

and the chemokines Ccl2, Ccl3, Ccl4, Ccl7, Cxcl1 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 to Mtb infection (Flynn et al, 1995; Peters et al, 2001; Mayer-

Barber et al, 2011). The rapid production of these cytokines and chemokines by Mtb-

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 including Irf1, Tgif1, Maff, Atf3 and Junb, suggesting that this 

early response also leads to subsequent waves of transcription. Cluster 8 also 

contains the immunosuppressive cytokine Il10 (Figure 3.5). IL-10 can inhibit the 

production of IL-1ɓ and TNFŬ from macrophages (Fiorentino et al, 1991a; 

Fiorentino et al, 1991b; Moore et al, 2001) suggesting that this early pro-

inflammatory macrophage response is regulated to prevent host damage. 

The IPA signalling pathways that were associated with cluster 8 included 

ñIL-10 signallingò and ñIL-17 signallingò (Figure 3.4.2). However, induction of 

these pathways would require autocrine signalling, and this is unlikely given the 

extremely rapid induction of the transcripts in cluster 8. We therefore investigated 

the regulation of these transcripts in more detail by using IPA to determine the 

transcriptional regulators associated with the transcripts in cluster 8. As shown in 

Table 3.1, the most significant transcription factors associated with this cluster were 

the NF-əB family of transcription factors, which are known to induce pro-

inflammatory genes downstream of a wide variety of signals including TLRs 

(Vallabhapurapu and Karin, 2009). Genes in cluster 8 linked to NF-əB family 

members included Il1b, Tnf, Ccl2, Ccl4, Ccl7 and Cxcl2 (Figure 3.5). These data 

therefore suggest that NF-əB is rapidly activated in Mtb-infected macrophages, and 

this stimulates the production of vital cytokines and chemokines.  
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Transcriptional 

Regulator 

P-value of 

overlap 

NF-əB (complex) 1.95x10
-13 

STAT3 2.20x10
-11 

EGR1 3.66x10
-10 

NFKB1 3.66x10
-10 

GLI2 1.20x10
-8 

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

Cluster 15, which was induced rapidly but transiently in Mtb-infected 

macrophages (Figure 3.6A), was associated with GO terms involved with gene 

regulation, such as ñRegulation of transcription from RNA polymerase II promoterò 

and ñRegulation of gene expressionò (Figure 3.4.3). This was due to the presence of 

the transcription factors Fos, Fosb, Fosl2, Myc, Jun and Egr1 (Figure 3.6B). Early 

induction of these transcription factors would be expected to regulate transcription at 

later time points; for example, c-Fos (encoded by Fos) is known to regulate the 

production of IL-10, IL-12 and IFNɓ downstream of TLR signalling (Dillon et al, 

2004; Kaiser et al, 2009). In addition, cluster 15 included the histone H3K27 

demethylase Jmjd3 (Agger et al, 2007), suggesting that chromatin remodelling may 

occur in response to Mtb.  

We noticed that cluster 15 contained many genes that are known targets of 

the ERK MAP kinase signalling pathway. This included the transcription factors Fos 

(Gineitis and Treisman, 2001; Kaiser et al, 2009) and Egr1 (Gineitis and Treisman, 

2001; Harada et al, 2001), the phosphatases Dusp1 (Chen et al, 2002) and Dusp5 

(Kucharska et al, 2009), Ier3 (Garcia et al, 2002; Hamelin et al, 2006) and the 

histone H3K27 demethylase Jmjd3 (Lin et al, 2011b) (Figure 3.6B). To validate the 

early expression of these genes, and the microarray data as a whole, qPCR was 

carried out using the same RNA as was used for microarray analysis. Figure 3.6C 
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shows that Fos, Egr1, Dusp1, Dusp5, Ier3 and Jmjd3 were induced rapidly in 

macrophages infected with Mtb, but rapidly returned to baseline, confirming the 

results observed using microarray analysis. 

These results suggest that the ERK MAP kinase pathway is rapidly activated 

in macrophages in response to Mtb infection, and that this pathway leads to the 

induction of a transient cluster of transcription factors and transcriptional regulators. 

The ERK MAP kinase pathway is therefore likely to have an important bearing on 

the subsequent macrophage response. This prompted us to further investigate the role 

of the ERK MAP kinase pathway in Mtb-infected macrophages, and the results are 

presented in Chapter 5.  

3.2.3.2. Further pro -inflammatory genes are contained in cluster 23 

Like cluster 8, GO analysis of cluster 23 also showed a significant 

association with pro-inflammatory functions, including ñmyeloid leukocyte 

activationò and ñinflammatory responseò (Figure 3.4.4). This cluster, however, was 

expressed later than cluster 8, with expression first induced at 3hr post-infection, 

compared to 30mins-1hr post-infection for cluster 8, showing that the inflammatory 

response occurs in waves (Figure 3.7). This may suggest that different pathways and 

transcription factors regulate these two clusters. Cluster 23 contained the cytokines 

Il6, Il15 and Il27, the intracellular receptor Nod2, the cell surface receptor Cd40, the 

acute phase protein Saa3 (serum amyloid A3) and the TLR adaptor molecules 

Myd88 and Ticam1 (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 (IL-15) 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 response to Mtb is the production of 

reactive nitrogen intermediates (RNIs) by the enzyme iNOS, encoded by Nos2 (Chan 

et al, 1992; Chan et al, 1995). Two clusters were associated with the induction of 

RNIs by IPA analysis; cluster 12 showed significant overlap with the IPA pathway 

ñrole of nitric oxide and reactive oxygen species in macrophagesò (Figure 3.4.3). and 

cluster 23 showed overlap with ñproduction of nitric oxide and reactive oxygen 

species in macrophageò (Figure 3.4.4). However, the transcripts found to be involved 

with RNI induction, Rap1a, Rhou, Rhog, Rap1b, Jak2 and Pik3r5, are involved in 

many different signalling pathways. For example, Rap1a, Rhou, Rhog and Rap1b are 

small GTPases known to regulate a large number of biological process including 

cytoskeleton remodelling and cell-proliferation (Kaibuchi et al, 1999). This 

illustrates a caveat in the use of gene-list interpretation software such as IPA, and 

shows that associations should be confirmed by literature searching. However, the 

enzyme Nos2 (iNOS) was strongly induced by Mtb at 3hr post-infection, forming 

part of cluster 4 (Figure 3.8), suggesting that macrophages do produce RNIs in 

response to Mtb. 

3.2.3.4. Genes in cluster 4 are associated with the MHC class I antigen 

processing pathway and ubiquitination  

Cluster 4 contains 372 transcripts which are upregulated at 3-6hr post-

infection and remain upregulated up to 24hr post-infection (Figure 3.4.1; Figure 3.8). 

GO analysis of the transcripts in cluster 4 found a strong association with the GO 

terms ñcytosolò, ñcytoplasmò and ñcytoplasmic partò, suggesting involvement with 

cytoplasmic processes (Figure 3.4.1). In addition, GO analysis found an overlap with 
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the GO term ñproteasome complexò. This was due to the presence of numerous 

genes encoding subunits of the proteasome, including Psma4, Psma7, Psmb2, 

Psmb3, Psmb5, Psmb7, Psmd1, Psmd14 and Psme1 (Figure 3.8). The proteasome is 

a large, multi-subunit protease complex found in the cytoplasm, and functions to 

degrade proteins into short peptides (Vyas et al, 2008). The peptides produced are 

loaded onto MHC class I molecules and presented on the cell surface, allowing 

recognition of antigens by CD8
+
 T cells, which can lead to killing of the infected cell 

through apoptosis (Banchereau and Steinman, 1998). Induction of the proteasome 

genes in Mtb-infected macrophages suggests that the MHC class I pathway may be 

activated in response to infection. In support of this, cluster 4 also contained the 

MHC class I molecules, H2-K1 and H2-M2; and Erap1, an aminopeptidase which 

further processes peptides in the endoplasmic reticulum (ER) prior to their loading 

onto MHC class I molecules (Figure 3.8) (Saric et al, 2002).  

Analysis of cluster 4 by IPA found a highly significant overlap with ñprotein 

ubiquitination pathwayò (Figure 3.4.1). Ubiquitin is a small protein that is covalently 

attached to other proteins by ubiquitin ligases, a process which regulates numerous 

cellular processes . The association between cluster 4 and ubiquitination was in part 

due to the proteasome subunits discussed above, as ubiquitination targets proteins to 

the proteasome for degradation (Malynn and Ma, 2010). However, cluster 4 also 

contained several ubiquitin ligases, including Smurf1, Ube2m and Ube2k (Figure 

3.8). This suggests that in response to Mtb 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 response, as ubiquitination has been shown to 

regulate many innate immune processes and signalling pathways, such as NF-əB 

signalling (Malynn and Ma, 2010). 
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3.2.3.5. Cluster 19 is associated with apoptosis 

Cluster 19, consisting of 212 transcripts induced from 3hr post-infection by 

Mtb (Figure 3.9), was strongly associated with GO terms involving apoptosis and 

cell-death (Figure 3.4.4). These were ñprogrammed cell deathò, ñapoptosisò, ñcell 

deathò and ñdeathò (Figure 3.4.4). Genes associated with these terms were the Bcl-2 

family members Bcl2a1b, Bcl2a1c, Bcl2a1d and Bcl3; the caspase Casp4; the death 

receptor Fas, the NLR family member Nlrp3; and the signalling molecules Ripk2 

and Traf2 (Figure 3.9).  

However, cluster 19 included genes with both pro-apoptotic and anti-

apoptotic function. The pro-apoptotic genes included Fas, a ñdeath-receptorò which 

upon binding of FasL initiates apoptosis via its cytoplasmic death domain, leading to 

the activation of caspase 8. Caspase 8 (encoded by Casp8) was also induced by Mtb, 

although it was found in cluster 2, as its expression was induced at 6hr and 24hr 

post-infection. Cluster 19 also included Bcl2l11, which encodes for the protein Bim, 

a Bcl2 family member involved in the initiation of apoptosis (Figure 3.9) (Borner, 

2003). Induction of these genes suggested that macrophages undergo apoptosis in 

response to Mtb infection, which has been shown to be an important process as 

apoptosis of macrophages reduces the spread of Mtb within the lungs, and leads to an 

enhanced T cell response via cross-priming of CD8
+
 T cells (Behar et al, 2011).  

Anti-apoptotic genes in cluster 19 included Birc2 and Birc3, members of the 

inhibitors of apoptosis (IAP) family of proteins (Figure 3.9). IAP proteins inhibit the 

activity of caspases, the enzymes responsible for mediating apoptosis (Siegel, 2006). 

Apoptosis has an important role in limiting the viability and spread of Mtb, and leads 

to cross-priming of the CD8
+
 T cell response (Behar et al, 2011). As a result, virulent 

Mtb strains, including H37Rv, are known to actively prevent apoptosis, leading 
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instead to necrosis which promotes dissemination of Mtb (Divangahi et al, 2010; 

Behar et al, 2011). Induction of anti-apoptotic genes such as Birc2 and Birc3 may 

therefore represent a virulence strategy employed by Mtb to prevent apoptosis. 

3.2.3.6. Association of cluster 9 with steroid biosynthesis 

Both GO analysis and IPA analysis strongly linked cluster 9 to the synthesis 

of steroids (Figure 3.4.2). Transcripts in cluster 9 were upregulated specifically at 

6hr following Mtb infection (Figure 3.10). GO terms significantly associated with 

cluster 9 included ñsteroid biosynthetic processò, ñsterol biosynthetic processò and 

ñcholesterol biosynthetic processò. Sterols are a subgroup of steroids, and cholesterol 

is a sterol, strongly suggesting that genes involved in steroid biosynthesis are 

upregulated in response to Mtb infection. In support of this, IPA showed a highly 

significant overlap between genes in cluster 9 and the pathway ñbiosynthesis of 

steroidsò (Figure 3.4.2). Genes in cluster 9 linked to steroid biosynthesis included the 

enzymes Fdps (farnesyl disposphate synthase), Mvd (mevalonate decarboxylase), 

Pmvk (phosphomevalonate kinase), Nhdsl (pterol-4-alpha-carboxylate 3-

dehydrogenase), Stard (Star-related lipid transfer protein 5) and Lss (Lanosterol 

synthase) (Figure 3.10). Taken together, these results show that macrophages 

activate pathways involving the biosynthesis of steroids at around 6hr post-infection 

with Mtb. This is relevant, as several studies have shown that cholesterol is vital for 

the entry of Mtb into macrophages, and its persistence within macrophages in vivo 

during latent infection (Gatfield and Pieters, 2000; Van der Geize et al, 2007; 

Pandey and Sassetti, 2008). Thus, production of cholesterol and other steroids by 

macrophages may favour the intracellular survival 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 and ñproteasome complexò, and IPA analysis 

showed significant overlap with ñprotein ubiquitination pathwayò (Figure 3.4.2). 

Similarly to cluster 4, cluster 9 included several genes encoding subunits of the 

proteasome; Psmb10, Psma5, Psme2, Psmd8 and Psmb6 (Figure 3.10). Genes of the 

proteasome are therefore induced with different kinetics in Mtb-infected 

macrophages, with those in cluster 4 induced from 3hr, 6hr and 24hr post-infection, 

whilst those in cluster 9 were only induced at 6hr post-infection. This may reflect 

differing functions of the various proteasome subunits.  

3.2.3.7. A type I IFN -inducible cluster of genes in Mtb-infected macrophages 

Strikingly, cluster 2 showed highly significant overlap with the canonical 

pathway ñInterferon Signallingò following IPA analysis (Figure 3.4.1). This was of 

interest as type I IFN has been reported to play a negative role during Mtb infection 

(Manca et al, 2001; Manca et al, 2005; Ordway et al, 2007; Antonelli et al, 2010) 

and an interferon signature was recently reported in the blood of patients with active 

TB (Berry et al, 2010). Cluster 2 contained 257 transcripts, which were induced by 

Mtb at 6hr and 24hr post-infection (Figure 3.11). Genes in this cluster linked to 

interferon signalling by IPA included the transcription factors Stat1, Stat2 and Irf9, 

the antiviral molecules Mx1, Oas1a, Oas1g, Oas2 and Oas3 and the IFN-inducible 

protein Ifit3 (Figure 3.11). Several other known IFN-inducible genes were also 

present in cluster 2. These included the transcription factors Irf2 and Irf7 (Tamura et 

al, 2008); the IFN-inducible proteins Ifi44 and Ifit2; and the antiviral gene Isg20 

(Espert et al, 2003) (Figure 3.11). In addition, cluster 2 included two members of the 
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tri-partite motif (TRIM) family of proteins, Trim34 and Pml (TRIM19), which have 

recently been suggested to play an important role in regulating the innate immune 

response (McNab et al, 2010).  

The IPA ñinterferon signallingò canonical pathway includes both type I IFN 

and IFNɔ signalling. To determine the relative contribution to these pathways, 

transcripts in cluster 2 were overlaid onto the IPA ñinterferon signallingò pathway, 

with genes present in cluster 2 highlighted in red (Figure 3.12A). Genes involved in 

both type I IFN and IFNɔ signalling were present in cluster 2. However, of the four 

genes involved in IFNɔ signalling, three (Stat1, Irf9 and Psmb8) were common to 

type I IFN signalling, explaining the induction of this pathway in the absence of 

IFNɔ signalling, and illustrating the overlap between these two pathways (Figure 

3.12A). The presence of genes unique to type I IFN signalling, Stat2, Mx1, Oas and 

Ifit3 strongly suggested that type I IFN signalling was responsible for this cluster. In 

support of this, Ifnb1, the gene encoding IFNɓ, was upregulated at 3hr post-infection 

(Figure 3.12B), in keeping with the appearance of type I IFN-inducible genes at 6hr 

post-infection (Figure 3.11). However, IFNɓ protein was consistently undetectable 

from macrophages infected with Mtb by ELISA (data not shown), suggesting that 

low but biologically active concentrations of type I IFN are induced by Mtb. Taken 

together, these data strongly suggest that type I IFN is induced by macrophages, in 

response to Mtb, and that this feeds back to regulate gene expression. This is in 

agreement with previous studies reporting type I IFN induction in Mtb-infected 

macrophages (Stanley et al, 2007; Pandey et al, 2009).  
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3.2.3.8. Downregulated clusters are associated with DNA replication, 

metabolism and cell-division 

Of the clusters that were downregulated following Mtb infection, several 

showed significant overlap with GO terms related to metabolism and cell-division. 

This was particularly strong for cluster 7 (Figure 3.4.2) and clusters 13, 16 and 17 

(Figure 3.4.3), which were downregulated between 3hr and 24hr post-infection 

(Figure 3.13-3.16).  

Genes in clusters 7 and 17 were significantly associated with metabolic 

processes, with highly significant overlap with the GO terms ñcellular 

macromolecule metabolic processò and ñcellular metabolic processò for cluster 7 

(Figure 3.4.2), and ñcatalytic activityò and ñmetabolic processò for cluster 17 (Figure 

3.4.3). This included numerous enzymes involved in metabolism and catabolic 

processes. Cluster 7 contained B4galt1 (beta 1,4-galactosyl transferase), Cbr1 

(carbonyl reductase 1), Coasy (CoA synthase), Dhdh (dihydrodiol dehydrogenase), 

Gpt2 (glutamic pyruvate transaminase), Lcmt1 (leucine carboxyl methyltransferase) 

and Umps (urindine monophosphate synthetase) (Figure 3.13). Cluster 17 contained 

Acp6 (acid phosphatase 6), Galt (galatcose-1-phosphate urididyltransferase), Gnpda1 

(glucosamine-6-phosphate deaminase 1) and Plcb2 (phospholipase C, beta 2) (Figure 

3.14).  

Cluster 13, which was strongly downregulated at 3hr, 6hr and 24hr (Figure 

3.15), contained genes with a significant overlap with GO terms involving cell-

division, including ñmitosisò, ñnuclear divisionò and ñM phase of mitotic cell cycleò 

(Figure 3.4.3). Genes in cluster 13 associated with these terms were members of the 

cyclin family of proteins, Cnnm2 and Cnnm3, which control cell division through 

activation of the cyclin dependent kinases; the centromere proteins Cenph, Cenpk, 
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Cenpm and Cenpp; and the kinesin family members Kif11, Kif13A, Kif15, 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 involved in cell-division, the 

genes in cluster 16 were strongly associated with DNA replication, a vital stage in 

the cell-cycle (Figure 3.4.3). Genes in cluster 16 were downregulated at 6hr and 24hr 

following Mtb infection, although the downregulation was relatively mild compared 

to clusters 7, 13 and 19 (Figure 3.16). These genes were upregulated in the 

uninfected controls at 24hr post-infection, suggesting that DNA replication may 

occur in uninfected macrophages (Figure 3.16). GO terms associated with cluster 16 

included ñDNA metabolic processò and ñDNA replication (Figure 3.4.3). IPA 

confirmed this association, as cluster 16 was significantly linked with the IPA 

pathways ñcell cycle control of chromosomal replicationò and ñpyrimidine 

metabolismò (Figure 3.4.3). The genes in cluster 16 that linked to DNA replication 

pathways included several members of the minichromosome maintenance complex, 

Mcm3, Mcm5, Mcm6, Mcm7 and Mcm10, which is involved in the initiation and 

elongation stages of DNA replication (Figure 3.16). Also in cluster 16 are two 

subunits of the GINS complex, Gins1 and Gins2, which are also involved in DNA 

replication (De Falco et al, 2007), and a subunit of the DNA polymerase enzyme, 

Pole (Figure 3.16). 

In summary, analysis of clusters 7, 13, 16 and 17 strongly suggests that 

macrophages down regulate genes involved in metabolism, cell-division and DNA 

replication in response to Mtb infection. This may be to allow the macrophages to 

direct resources towards antimicrobial processes, such as the production of 

cytokines, chemokines and antimicrobial molecules. 
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3.2.3.9. The downregulated cluster 10 is associated with lysosome function 

Although the majority of downregulated clusters were associated with either 

metabolism or cell-division, genes in cluster 10 showed a significant association 

with GO terms relating to the lysosome, including ñlytic vacuoleò, ñlysosomeò and 

ñvacuoleò (Figure 3.4.2). This was intriguing as lysosomes and lysomomal enzymes 

are vital for protection against intracellular pathogens such as Mtb, as fusion of 

vacuoles containing Mtb 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 lysosomes were predominantly genes encoding lysosomal 

enzymes. This included peptidases such as the cathepsins, Ctsf and Ctsb; Galc 

(galactosylceramidase), Hexa (hexosaminidase) and Tpp1 (tripeptidyl peptidase 1). 

In addition, several enzymes involved in carbohydrate digestion were present in 

cluster 10, including Mann2b1 (mannosidase) and Gusb (glucoronidase B) (Figure 

3.17). Given the importance of the lysosome in mediating Mtb killing in 

macrophages, it is possible that this downregulation of lysosomal genes is a 

virulence strategy of Mtb, designed to avoid macrophage killing and enabling Mtb to 

persist within the cell. 
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3.3. Discussion 

The interactions between Mtb and macrophages are complex, with the 

macrophage attempting to eliminate the bacteria, and Mtb trying to subvert these 

processes (Pieters, 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 response to Mtb changes greatly over time, with genes induced 

and repressed with varying kinetics. We separated these genes into 24 clusters using 

k-means clustering, and analysis of these with IPA and GO analysis found 

associations with a wide range of important processes, including inflammation, 

antigen presentation, apoptosis, protein ubiquitination, sterol biosynthesis, cell-

division and metabolism. 

3.3.1. The early transcriptional response to Mtb infection  

Previous microarray studies of Mtb-infected macrophages did not address the 

response of macrophages to Mtb earlier than 4hr post-infection (Ehrt et al, 2001; 

Chaussabel et al, 2003; Shi et al, 2003; Wang et al, 2003; Shi et al, 2005; Tailleux et 

al, 2008; Koo et al, 2012) (Table 3.1). We show here that although the majority of 

macrophage transcriptional changes occur at 3hr post-infection and later, a small 

number of transcripts were upregulated at between 30mins and 1hr post-infection. k-

means clustering showed that these transcripts comprised two main clusters; one 

with sustained upregulation up to 24hr post-infection (cluster 8), associated with 

induction of cytokines, chemokines and NF-əB signalling, and a second with 

transient upregulation, containing transcripts which peaked at 1hr post-infection and 

returned to baseline by 3hr post-infection (cluster 15), associated with transcriptional 
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regulation and ERK MAP kinase signalling. This illustrates the importance of 

including early time points in this analysis, particularly with regard to the transcripts 

in cluster 15, which would not have been detected had the analysis started at 3hr 

post-infection.  

Many of the genes in cluster 8 were pro-inflammatory in nature, such as the 

cytokines Tnf and Il1b, and the chemokines Ccl2, Ccl3, Ccl4, Ccl7, Cxcl1 and Cxcl2. 

The production of chemokines in particular results in the influx of further immune 

cells into the site of infection, which is a vital process during Mtb infection as it 

culminates in the formation of the granuloma which sequesters Mtb within foci of 

immune cells (Flynn et al, 2011). For example, loss of Ccl2 and Ccl7 signalling in 

Ccr2
-/-

 mice infected with Mtb led to a complete loss of monocyte recruitment to the 

lung, and failure to control the infection (Peters et al, 2001). TNFŬ and IL-1ɓ are 

also highly pro-inflammatory in nature, although their precise function in the 

immune response to Mtb is unclear (Cooper et al, 2011). However, loss of either of 

these cytokines renders mice highly susceptible to Mtb infection (Flynn et al, 1995; 

Mayer-Barber et al, 2011). Thus, this early production of cytokines and chemokines 

by Mtb-infected macrophages in the lung is likely to represent a vital first stage in 

mounting a protective immune response. 

The transiently induced genes in cluster 15 included many transcription 

factors and transcriptional regulators, such as Fos, Egr1, Jun, Myc and the histone 

H3K27 demethylase Jmjd3. These transcription factors are likely to induce the 

transcription of the genes upregulated at later time points, 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 response to Mtb, making use of 

either specific inhibitors or gene knockouts. In particular, the induction of the histone 
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demethylase Jmjd3 is 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, the Listeria 

monocytogenes virulence factor LntA was recently shown to target the chromatin 

repressor BAHD1, which resulted in increased expression of type III IFN (Lebreton 

et al, 2011). To date, Mtb virulence has not been linked to chromatin remodelling, 

but the early induction of a histone demethylase in macrophages suggests that this 

may occur, and warrants further investigation. 

3.3.2. A type I IFN signature in Mtb infected macrophages 

Using IPA analysis, we identified a cluster of genes strongly linked to IFN 

signalling. This cluster (cluster 2) was induced at 6hr and 24hr post-infection, and 

contained many well known IFN-inducible genes including the transcription factors 

Stat1, Stat2 and Irf9 and the antiviral genes Mx1, Oas1a, Oas1g, Oas2, Oas3 and 

Isg20 (Stark et al, 1998; Sadler and Williams, 2008). Induction of this cluster 

occurred subsequently to the expression of IFNɓ mRNA at 3hr post-infection, 

strongly suggesting that type I IFN was responsible for the induction of this cluster. 

Although IFNɓ was not detectable at the protein level by ELISA, type I IFNs are 

known to often be produced at low but biologically active levels (Gough et al, 2012).  

Several previous studies have reported induction of type I IFNs, particularly 

IFNɓ, in macrophages infected with Mtb (Giacomini et al, 2001; Stanley et al, 2007; 

Leber et al, 2008; Pandey et al, 2009; Manzanillo et al, 2012). This was shown to 

depend on cytosolic recognition of Mtb or Mtb-components by either NOD2 (Leber 

et al, 2008; Pandey et al, 2009) or a cytosolic DNA sensor (Manzanillo et al, 2012). 

In addition, the upregulation of type I IFN inducible genes has been reported in 
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human macrophages and DCs infected with Mtb (Chaussabel et al, 2003; Tailleux et 

al, 2008; Wu et al, 2012). IFN-inducible genes are also upregulated in the blood of 

patients with active TB, but not those with latent TB or healthy controls (Berry et al, 

2010). Induction of type I IFN and IFN-inducible genes seems to be common to both 

human and mouse cells infected with Mtb, and may play an important role during 

infection.  

Mouse models have shown that type I IFN plays a detrimental role in the 

immune response to Mtb, with mice deficient in type I IFN signalling having lower 

bacterial loads following infection (Manca et al, 2005; Ordway et al, 2007; Stanley 

et al, 2007). The induction of type I IFN may therefore be a virulence strategy of 

Mtb to subvert the macrophage response. This is supported by the fact that induction 

of type I IFN by Mtb, both in vitro and in vivo, depends on the ESX-1 secretion 

system (Stanley et al, 2007). This secretion system is crucial for Mtb virulence, and 

loss of the genes encoding it accounts for the attenuation of BCG (Pym et al, 2002).  

The observation of type I IFN-inducible genes in Mtb-infected macrophages 

prompted us to further investigate how type I 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 following Mtb infection (cluster 9; Figure 

3.4.2). This was confirmed by both GO and IPA analysis and included the enzymes 

phosphomevalonate kinase (Pmvk) and mevalonate decarboxylate (Mvd), which are 

involved in the mevalonate pathway, a biosynthetic pathway that produces the 

precursors for a wide range of steroids, including cholesterol (Goldstein and Brown, 



Chapter 3: The macrophage transcriptional response to Mtb 

 

114 

1990). These results are in agreement with a recent study by Koo et al (2012), which 

described the induction of steroid biosynthesis genes, including Mvd, by the 

hypervirulent strain of Mtb HN878, but not by the less virulent strain CDC1551. We 

show here that H37Rv also induces genes involved in steroid biosynthesis. Induction 

of these genes by Mtb therefore appears to be strain specific, and induction of these 

genes to differing levels may in part explain differences in virulence observed 

between different strains of Mtb.  

The induction of steroid biosynthesis genes may represent a virulence 

strategy of Mtb. It was reported that Mtb is able to metabolise cholesterol, and this is 

dependent upon genes in the mce4 operon, which encodes for transporters that 

transport cholesterol across the bacterial cell wall (Pandey et al, 2009). The 

importance of this was shown by the fact that mutant Mtb deficient in mce4 were 

unable to survive in the lung during the chronic stages of infection in mice, showing 

that cholesterol metabolism is required for Mtb persistence in vivo (Pandey et al, 

2009). In human TB the production of lipids such as cholesterol leads to the 

appearance of ñfoamyò macrophages in the lung, characterised by intracellular lipid 

droplets (Russell et al, 2009). Electron microscopy has shown that Mtb is closely 

associated with these lipid droplets in the lungs of TB patients, and it has been 

hypothesised that this provides an energy source which enables Mtb to persist within 

the lungs during the latent stage of infection (Pieters, 2001; Russell et al, 2009). In 

addition, cholesterol is required for the entry of mycobacteria into macrophages, 

through a variety of receptors (Gatfield and Pieters, 2000; Peyron et al, 2008). Our 

results therefore suggest that Mtb generates the production of these steroids such as 

cholesterol by manipulating host metabolism, through inducing enzymes involved in 
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the generation of lipids, and that this may enable Mtb to enter macrophages, and 

persist within them.  

3.3.4. Induction of apoptosis related genes by Mtb 

A prominent cluster of genes upregulated at 3hr, 6hr and 24hr post-infection, 

cluster 19 (Figure 3.4.4), was strongly associated with GO terms relating to the death 

of cells, including ñapoptosisò and ñprogrammed cell-deathò. This strongly 

suggested that macrophages were undergoing cell death in response to Mtb. There 

are two main mechanisms leading to cell death; apoptosis and necrosis (Behar et al, 

2011). Necrosis is characterised by the disruption of the plasma membrane, whereas 

during apoptosis the integrity of the plasma membrane is preserved, and the cell 

breaks up into many small vesicles (blebbing) (Behar et al, 2011). The death of 

macrophages by apoptosis is known to promote the host response to Mtb, first 

because it leads to reduced viability of Mtb (Oddo et al, 1998; Divangahi et al, 2009) 

and second because the apoptotic vesicles contain Mtb antigens, which are taken up 

by DCs and used to cross-prime CD8
+
 T cells, leading to an enhanced CD8

+
 T cell 

response (Schaible et al, 2003; Winau et al, 2006; Divangahi et al, 2009). The 

expression of pro-apoptotic genes, such as Fas and Bcl2l11, is therefore likely to be 

protective in the host response. In support of this, apoptosis mediated through the 

Fas receptor has been shown to reduce Mtb viability in human macrophages (Oddo 

et al, 1998). 

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

macrophages, leading instead to necrosis which promotes inflammation and bacterial 

dissemination (Behar et al, 2011). Evidence for this comes from studies showing that 

virulent strains of Mtb induce greater levels of necrosis compared to avirulent 
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strains, which are more prone to induce apoptosis (Chen et al, 2006; Gan et al, 2008; 

Divangahi et al, 2009). The virulent strain 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 et 

al, 2006) and manipulation of the synthesis of eicosanoids (Gan et al, 2008; 

Divangahi et al, 2009). We also observe the upregulation of anti-apoptotic 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 

caspases (Siegel, 2006). Mtb may induce expression of Birc2 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 I-related antigen processing genes 

in Mtb-infected macrophages 

Cluster 4 (Figure 3.4.1) contained many genes involved with processing of 

antigens for presentation on MHC class I molecules. Antigens presented on MHC 

are derived from the cytosol of cells, and typically derive from cytosolic pathogens 

such as viruses (Vyas et al, 2008). Peptide antigens presented on MHC class I 

molecules are then recognised by CD8
+
 T cells, and this leads to death of the 

infected cell (Vyas et 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 by the TAP (transporter associated with antigen processing) 

transporter. In the ER, peptides are further processed by peptidases such as the ER 

aminopeptidase (encoded by Erap1), loaded onto MHC class I molecules and 

transported to the cell surface (Vyas et al, 2008). Cluster 4 contained a large number 
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genes encoding subunits of the proteasome, two MHC class I molecules, H2-K1 and 

H2-M2, and the aminopeptidase Erap1. This strongly suggested that the MHC class 

I antigen presentation pathway was activated in Mtb-infected macrophages. 

CD8
+
 T cells are known to recognise Mtb antigens during infection, and 

although not as important as CD4
+
 T cells, still play an important role in containing 

bacterial growth (North and Jung, 2004). However, given that Mtb resides in the 

phagosome, which is restricted to the MHC class II pathway, how Mtb antigens enter 

the MHC class I pathway and activate CD8
+
 T cells has been an area of much 

research. Two pathways have been proposed for the entry of exogenous antigens into 

the MHC class I pathway (a process known as cross-priming or cross-presentation) 

(Vyas et al, 2008). First, antigens may exit from the phagosome into the cytosol, be 

processed by the proteasome and enter the ER via the TAP transporter, as in classical 

MHC class I antigen processing (the cytosolic pathway) (Vyas et al, 2008). Second, 

antigens in the phagosome may traffic to a vesicle containing recycled MHC class I 

molecules, and thus bypass the proteasome and ER (the vesicular pathway) (Vyas et 

al, 2008). In the context of Mtb, several studies have shown that cross-presentation 

of a variety of Mtb antigens by human monocyte derived DCs requires the 

proteasome and the TAP transporter, suggesting that Mtb antigens enter the cytosol, 

although exactly how Mtb antigens exit from the phagosome remains unclear 

(Lewinsohn et al, 2006; Grotzke et al, 2009; Grotzke et al, 2010). However, in 

contrast to these studies, cross-presentation of the 19kDa antigen of Mtb was shown 

to be TAP-independent (Neyrolles et al, 2001) and cross-priming of apoptotic 

vesicles by bystander-DCs was also shown to be proteasome-independent (Schaible 

et al, 2003), supporting a role for the vesicular pathway. Our results support a role 

for the cytosolic pathway, as many genes involved in this pathway, particularly 
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proteasome subunits and the TAP transporter, were upregulated by macrophages in 

response to Mtb. However, this does not exclude a role for the vesicular pathway, 

and it may be that both pathways are important depending on the Mtb antigen. 

3.3.6. Macrophages downregulate many genes in response to Mtb 

infection 

It was notable that, despite infection with Mtb being regarded as an 

ñactivatingò signal for macrophages, almost as many transcripts were downregulated 

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 including Mtb (Nau et al, 2002; 

Chaussabel et al, 2003; Ramsey et 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, cell-division and DNA replication. It therefore seems likely that 

macrophages shut off these processes in order to direct resources towards the 

antimicrobial response, such as the production of cytokines, chemokines and 

antimicrobial molecules as shown above.  

However, one cluster of downregulated genes was associated with lysosome 

function. Lysosomes are intracellular vesicles of low pH which contain various 

hydrolytic enzymes capable of destroying phagocytosed material, and the 

downregulated genes in this cluster included several lysosomal enzymes such as 

Cathepsin F (Ctsf) and Cathepsin B (Cfsb) (Vergne et al, 2004). Normally, 

phagosomes containing bacteria fuse with lysosomes, leading to bacterial killing and 

the generation of antigens for presentation on MHC class II molecules (Vyas et al, 
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2008). However, Mtb has evolved to block the maturation of the phagosome and its 

subsequent fusion with lysosomes, creating a ñmycobacterial phagosomeò in which 

it can replicate (Vergne et al, 2004). Mtb achieves this by preventing the 

accumulation of phosphatidylinositol 3-phosphate (PI3P) on the phagosome surface, 

a process which is required for phagosome maturation (Pieters, 2008). It is tempting 

to speculate that the downregulation of lysosome associated genes may represent an 

additional mechanism by which Mtb blocks phagosome-lysosome fusion. However, 

these genes are downregulated only at 24hr post-infection, well after the first entry of 

Mtb into the macrophages, and thus may instead be a natural response of 

macrophages to the establishment of infection. Further research will be needed to 

determine whether this represents a true virulence strategy of Mtb.  

3.3.7. Use of IPA and GO analysis to investigate functions associated 

with differentially expressed genes 

We used two independent strategies to try and determine the functions of 

clusters of genes generated by k-means clustering using GeneSpring. The first was 

gene ontology (GO) analysis, which uses the GO database, a resource where genes 

are annotated with terms relating to their function, based on the published literature 

(Harris et al, 2004). An example would be the cytokine TNFŬ, which is associated 

with the GO terms ñcytokineò and ñcytokine signallingò among others. A second 

approach, Ingenuity Pathway Analysis (IPA) was also used. We used IPA analysis to 

determine significant associations with canonical signalling pathways in IPA, which 

are built based on interactions reported in the literature (Calvano et al, 2005). 

STAT1, for example, would 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. For example, IPA linked cluster 2 with IFN signalling, due to the presence 

of Stat1, Stat2, Irf9 and Mx1. In contrast, GO analysis found associations with the 

ñimmune processò and ñimmune system processò, vague terms which provide little 

information on the signalling pathways regulating these genes. However, GO often 

gave useful biological information on clusters in which no significant IPA clusters 

were found. For example, the downregulated clusters of genes linked to cell-division 

and metabolism by GO analysis showed 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 

treated with caution, as the information in these databases is generated from vast 

amounts of published literature, which may not always be scientifically validated. 

For example, an interaction or function of a gene reported in a cell-line may not 

reflect its true function in a primary cell or in vivo. 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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3.4. Figures 

 

Figure 3.1. Mtb-infected samples at 3hr, 6hr and 24hr post-infection cluster 

separately from uninfected controls. WT macrophages were infected with Mtb and 

at the indicated time points post-infection RNA was harvested and analysed by 

microarray. Data was normalised, and undetectable transcripts were removed, as 

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 infected with Mtb undergo dramatic transcriptional 

changes. WT macrophages were infected with Mtb and at the indicated time points 

post-infection RNA was harvested and microarray analysis was carried out. Data was 

normalised and undetectable transcripts were removed as described in the Materials 

and Methods. Differentially regulated transcripts were obtained by taking those that 

were at least 2-fold up- or downregulated in infected samples vs. controls at any time 

point, and those that were significantly different by two-way ANOVA p<0.05 with 

Benjamini Hochberg FDR multiple testing correction. This left 6479 transcripts, 

which were subjected to hierarchical clustering using Pearson centred distance 

metric and complete linkage. Normalised expression was visualised using a heat 

map.
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Figure 3.3. Mtb induced transcriptional changes can be separated into distinct 

clusters. The 6479 differently expressed transcripts in Figure 3.2 were separated into 

24 clusters by k-means clustering, using a Pearson Centred distance metric. The 

normalised expression profile of the transcripts in each cluster is shown.  
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Figure 3.4.1. Mtb-induced transcriptional clusters are associated with a wide 

range of GO terms and IPA pathways. Each of the 24 k-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 cluster. Associations of the clusters with functions and signalling 

pathways as determined by literature searching, and the genes associated, are also 

shown.  
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Figure 3.4.2. Mtb-induced transcriptional clusters are associated with a wide 

range of GO terms and IPA pathways. Each of the 24 k-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 cluster. Associations of the clusters with functions and signalling 

pathways as determined by literature searching, and the genes associated, are also 

shown.  
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Figure 3.4.3. Mtb-induced transcriptional clusters are associated with a wide 

range of GO terms and IPA pathways. Each of the 24 k-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 cluster. Associations of the clusters with functions and signalling 

pathways as determined by literature searching, and the genes associated, are also 

shown.  
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Figure 3.4.4. Mtb-induced transcriptional clusters are associated with a wide 

range of GO terms and IPA pathways. Each of the 24 k-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 cluster. Associations of the clusters with functions and signalling 

pathways as determined by literature searching, and the genes associated, are also 

shown.  
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Figure 3.5. Cluster 8 is associated with pro-inflammatory functions. (A) 

Expression profile of transcripts cluster 8. (B) Transcripts in cluster 8 were clustered 

hierarchically using Pearson centred distance metric with complete linkage. 
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Figure 3.6. Cluster 15 is associated with ERK MAP kinase signalling. (A) 

Expression profile of cluster 15. (B) Genes in cluster 15 were clustered 

hierarchically using Pearson centred distance metric with complete linkage. (C) The 

same RNA was analysed by qPCR for expression of selected genes in cluster 15. 
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Figure 3.7. Cluster 23 is associated with pro-inflammatory functions. (A) 

Expression profile of cluster 23. (B) Transcripts in cluster 23 were clustered 

hierarchically using Pearson centred distance metric with complete linkage. 
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Figure 3.8. Cluster 4 is associated with the MHC class I antigen presentation 

pathway, and ubiquitination. (A) Expression profile of cluster 4. (B) Transcripts in 

cluster 4 were clustered hierarchically using Pearson centred distance metric with 

complete linkage. 
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Figure 3.9. Cluster 19 is associated with apoptosis and cell-death. (A) Expression 

profile of cluster 19. (B) Transcripts in cluster 19 were clustered hierarchically using 

Pearson centred distance metric with complete linkage. 
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Figure 3.10. Cluster 9 is associated with steroid biosynthesis. (A) Expression 

profile of cluster 9. (B) Transcripts in cluster 9 were clustered hierarchically using 

Pearson centred distance metric with complete linkage. 
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Figure 3.11. Cluster 2 is associated with IFN signalling.  (A) Expression profile of 

cluster 2. (B) Transcripts in cluster 2 were clustered hierarchically using Pearson 

centred distance metric with complete linkage. 
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Figure 3.12. Type I IFN is strongly associated with genes in cluster 2. (A) 

Transcripts in cluster 22 were overlaid on the canonical pathway of IPA for 

Interferon Signalling. Genes over-represented in Cluster 2 are shaded in red. (B) 

Normalised Expression of Ifnb1 determined by microarray analysis following Mtb 

infection of macrophages.  
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Figure 3.13. Cluster 7 is associated with metabolism. (A) Expression profile of 

cluster 7. (B) Transcripts in cluster 7 were clustered hierarchically using Pearson 

centred distance metric with complete linkage. 


















































































































































































































































































































































