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Abstract……. 
 

The MAP 3-kinase TPL-2 is critical for TLR activation of ERK1/2 MAP kinases in 

myeloid cells during innate immune responses. TPL-2 is required for inflammatory 

immune responses to bacteria, fungi and viruses, mediating it effects by regulating 

the expression of key cytokines. My project’s objective was to investigate the 

transcription factors that control gene expression downstream of TPL-2. Global gene 

expression analysis of cultured macrophages by RNA sequencing confirmed that 

TPL-2 controls the mRNA abundance of numerous cytokines and transcription 

factors. Bioinformatic analysis of the most rapidly induced genes, together with 

analysis of published phosphoproteome data, identified that the TCF and ERF 

transcription factor families are regulated by TPL-2 activation of ERK1/2. Following 

TLR4 stimulation, TPL-2 induced the phosphorylation of ELK1, ETV3 and ERF via 

ERK1/2 activation. Additionally, the expression of known TCF target genes was 

dependent on TPL-2 signalling. FOS was identified as a target of the TPL-2 – ERK1/2 

signalling pathway, where the expression and phosphorylation of FOS was shown to 

have dependence of TPL-2 kinase activity following TLR activation. Furthermore, 

RNA sequencing analysis of TCF-deficient (Elk1/4-/-) and FOS-deficient 

macrophages demonstrated that, directly and indirectly, TCFs mediate half and FOS 

mediates a third of the transcriptional output of TPL2 signalling, including immune 

response related genes and genes encoding transcription factors. Comparing TCF- 

and FOS-regulated genes suggested that TCFs and FOS co-ordinately regulate 

around one quarter of TPL-2’s output via a TPL-2-ERK1/2-TCF-FOS pathway. TPL-

2 kinase activity, TCF and FOS expression were found to inhibit mRNA expression 

of the key cytokine IFN-β in macrophages following TLR stimulation. TPL-2 

suppression of IFN-β production is important for efficient innate immune responses 

to Listeria monocytogenes and Mycobacterium tuberculosis. Results in this thesis 

suggest that activation of TCFs and FOS by the TPL-2–ERK1/2 MAP kinase pathway 

has an important role in controlling innate immunity. 
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Impact statement  
 

The current coronavirus outbreak has highlighted, to all inside and outside the 

scientific community, the urgent need for a better understanding of how the body 

responds to pathogens at a fundamental level. Research in this thesis contributes to 

the body of knowledge about the underlying mechanisms involved in the response 

of immune cells, notably the production of immune cell mediators.  These have not 

only been linked to the body’s response to SARS-CoV-2 (which causes the disease 

COVID-19) and the clearance of other viral and bacterial infections, but also to the 

development and exacerbation of autoimmune conditions, such as rheumatoid 

arthritis and lupus. Furthermore, it has been reported that incidences of autoimmune 

conditions are on the rise in the UK, and, therefore, the need for identification of 

practical targets to treat these conditions has real world implications for many 

patients.  

  

Dysregulation of TPL-2 signalling and its downstream innate immune mediators is 

involved in the pathogenesis, development or deterioration of several autoimmune 

conditions, as well as playing a role in mediating the response to pathogens. 

Therefore, these insights into the biochemical mechanisms of TPL-2 gene regulation 

could directly or indirectly stimulate or facilitate the development of drugs or 

treatments that treat or aid recovery from autoimmune conditions and acute infection.  

 

Work within this thesis identifies genes that are direct targets of TPL-2 signalling and 

provides a greater understanding of the role TPL-2 has in regulating immune cell 

mediator gene expression. Additionally, it identifies several transcription factors 

directly regulated by TPL-2 signalling, uncovering mechanisms by which TPL-2 

regulates innate immune gene expression. Furthermore, particular transcription 

factors are shown to mediate a large proportion of the transcriptional output of TPL-

2 signalling. Therefore, this work could provide beneficial insight for the academic 

community in the field of innate immunity and inflammation. Further research into the 

role of these transcription factors and the mechanisms by which they modulate TPL-

2 regulated genes could identify suitable targets to regulate expression of immune 

cell mediators which dictate the body’s cellular immune responses. 
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ITAM   Immunoreceptor tyrosine-based activation motif 

JAK  Janus kinase 

JNK   c-Jun NH2-terminal kinases  

JunB  Jun B proto-oncogene  

KD   Kinase dead 

KO   Knockout 
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Lab  Laboratory  

LBP  LPS binding protein  

LCG  Low CpG content 

LGP2  Laboratory of genetics and physiology 2 

LITAF  Lipopolysaccharide-induced tumor necrosis factor-alpha factor 

LPS   Lipopolysaccharide  

LUBAC Linear ubiquitin chain assembly complex  

LRR  Leucine-rich repeat 

M-CSF Macrophage colony stimulating factor 

MAPK   Mitogen activated protein kinase  

MAP-2K  Mitogen activated protein kinase kinase  

MAP-3K  Mitogen activated protein kinase kinase kinase  

MAVS  Mitochondrial anti-viral signalling protein 

MDA5  Melanoma differentiation-associated gene 5 

MDP  Monocyte/Macrophage/Dendritic precursor 

MKK  MAPK kinase 

MEF  Mouse embryonic fibroblast 

MHC  Major histocompatibility complex  

Min  Minute 

MKK  Mitogen activated protein kinas kinase  

MMLV  Moloney murine leukaemia virus 

MMP  Metalloprotease 

MoDCs  Monocyte-derived dendritic cells 

mRNA  Messenger ribonucleic acid  

MRTF   Myocardin-related transcription factor 

MS  Multiple sclerosis 

Mtb  Mycobacterium tuberculosis 

MyD88  Myeloid differentiation primary response 88 

N-terminal  amino-terminal  

NADPH Nicotinamide adenine dinucleotide phosphate 

NET  Neutrophil extracellular traps 

NF-κB  Nuclear factor- kappa-light chain-enhancer of activated B cells  

NK  Natural killer 
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NLK  NEMO-like kinase 

NLR  NOD-like receptor 

NLS  Nuclear localisation signal 

NO  Nitric oxide 

NOD   Nucleotide oligomerization  

NOS2  Nitric oxide synthase 2 (iNOS) 

NOX2  NADPH oxidase complex 

PAMP   Pathogen associated molecular patterns  

PBS   Phosphate-buffered saline 

PCR   Polymerase chain reaction 

pDCs  Plasmacytoid dendritic cells 

PG   Prostaglandin 

PLC-β  Phospholipase C-beta  

PRG  Primary response gene  

PRR   Pattern recognition receptors 

PTM  Posttranslational modification 

PYD  Pyrin domain 

qPCR   Quantitative PCR  

RA  Rheumatoid arthritis  

RD   Repressor domain 

RHD  Rel homology domain 

RLR  RIG-I like receptors 

RNA   Ribonucleic acid 

ROS  Reactive oxygen species  

RIG-I  Retinoic acid-inducible gene I 

SDS  Sodium dodecyl sulphate 

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

SILAC  stable isotope labelling by amino acids in cell culture 

siRNA  small interfering ribonucleic acid 

SLE   Systemic lupus erythematosus 

SRF  Serum response factor  

SRE  Serum response element  

SRG  Secondary response genes 
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ssRNA  Single-stranded RNA  

STAT   Signal transducer and activator of transcription 

STING  Stimulator of interferon genes 

TAB  TAK1 binding proteins 

TACE  TNF alpha converting enzyme 

TAD  Transcriptional activation domain 

TAK1   TGF-β-activated kinase 

TBK  TANK-binding kinase 

TCF  Ternary complex factor  

TCR  T cell receptor 

TGF-β  Transforming growth factor beta  

TF   Transcription factor  

Th  T helper 

TIR   Toll/IL-1 receptor  

TIRAP  IR-containing adaptor protein 

TLR   Toll-like receptor 

TNF   Tumour necrosis factor  

TNFR  TNF receptor 

TPA  12-O-tetradecanoylphorbol-13-acetate 

TPL-2   Tumour progression locus 2 

TPM  Transcripts per kilobase million 

TRADD TNFR type 1-associated DD 

TRAF  TNF receptor-associated factor  

TRAM  Toll-like receptor-associated factor  

TRIF  TIR-domain-containing adapter-inducing interferon-beta 

TRM  Tissue-resident macrophage 

TSS  Transcription start site  

TTP  Tristatraproline 

Ub  Ubiquitin 

UBAN  Ub binding domain 

UV  Ultraviolet 

VEGF  Vascular endothelial growth factor 

Wk  Weeks  
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Chapter 1. Introduction 

1.1 The immune system 

The immune system is the body’s host defence system that protects it against 

invading pathogens, such as bacteria, viruses, fungi, algae and parasites. It involves 

innate and adaptive responses. The innate immune system is the body’s non-specific 

defence system, composed of physical barriers and leucocytes, that is able to launch 

an immediate response to pathogens (Gasteiger et al., 2017). It is able to generate 

a state of inflammation, a complex biological response involving the recruitment and 

programming of immune cells and manipulation of the local vascular system, 

facilitated by the local production of molecular mediators (G. Y. Chen & Nunez, 2010). 

Inflammation helps to prevent the spread of pathogens and shapes and activates the 

adaptive immune response. The control of inflammation is key to regulating the 

body’s response to pathogens; however, dysregulation can lead to many diseases 

including immunodeficiencies and autoimmune diseases (Medzhitov, 2008). 

 

In addition, cells of the innate immune system can function as antigen presenting 

cells (APCs). This involves APC proteolysis of pathogen proteins into small peptides, 

known as antigens. Antigens can then be presented in a complex with major 

histocompatibility complex (MHC) molecules on the surface of APCs to activate 

antigen-specific cells of the adaptive immune response, such as naïve T cells, thus 

triggering an adaptive immune response (Banchereau & Steinman, 1998). An 

adaptive immune response is initiated if the innate immune system is unable to clear 

an infection immediately. 

 

The adaptive response, also referred to as the acquired response, is highly specific 

to a particular pathogen and involves T and B cells. These cells can clonally express 

a vast array of antigen receptors of different specificities produced by gene 

recombination, which enables them to recognise pathogens, become activated and 

target the pathogen for destruction (Medzhitov & Janeway, 1998). The requirement 

for proliferative expansion of rare antigen-specific clones accounts for a lag, of up to 

several days, between infection and activation of the adaptive response. CD8+ T cells 

are involved in the cell-mediated killing of a pathogen, whereas CD4+ T cells expand 
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and differentiate into separate T helper (Th) subsets, which can produce a specific 

array of effector molecules and help to activate B cells (K. M. Murphy et al., 2000). 

B cells generate targeting molecules specific to the pathogen, called antibodies, as 

well as producing immune response mediators to help activate other immune cells 

(Mauri & Bosma, 2012). The adaptive immune response also generates an 

immunological memory, which allows for a more rapid and enhanced response to 

the same pathogen on subsequent infections (Janeway, 2001). Overall, the immune 

response is a finely tuned, complex network of physical barriers, cells and immune 

response mediators that orchestrates an effective response to clear a pathogen; 

however, dysregulation of the processes involved can lead to host cell damage and 

disease.  

 

1.2 The innate immune response 

The innate immune response is the body’s antigen-independent defence system that 

prevents the initial invasion and subsequent spread of pathogens.  

 

The external components include the skin and gut epithelium, both of which provide 

a physical barrier against invading pathogens. Epithelial layers have mucus 

membranes to help prevent pathogens adhering to these surfaces, which produce 

chemical components, including antimicrobial peptides (AMPs) and acidic secretions, 

to help create a hostile environment for pathogens (Meyer et al., 2007). In addition, 

the harmless symbiotic bacteria that grow on the skin and gut surfaces, known as 

flora, outcompete many pathogens for nutrients and help prevent them from entering 

the body (Chow et al., 2010).  

 

In addition to these physical barriers, cells of the innate immune system (e.g. 

neutrophils, dendritic cells (DCs) and macrophages) detect pathogen-associated 

molecular patterns (PAMPs) via pattern recognition receptors (PRRs) on their 

plasma membrane, endosomal membrane surfaces and in the cytosol, thereby 

triggering intracellular signalling pathways (Kawai & Akira, 2010) (these are 

described in detail in Section 1.4). These activated signalling pathways lead to 

changes in the transcriptional activation of multiple genes, the products of which 
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activate cells or target pathogens for degradation. A major consequence of the innate 

immune response is the production and secretion of AMPs which target a pathogen 

for destruction, and cytokines which activate and recruit elements of the adaptive 

immune system to the site of infection (Medzhitov & Janeway, 1998). 

 

1.3 Innate immune cells  

The innate immune system comprises various cell types, which can be grouped into 

two categories: phagocytic cells and innate lymphoid cells. Phagocytic cells include 

macrophages, DCs and neutrophils. Innate lymphoid cells include eosinophils, 

basophils, natural killer (NK) cells and mast cells. Both types of cells play a role in 

destroying invading pathogens and tissue repair following non-specific recognition 

(Janeway, 2001). To provide background to my thesis project, I will focus on 

phagocytic cells in the following section. 

 

1.3.1 Macrophages 

Macrophages are myeloid phagocytic cells, which maintain the steady state 

homeostasis of tissues. They recognise pathogens and apoptotic cells and are 

involved in directly killing pathogens and clearing cell debris by phagocytosis. 

Macrophages are grouped into two categories via their developmental origins: tissue-

resident and monocyte-derived macrophages (Varol et al., 2015). 

 

Tissue-resident macrophages (TRMs) originate from embryonic precursors, are 

established within tissue prenatally and self-renew throughout adulthood. TRMs 

reside in healthy tissue and monitor their immediate surroundings, helping to 

maintain tissue homeostasis (Varol et al., 2015). Examples of TRMs include: Kupffer 

cells in the liver, microglia in the brain and alveolar macrophages in the lungs. These 

cells constitute the majority of macrophages that are found within tissues. Analysis 

of transcriptomic datasets have shown these TRMs have both shared as well as 

tissue-specific gene signatures (E. L. Gautier et al., 2012). Functional studies have 

also revealed specialised functions of TRMs. Kupffer cells are highly specialised in 

regulating the oxidation of fatty acids in hepatocytes and clearance of toxic waste 
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products (Wynn et al., 2013). Microglia are adapted for synaptic pruning (also known 

as maturation) and maintenance of the neuronal network (Wake et al., 2013; Zhan 

et al., 2014). Alveolar macrophages, which are important in the immediate response 

to pathogens in the lungs, are also specialised in the uptake of pulmonary surfactant, 

a lipoprotein critical for lung function (Forbes et al., 2007). 

 
Monocyte-derived macrophages develop in adulthood from tissue-infiltrating 

monocytes. They originate from granulocyte/macrophage precursors (GMPs) which 

reside in the bone marrow and are able to differentiate down either granulocyte or 

monocyte lineages (Figure 1). Once GMPs differentiate into monocyte/macrophage/ 

dendritic precursors (MDPs), they lose their ability to transition into granulocytes, but 

maintain the ability to become either common monocyte progenitor cells (cMoPs) or 

common DC progenitor cells (CDPs) (Geissmann et al., 2010). cMoPs further 

differentiate into either Ly6Chi or Ly6Clow monocytes. Circulating Ly6Chi monocytes 

have a short half-life, are recruited to sites of infection in tissues in response to 

secreted cytokines and differentiate into macrophages in the presence of 

macrophage colony-stimulating factor (M-CSF). In contrast, Ly6Clow monocytes are 

longer lived cells that migrate into non-inflamed tissue to become macrophages that 

exhibit a TRM-like phenotype (Geissmann et al., 2003).  

 

1.3.1.1 Macrophage polarisation 

Macrophage polarisation is the process whereby macrophages are activated through 

signals from their environment. Commonly, activated macrophages are classified 

into two categories: classically activated (M1) and alternatively activated (M2) 

macrophages (Figure 2). However, this simplistic classification is disputed, as 

subpopulations of M2 cells exhibit clear differences in biochemistry and function 

(Edwards et al., 2006; P. J. Murray et al., 2014). M1 macrophages are linked to pro-

inflammatory responses, whereas M2 macrophages have been implicated in various 

functions, including tissue remodelling and regulating the immune response (L. 

Wang et al., 2019). M2 macrophages are often sub-divided into wound-healing and 

regulatory macrophages to reflect their biochemical and functional diversity (Mosser 

& Edwards, 2008). 
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Figure 1: Differentiation of innate immune cells from a common myeloid 
progenitor (CMP). In the bone marrow, CMPs differentiate into granulocyte/ 

macrophage precursors (GMPs), which are able to differentiate down either granulocyte 

or monocyte lineages. GMPs that are exposed to granulocyte colony-stimulating factor 

(G-CSF) mature, via several stages, into granulocytes/neutrophils. GMPs that 

differentiate into monocyte/macrophage/dendritic precursors (MDPs) have the ability to 

become either common monocyte progenitor cells (cMoPs) or common DC progenitor 

cells (CDPs). cMoPs differentiate into Ly6Clow or Ly6Chi circulating monocytes. Ly6Clow 

monocytes migrate to non-inflamed tissue and become tissue resident cells, such as 

alveolar macrophages. Ly6Chi circulating monocytes become inflammatory 

macrophages or monocyte derived DCs (MoDCs) at sites of infection. CDPs can 

differentiate into plasmacytoid DCs (pDCs) in the bone marrow, which then circulate in 

the lymph nodes or peripheral blood.  CDPs also differentiate into pre-DCs, which then 

develop into classical DCs (cDCs). 
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Classically activated macrophages are activated by interferon (IFN) gamma (IFN-

γ) produced by NK cells and T cells, or tumour necrosis factor alpha (TNF-α) 

produced by macrophages and DCs. They can also be activated by 

lipopolysaccharide (LPS), a cell wall component of gram-negative bacteria (Mosser 

& Edwards, 2008). These macrophages are linked to inflammatory settings and 

migrate to the site of infection. They can be identified by a dominant inflammatory 

gene expression signature following the activation of Toll-like receptor (TLR) 

signalling pathways. Classically activated macrophages express various PRRs on 

the plasma membrane and internal vesicles, as well as in the cytosol. Their main 

function is to engulf and kill pathogens though phagocytosis and the production of 

AMPs. Secretion of cytokines also promotes inflammation, recruiting T cells to sites 

of infection. Mice lacking IFN-γ and humans with mutations in the IFN-γ receptor are 

more susceptible to bacterial infections (Dalton et al., 1993; de Vor et al., 2016). 

Unstimulated, resting macrophages are able to phagocytose; however, classically 

activated macrophages have enhanced killing capacities with increased levels of 

lysosomal proteins and elevated production of antimicrobial proteins and reactive 

oxygen species (ROS) (Russell et al., 2009).  

 

Wound-healing macrophages (also referred to as M2a macrophages) become 

activated in response to interleukin (IL)-4 and IL-13, which are produced by innate 

lymphoid cells and T cells (Mosser & Edwards, 2008). Wound-healing macrophages 

are recruited to aid in tissue repair and have anti-inflammatory gene signatures. They 

contribute to the remodelling of extracellular matrix (ECM) through IL-4 induction of 

arginase expression. Arginase catalyses the conversion of arginine to ornithine, 

which is a precursor to several components of the ECM. Arginase also limits the 

availability of arginine for other enzymes that are involved in inflammatory responses 

(Mosser & Edwards, 2008). For example, it competes with nitric oxide synthase 

(NOS2), which produces nitric oxide (NO) radicals to aid the immune response, and 

helps to switch macrophages from a classical to wound-healing phenotype. Wound-

healing macrophages also promote cell proliferation following injury by secreting 

increased levels of growth factors such as vascular endothelial growth factor (VEGF) 

and transforming growth factor beta (TGF-β). In addition, TGF-β activates fibroblasts 

to proliferate and synthesise collagen (Krzyszczyk et al., 2018).  
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Figure 2: Macrophage polarisation. Macrophages can be activated into three 

phenotypes: classically activated, wound-healing and regulatory. Classically activated 

macrophages are generated in response to IFN-γ, LPS and TNF-α and produce many 

pro-inflammatory molecules in response to recognition of pathogens. Wound-healing 

macrophages develop in response to IL-4 and IL-13 and contribute to remodelling of the 

extracellular matrix (ECM), via IL-4 induced arginase expression, and cell growth, via 

the production of growth factors. Regulatory macrophages become activated in 

response to several stimuli, such as immune complexes, glucocorticoids, apoptotic 

cells, G-protein coupled receptor (GPCR) ligands and IL-10 and produce anti-

inflammatory cytokines including IL-10 and TGF-β.   
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Regulatory macrophages play an important role in modulating inflammatory 

immune responses by producing anti-inflammatory cytokines, including IL-10 and 

TGF-β. Various stimuli activate regulatory macrophages, including immune 

complexes, prostaglandins, G-protein coupled receptor (GPCR) ligands, 

glucocorticoids, apoptotic cells and IL-10. Regulatory macrophages are able to 

phagocytose, but they do not present antigen to T cells and, unlike wound-healing 

macrophages, they do not contribute to ECM remodelling (Mosser & Edwards, 2008). 

The regulation of macrophage activation is critical to limit the duration and extent of 

the immune response and to limit collateral damage to the host. Dysregulation of the 

switch of classically activated macrophages to a regulatory phenotype is found in 

several autoimmune conditions, including diabetes (Navegantes et al., 2017).   

 

1.3.2 Dendritic Cells  

Dendritic cells (DCs) are specialised APCs, which recognise antigens in peripheral 

tissues and transport them to regional lymph nodes to present them to cells of the 

adaptive immune response (Banchereau & Steinman, 1998). Excluding Langerhans 

cells, which develop from the precursor cells in the yolk sac, different DC subtypes 

develop from either circulating monocytes or classical DC precursor cells (CDPs) 

(Clayton et al., 2017). 

 

Langerhans cells are DCs resident in the skin that recognise and initiate an immune 

response to pathogens, but also act as mediators of tolerance towards the body’s 

flora. Although critical in maintaining homeostasis via skin immunosurveillance, they 

have also been linked to the induction phase of contact hypersensitivity and in the 

development of chronic inflammatory diseases of the skin or mucosa (Clayton et al., 

2017). 

 

Circulating Ly6Chi monocytes can differentiate into monocyte-derived DCs (MoDCs) 

which produce pro-inflammatory molecules, such as TNF-α and NOS2 (they are also 

referred to as TipDCs) (Geissmann et al., 2010). Monocytes differentiate into MoDCs 

at sites of inflammation when exposed to IFN-γ produced by NK cells (Goldszmid et 

al., 2012).  
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CDPs in the bone marrow are able to differentiate into pre-DCs or plasmacytoid DCs 

(pDCs). Pre-DCs are found in human blood circulation but exist at very low frequency 

in murine blood circulation. Pre-DCs are detected in the spleen and bone marrow in 

both humans and mice. They are highly migratory and enter lymph nodes, where 

they mature into cells with a classical DC (cDC) morphology and phenotype 

(Geissmann et al., 2010). Immature pre-DCs have a high phagocytic capacity, while 

mature cDCs have a high cytokine producing capacity and play a key role in T cell 

activation via antigen presentation.  Endocytosis is downregulated in mature cDCs 

(Banchereau & Steinman, 1998). 

 

pDCs are relatively long lived compared to cDCs. They develop in the bone marrow 

and circulate in the lymph nodes and subsequently throughout the peripheral blood. 

They are characterised by their strong response to viral infections by producing high 

concentrations of type I IFN. In addition, when pDCs come into contact with a virus 

they also upregulate gene expression of pro-inflammatory chemokines, which allows 

the pDCs to migrate to lymph nodes for T cell activation (Colonna et al., 2004). 

 

1.3.3 Neutrophils 

Neutrophils account for up to 60% of white blood cells, making them the most 

abundant leucocyte in the blood, and are easily identified by their polymorphonuclear 

phenotype. They are rapidly recruited to a site of tissue damage or infection via 

chemoattraction in response to the production of chemokines, such as CXCL1, 

CXCL2 and CXCL8 (IL-8) (Rosales, 2018).  

 

Neutrophils are very short lived with a half-life of 6-8 hours (h) and are replenished 

from CMPs in the bone marrow (Summers et al., 2010). CMPs transition to GMPs, 

which are then able to differentiate into neutrophil precursor cells (myeloblasts) 

following exposure to granulocyte colony-stimulating factor (G-CSF). Myeloblasts 

are then committed to the granulocyte lineage and transition through several stages 

of maturation to become a neutrophil (Rosales, 2018).   
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Neutrophils are the first line of defence following infection, clearing pathogens via 

several mechanisms: phagocytosis, degranulation, generation of ROS and the 

release of neutrophil extracellular traps (NETs) (Rosales, 2018).    

 

Degranulation is the process by which neutrophils release intracellular 

compartments, called granules, that contain various types of antimicrobial 

compounds in order to create a toxic environment for bacteria. Neutrophils produce 

different types of granules containing proteins that aid the destruction of the 

pathogens and activate other immune cells. Neutrophils can release granules 

outside of the cell to target extracellular pathogens. Alternatively, they can release 

granules into phagolysosomes to target pathogens that have been phagocytosed 

(Borregarrd et al., 2007).  

 

Neutrophils release a high concentration of ROS produced by Nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidase complex (NOX2) during a process called 

the ‘oxidative burst’ (Rosales, 2018). The production of ROS induces the release of 

granular proteases and formation of NETs. NETs are made up of granular and 

cytosolic proteins condensed on DNA fibres and histones, which are released by 

neutrophils during a process termed ‘NETosis’ (Brinkmann et al., 2004). NETs trap 

and kill bacteria (Brinkmann et al., 2004), viruses (Saitoh et al., 2012), fungi (Urban 

et al., 2006) and parasites (Díaz-Godínez & Carrero, 2019).  NETosis can be either 

suicidal or vital. Pathogens trapped in NETs are degraded by the enzymatic 

components of NETs and the resulting debris is cleared by phagocytic cells (H. Yang 

et al., 2016).  

 

1.3.4 Communication with the adaptive immune system 

Cells of the innate immune system recruit and activate cells of the adaptive immune 

system, thereby initiating a more targeted response to the specific invading pathogen. 

The process of antigen presentation is critical for the activation of adaptive immune 

cells.  

 



Chapter 1 Introduction 

34 

 

Following the degradation of a pathogen, APCs will present processed antigen on 

the cell surface in a complex with MHCs. There are two types of MHC molecules 

which differ in the typical source of the antigens: peptides generated from the 

degradation of a pathogen in the cell cytosol will bind to MHC class I molecules (MHC 

I), whereas peptides generated from the processing of pathogens in endocytic 

vesicles following internalisation are bound to MHC class II molecules (MHC II) 

(Janeway, 2001). 

 

In addition, exogenous antigens, normally presented in a complex with MHC II 

molecules, can also be presented through the MHC I pathway via the process of 

cross-presentation. Cross-presentation occurs via two pathways: cytosolic and 

vacuolar. The cytosolic pathway involves the export of phagocytosed proteins into 

the cytosol where they are proteolysed by proteasomes. The resulting peptides are 

immediately loaded on MHC I molecules in the endoplasmic reticulum (ER) or re-

imported into the phagosome to be loaded on MHC I molecules. In the vacuolar 

pathway, exogenous antigens are degraded in the phagosome into peptides, which 

are subsequently loaded on MHC I molecules (Joffre et al., 2012). Following the 

process of antigen presentation, APCs then migrate to peripheral lymphoid organs, 

such as lymph nodes, to activate T cells and B cells.  

 

1.3.4.1 T cell and B cell activation 

T cells can be classified into two groups depending on the expression of CD 

coreceptors on their cell membrane: CD8+ cytotoxic T cells and CD4+ T helper cells 

(Janeway, 2001). CD8+ T cells recognise antigen bound to MHC I molecules and, 

together with a co-stimulatory signal from CD40 on the APC, mature into cytotoxic T 

cells (Bennett et al., 1998) (Figure 3). Cytotoxic T cells return to the site of infection 

and induce apoptosis of infected cells via various proteases (Nolz, 2015). 

 

CD4+ T cells recognise antigen bound to MHC II molecules and subsequently 

differentiate into different Th cells: Th17, Th1 or Th2 cells (Crotty, 2015; K. M. Murphy 

et al., 2000). Th1 cells activate innate immune cells, such as macrophages, through 

the secretion of pro-inflammatory cytokines, including IFN-γ (Ziegler, 2016). Th17 
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Figure 3: Activation of T and B cells. Antigen presenting cells (APCs) present antigen 

to T and B cells in combination with MHC complexes. CD8+ T cells recognise antigen 

bound to MHC class I (MHC I) via their T cell receptor (TCR) with the co-stimulatory 

signal of CD40 ligand (CD40L). CD8+ T cells recognise antigen bound to MHC class II 

(MHC II) and then differentiate into Th17, Th1, or Th2 cells which produce IL-17, pro-

inflammatory cytokines (e.g. IFN-γ) or IL-4 and IL-2, respectively. B cells recognise 

antigen bound to MHC II via their B cell receptor (BCR) and can be activated by Th2 

cells to produce antibodies.    
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cells produce large quantities of the pro-inflammatory cytokine IL-17 (Zambrano-

Zaragoza et al., 2014), whereas Th2 cells help stimulate B cells to produce antibodies 

(Lederman et al., 1992). 

 

Following antigen recognition via their B cell receptor (BCR), B cells can uptake 

antigen to present to Th2 cells in complex with MHC II molecules. Th2 cells bind to 

the B cell via their T cell receptor (TCR) and subsequently express CD40 ligand 

(CD40L), IL-4 and IL-2 to activate the B cell (Lederman et al., 1992). Some antigens, 

such as unmethylated CpG DNA motifs, can also activate B cells independently of T 

cells (Janeway, 2001). 

 

Once activated, B cells select for BCR molecules with increasing specificity and 

affinity to the antigen and undergo clonal expansion before differentiating into plasma 

cells. They are able to produce large quantities of antibodies against that pathogen. 

In addition to this, memory B cells retain antibodies as an immunological memory to 

allow the body to launch an enhanced and rapid response to clear the same 

pathogen if encountered in the future (Janeway, 2001). 

 

1.4 Pattern recognition receptors 

Innate immune cells are able to respond to pathogens by first recognising them with 

receptors, located both externally and within their cytosol. Pattern-recognition 

receptors (PRRs), located at the plasma membrane, on endosomes and in the 

cytoplasm of immune cells, play a critical role in triggering immune responses to 

pathogen infection. These receptors recognise PAMPs and trigger the innate 

immune response. Stimulation of PRRs activates intracellular signalling pathways, 

which promote the expression of multiple genes that have diverse functions in innate 

immunity; from directly targeting pathogens to activating cells of the innate and 

adaptive immune responses (Kawai & Akira, 2010).  

 

The majority of PRRs can be classified into five different classes based on their 

homology: Toll-like receptors (TLRs); C-type lectin receptors (CLRs); Nucleotide 

oligomerisation domain (NOD)-like receptors (NLR); Retinoic acid-inducible gene I 



Chapter 1 Introduction 

37 

 

(RIG-I)-like receptors (RLR); and Absent in melanoma 2  (AIM2)-like receptors 

(ALRs). These receptors are also divided into membrane-bound and cytosolic 

receptors. TLRs and CLRs are associated with membranes, on the cell surface or 

on intracellular membrane compartments; in contrast NLRs, RLRs and ALRs are 

located in the cytosol. In addition, cytosolic DNA from pathogens is recognised by 

the enzyme cyclic-GMP-AMP synthase (cGAS). Multiple receptors can be engaged 

during bacterial infection, each being activated by different components of the 

pathogen (Kawai & Akira, 2010). 

 

1.4.1 Toll-like receptor signalling  

Toll-like receptors (TLRs) are evolutionary conserved PRRs. First discovered in 

Drosophila melanogaster, Toll was identified as an essential receptor during 

development and subsequently shown to be vital in reducing the risk of fungal 

infections (Lemaitre et al., 1996). Subsequently, homologous receptors found in 

mammals were termed TLRs. 

 

TLRs are type I transmembrane proteins with ectodomains that mediate recognition 

of different PAMPs. In addition to their transmembrane domain, TLRs have an 

intracellular Toll/IL-1 receptor (TIR) domain required for activation of downstream 

signalling pathways. 10 TLRs have been identified in humans and 12 TLRs in mice 

(Kawai & Akira, 2010) which can be divided into six subfamilies, according to the 

number of leucine-rich repeats (LRRs) in the ectodomain and the motifs of two 

cysteine clusters flanking the LRRs (Roach et al., 2005). PAMPs recognised by TLRs 

include lipids, lipoproteins, proteins and nucleic acids derived from a wide range of 

microbes including bacteria, viruses, fungi and parasites (Kawai & Akira, 2010). The 

location, ligands, adaptors and expression in humans or mice are summarised in 

Table 1.  

 

TLRs dimerise upon recognition of a ligand, causing conformational changes that 

allow the activation signalling pathways via the interaction with cytoplasmic adaptor 

molecules. The adaptor molecules involved vary depending on the site of recognition.  

For example, two adaptor molecules: TIR-containing adaptor protein (TIRAP) and  
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RECEPTOR ADAPTOR LOCATION PHYSIOLOGICAL LIGANDS 
(PATHOGEN) 

SPECIES  

TLR1/2 MyD88 Cell 
membrane 

Triacylated lipoproteins (Bacteria) Human/ 
mouse 

TLR2 MyD88 Cell 
membrane 

Peptidoglycan (Bacteria) 
Phospholipomannan (Bacteria) 
Porins (Bacteria) 
Lipoarabinomannan (Mycobacteria) 
Chitin (Fungi) 

Human/ 
mouse 

TLR2/6 MyD88 Cell 
membrane 

Diacylated lipopeptides (Bacteria) 
Lipoteichoic acid (Gram-positive 
bacteria) 
Zymosan (Fungi) 

Human/ 
mouse 

TLR2/10 MyD88 Cell 
membrane 

(L. monocytogenes) Human 

TLR3 TRIF Endosome dsRNA (Viruses)  
siRNA (Viruses) 

Human/ 
mouse 

TLR4 MyD88 and 
TRIF 

Cell 
membrane 

LPS (Gram-negative bacteria) 
VSV glycoprotein G (VSV virus) 
RSV fusion protein (RSVl virus) 
MMTV envelope protein (MMT 
virus) 
HSP60/70/90 (Host cells) 
Fibronectin (Host cells) 

Human/ 
mouse 

TLR4/6 MyD88 Cell 
membrane 

Oxidised LDL 
Amyloid-beta fibrils 

Human/ 
mouse 

TLR5 MyD88 Cell 
membrane 

Flagellin (bacteria) Human/ 
mouse 

TLR6 MyD88 Cell 
membrane 

Diacyl lipoproteins (Mycoplasma) Human/ 
mouse 

TLR7 MyD88 Endosome ssRNA (Viruses) Human/ 
mouse 

TLR8 MyD88 Endosome ssRNA (Viruses and bacteria) Human/ 
mouse 

TLR9 MyD88 Endosome Unmethylated CpG DNA (Viruses 
and bacteria) 
Haemozoin (P. falciparum) 

Human/ 
mouse 

TLR10  Unknown Cell 
membrane 

(Influenza A) Human 

TLR11 MyD88 Endosome Flagellin (Bacteria) 
Unknown (Uropathogenic E. coli) 
Profilin-like molecule (T. gondii) 

Mouse 

TLR12 Unknown Endosome Profilin (T. gondii) Mouse 
TLR13 Unknown Endosome 23s rRNA (Bacteria) 

Unknown components (Stomatitis 
virus) 

Mouse 

 

Table 1: Toll-like receptors 
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the protein myeloid differentiation primary response 88 (MyD88) form one set of 

adaptors used by TLRs on the surface of cells (Motshwene et al., 2009), whereas 

TIR domain–containing adaptor-inducing IFN-β (TRIF) and the TRIF-related 
adaptor molecule (TRAM) are adaptors that signal from endosomes (Yamamoto et 

al., 2003). All TLRs utilise MyD88 as a signalling adaptor except TLR3, which only 

utilises TRIF. TLR4 uses both MyD88 and TRIF as adaptors.  

 

1.4.2 MyD88 signalling 

MyD88 is recruited by receptors at both the plasma membrane and endosomes 

(Figure 4) (Motshwene et al., 2009). At the plasma membrane, MyD88 recruits IL-

1R1-associated protein kinase 4 (IRAK4) via its death domain (DD). IRAK4 is then 

able to recruit and activate IRAK1 and IRAK2 to form the ‘MyDDosome’, which can 

dissociate from the receptor (Motshwene et al., 2009). Subsequent recruitment of 

the E3 ligase TRAF6 and the Ub (ubiquitin) conjugating enzymes UBC13 and the 

Ubc-like protein UEV1A leads to the K63-linked polyubiquitination of TRAF6 and 

IRAK1 (Deng et al., 2000). Like TRAF6, PELLINO E3 ligases can combine with 

UBC13-UEV1A to generate K63-Ub chains (Smith et al., 2009). A TAK complex, 

consisting of TAB1, TAB2 and TAK1, binds to the K63 Ub chains on TRAF6 and 

IRAK1 via the zinc finger (ZF) domains of TAB2 (Kanayama et al., 2004).  

Conformational changes with the TAK complex allow TAK1 autophosphorylation to 

occur within its activation loop. Activated TAK1 then phosphorylates and activates 

its downstream targets. The E3 ligase linear Ub chain assembly complex (LUBAC) 

is also recruited, which generates M1-linked linear poly-Ub chains to facilitate 

recruitment of the TAK1 target the IKK complex (Gerlach et al., 2011). The IKK 

complex, composed of IKK1, IKK2 and NEMO, is recruited via its subcomponent 

NEMO, which has a Ub binding domain (UBAN) that binds linear Ub chains (C.J. Wu 

et al., 2006). The phosphorylation and activation of IKK1 and IKK2 by TAK1 leads to 

the activation of nuclear factor kappa light chain-enhancer of activated B cells (NF-

κB) transcription factors (TFs) via phosphorylation and subsequent degradation of 

IκB proteins. In addition, the mitogen activated protein kinase kinase kinase (MAP-

3K) TAK1 is also able to activate mitogen activated protein kinase (MAPK) signalling 

pathways by phosphorylating MAP kinase kinases (MAP-2K), such as MKK4/7, 
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Figure 4: MyD88 and TRIF Signalling. TLRs on the cell membrane signal via the 

adaptor MyD88. Upon activation, MyD88 recruits IRAK4 via its death domain (DD), which 

in turn recruits and activates IRAK1 and IRAK2 to form the ‘MyDDosome’. The 

MyDDosome dissociates from the receptor and recruits the E3 Ubiquitin (Ub) ligases 

UBC13 (along with Ubc-like protein UEV1A) and PELLINO1/2, which produce K63-linked 

poly-Ub chains on TRAF6 and IRAK1. The TAK1 complex, composed of TAB1, TAB2 

and TAK1, binds to these Ub chains via the zinc finger domain of TAB2 and becomes 

activated. In addition, the LUBAC complex adds M1-linked Ub chains to form hybrid Ub 

chains, which recruits the TAK1 substrate the IKK complex via the UBAN domain of 

NEMO. TAK1 is able to activate MAPK and NF-κB signalling pathways. Signalling from 

endosome receptors can be mediated by the adaptor protein TRIF, which either binds 

directly to receptors or via TRAM. Recruitment of RIP1 and PELLINO1 leads to the K63-

linked ubiquitination of RIP1, which recruits TAK1 complex via TAB2. This activates NF-

κB and MAPK signalling in a similar manner to MyD88 pathway. In addition, TRAF3 is 

recruited to TRIF which also becomes polyubiquitinated. TRIF polyubiquitination recruits 

the TBK1 complex leading to IRF protein activation and type I interferon gene 

expression. 
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which phosphorylate and activate JNK MAPKs. IKK2 phosphorylation of the IκB 

protein NF-κB1 p105 also mediates the activation of the MAP-3K TPL-2, which 

phosphorylates MKK1/2 leading to ERK1/2 MAPK activation (Gankte et al., 2011).  

 

1.4.3 TRIF signalling 

TRIF is a cytoplasmic adaptor protein that is recruited to TLR3 and TLR4 on 

endosomes to initiate signalling (Figure 4). TRIF binds to TRAF3 and TRAF6 via 

TRAF-binding motifs, and the adaptor RIP1 via its RIP homotypic binding motif 

(Häcker et al., 2006). TRAF3 binding and K63-linked ubiquitination leads to activation 

of the kinase TBK1, which phosphorylates IRF3 or IRF7 TFs to induce type I IFNs. 

Following LPS stimulation, RIP1 becomes K63-linked polyubiquitinated by TRAF6 

and PELLINO1 leading to the activation of the TAK1 complex (Chang et al., 2009); 

similar to MyD88 signalling, this leads to activation of NF-κB and MAPK pathways 

(Kawai & Akira, 2010). 

 

1.4.3.1 TLR4 

TLR4 is activated by LPS in coordination with several accessory molecules: LPS-

binding protein (LBP), CD14 and myeloid differentiation factor 2 (MD2). First, LPS 

binds to LBP, which subsequently transfers LPS to CD14. CD14 then delivers LPS 

to a complex of TLR4 with MD2, which is bound to the outer layer of the cell 

membrane. LPS binding causes two TLR4-MD2-LPS complexes to dimerise and 

initiate signal transduction (Fujihara et al., 2003). Activation of TLR4 on the cell 

membrane and from endosomes triggers MyD88-dependent and TRIF-dependent 

pathways, respectively, which modulate the expression of many inflammatory genes. 

TLR4 signalling requires two additional adaptor proteins: TIRAP to recruit MyD88 

and TRAM to interact with TRIF (Kawai & Akira, 2010). 

 

1.4.3.2 TLR1/2 

TLR2 dimerises with either TLR1 or TLR6 to activate the same downstream 

signalling pathways. This varied TLR combination widens the spectrum of activating 
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ligands. The dimers recognise different di- and tri-acyl lipopeptides from bacteria and 

mycoplasma respectively, as well as peptidoglycan (PGN) and other proteins from 

bacterial and fungal cell walls (Oliveira-Nascimento et al., 2012). The heterodimers 

signal via the TIR domain of TIRAP binding to the adaptor protein MyD88 and are 

also able to signal from the endosome via TRIF (Petnicki-Ocwieja et al., 2013). TLR2 

can also signal with cooperation with non-TLR receptor, such as CD14 and Dectin-

1. For example, some ligands require CD14 and Dectin-1 to fully activate TLR2 

signalling and Dectin-1 is able to physically interact with TLR2 to amplify TLR2-

dependent induction of cytokines, such as TNF-α, in mouse models (Ferwerda et al., 

2008).  

 

1.4.3.3 TLR9 

TLR9 recognises extracellular DNA with unmethylated CpG dinucleotide motifs that 

are found in bacteria, viruses and fungi, but rarely in vertebrates (Hemmi et al., 2000). 

CpG DNA is endocytosed and upon endosomal acidification it is specifically engaged 

by TLR9. In unstimulated cells, TLR9 is located on the ER, and upon stimulation, 

rapidly translocates to a CpG DNA–containing lysosomal compartment for ligand 

binding and signal transduction (Latz et al., 2004). This translocation is regulated by 

the ER-localising protein UNC93B1 (Tabeta et al., 2006). TLR9 utilises the adaptor 

protein MyD88, which ultimately leads to the downstream activation of MAPK and 

NF-κB. These signalling pathways activate DCs and macrophages to produce pro-

inflammatory cytokines such as TNF-α, IL-1, and IL-6, the activation B cells, and 

drive strong Th1 responses (Kawai & Akira, 2010).  

 

1.4.4 CLRs 

C-type lectins receptors (CLRs) are a large family of over 1000 receptors divided into 

17 subclasses. They are characterised by having at least one conserved C-type 

lectin domain, which binds to carbohydrate moieties, such as glycan and mannose, 

in a calcium dependent manner. CLRs are primarily expressed on monocyte-derived 

cells and are implicated in cellular adhesion, migration, signalling and the production 
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of cytokines. In addition, in myeloid cells, they mediate the internalisation of microbes 

to allow for antigen processing and presentation (Hoving et al., 2014). 

 

The CLR family includes Dectin-1, Dectin-2 and Mincle. Dectin-1 is one of the most 

studied CLR which recognises β1-3 glucans. It has an immunoreceptor tyrosine-

based activation motif (ITAM) in its cytoplasmic tail which recruits spleen tyrosine 

kinase (SYK) following Src-mediated phosphorylation, leading to activation of NF-κB 

and MAPK signalling. Dectin-1 activation ultimately promotes the transcriptional 

activation of genes encoding cytokines, as well as those involved in phagocytosis 

and antigen presentation (Hoving et al., 2014). Dectin-1 is important in immune 

responses to fungal infections, which involve activation Th17 T cell responses. In 

myeloid cells, Dectin-1 activation, in cooperation with TLR signalling, leads to 

induction of IL-23, a key cytokine in the production of Th17 cells (Dennehy et al., 

2009). 

 

1.4.5 Cytosolic receptors  

1.4.5.1 NLRs 

NOD-like receptors (NLRs) are cytosolic receptors that are made up of three 

domains: a N-terminal protein interaction domain, such as a caspase recruitment 

domain (CARD domain), pyrin domain (PYD), acidic transactivating domain or 

baculovirus inhibitor repeats; a central nucleotide binding domain (NACHT); and C-

terminal LRRs, by which they recognise PAMPs, such as bacterial RNA and 

peptidoglycans (Coll & O’Neill, 2010).  

 

Two well characterised NLRs are NOD1 and NOD2, which recognise peptidoglycans 

from cell walls of gram-positive and gram-negative bacteria. NOD1/2 

homooligomerise on binding ligand, which subsequently recruits and activates the 

CARD-containing serine/threonine kinase RIP2. Activation of RIP2 leads to the 

activation of NF-κB components and other TFs to increase the production of pro-

inflammatory cytokines (Franchi et al., 2009). 
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The NLRP and IPAF subfamilies of NLRs are characterised by a PYD protein 

interaction domain and include the proteins NRLP1, NRLP3 and NLRC4. These 

proteins oligomerise to form inflammasome complexes, which results in the 

activation of caspase-1 (Franchi et al., 2009). For example, NRLP3 has a N-terminal 

PYD that recruits the adaptor molecule apoptosis-associated speck-like protein 

(ASC) via a homotypic interaction with its PYD domain. ASC also has a CARD 

domain, which forms a homotypic interaction with pro-caspase-1 and NLRP3 via 

CARD domains, facilitating caspase-1 activation. Caspase-1 activation leads to 

proteolytic processing of the pro-inflammatory cytokines IL-1β and IL-18 into their 

biologically active forms (Martinon et al., 2002).  

 

1.4.5.2 RLRs 

The RIG-I-like receptor (RLR) family consists of 3 receptors: RNA helicases retinoic 

acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 5 (MDA5) 

and Laboratory of genetics and physiology 2 (LGP2). They are ubiquitously 

expressed cytosolic viral RNA sensors which coordinate anti-viral programmes via 

the induction of type I IFNs (Yoneyama et al., 2008). After viruses enter a cell, they 

generate dsRNA or 5’ppp-RNA during replication, which are recognised by these 

RLRs. RIG-I is essential for the recognition of ssRNA viruses; such as influenza A 

and paramyxoviruses (Jensen & Thomsen, 2012). MDA5 has been shown to 

recognise Poly(I:C) as well as picornaviruses such as Encephalomyocarditis virus 

(EMCV) (Kato et al., 2008; Gitlin et al., 2006). 

 

RIG-I and MDA5 both have two N-terminal CARD domains followed by a DExD/H 

helicase domain which share 20% and 40% homology, respectively. RIG-I also has 

a C-terminal repressor domain (RD), which, in the absence of a ligand, binds to the 

CARD and helicase domains rendering the protein inactive (Saito et al., 2007). 

Binding of dsRNA or 5’ppp-RNA to the DExD/H helicase domain leads to a 

conformational change of the protein, facilitating the accessibility of the CARD 

domains essential for signal transduction. The CARD domains interact with the 

CARD domains of mitochondrial anti-viral signalling protein (MAVS), which 
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subsequently binds to TRAF3, leading to IKKε/TBK1 activation of IRF proteins and 

type I IFN production (Pichlmair & Reis e Sousa, 2007; Seth et al., 2005). 

 

LGP2 also has a DExD/H helicase domain and an RD but lacks the N-terminal 

tandem CARD domains shared by the other two family members. LGP2-deficient 

mice have elevated levels of type I IFN in response to poly I:C, but decreased levels 

in EMCV infection, suggesting it can act as a positive or negative regulator of RIG-I 

and MDA5. In addition, LGP-2 has also been implicated in the promotion of type I 

IFN production downstream of RIG-I and MDA5 (Satoh et al., 2010). 

 

1.4.5.3 ALRs  

AIM2-like receptors (ALRs) are cytosolic DNA receptors that are able to form 

multimeric protein complexes called inflammasomes (Nakaya et al., 2017). For 

example, the AIM2/caspase-1 inflammasome pathway senses cytosolic double 

stranded DNA (dsDNA) resulting in the proteolytic maturation of cytokines; for 

example; IL-1β and IL-18 (Lamkanfi & Dixit, 2012).  

 

1.4.5.4 cGAS 

DNA in the cytosol of a cell is an indication of tumorigenesis, cellular damage and/or 

infection. Cytosolic DNA is recognised by cyclic-GMP-AMP synthase (cGAS), which 

is thought to be the main receptor for cytosolic DNA (Sun et al., 2013); this binding 

triggers a conformational change to the protein to activate its enzymatic activity (Civril 

et al., 2013). Active cGAS induces the synthesis of the second messenger cGAMP 

from ATP and GTP (J. Wu et al., 2013). cGAMP binds to and activates the ER-

localised adaptor protein stimulator of IFN genes (STING) (Ishikawa & Barber, 2008). 

Activation of STING leads to its migration from ER to the Golgi apparatus and triggers 

phosphorylation of IRF3 via TBK1 to induce type I IFN production (Dobbs et al., 2015; 

Ishikawa et al., 2009). In addition, STING activates NF-κB dimers (Abe & Barber, 

2014).  
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1.5 Activation of key immune signalling pathways  

PRRs trigger signalling pathways leading to activation of MAPKs, NF-κB TFs and 

IRFs to modulate the expression of inflammatory genes. 

 

1.5.1 NF-κB signalling  

The NF-κB/Rel family is made up of five structurally related TFs: NF-κB1 (p50), NF-

κB2 (p52), RelA (p65), RelB and c-Rel, which share a highly conserved DNA-binding 

domain (DBD) in the Rel homology domain (RHD) of each protein, via which the 

proteins can dimerise to form active TFs (Ghosh et al., 1998). NF-κB1 and NF-κB2 

are synthesised as precursor proteins of 105 kDa (p105) and 100 kDa (p100), 

respectively, which are partially proteolysed by the proteasome to remove their C-

termini generating the active subunits of p50 and p52, respectively (Beinke & Ley, 

2004). RelA, RelB and c-Rel have C-terminal transcriptional activation domains 

(TADs) that stimulate target genes, whereas p50 and p52 do not contain a TAD 

domain and must form a heterodimer with other transactivating NF-κB family 

members or other proteins, such as the NF-κB inhibitor protein IκB-ζ, to promote 

transcription (Kodha et al., 2016). In unstimulated cells, NF-κB dimers are 

sequestered in the cytoplasm by inhibitory proteins of the IκB family. The precursors 

p105 and p100 can also act as IκBs via their IκB-like C-terminal halves (Beinke & 

Ley, 2004). Following activation, IκB proteins are targeted by the proteasome for 

degradation releasing associated Rel dimers to translocate into the nucleus and 

modulate transcription (Oeckinghaus & Ghosh, 2009).  

 

The activity of NF-κB proteins can also be regulated in the nucleus via post-

translational modifications, such as phosphorylation, methylation, acetylation and 

ubiquitination (Huang et al., 2010). Furthermore, other proteins bind to the dimers to 

enhance or modulate their activation of transcription; for example, IκB-ζ, which is 

induced in a MyD88-dependent manner, interacts with the p50 subunit of NF-κB to 

rapidly induce the transcription of IL-6 (Alexander et al., 2013).  

 

There are two distinct NF-κB signalling pathways; the canonical pathway that 

mediates inflammatory responses, and the non-canonical pathway that is involved in 
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the differentiation of immune cells and secondary lymphoid organogenesis (Hayden 

& Ghosh., 2008). 

 

1.5.1.1 Canonical (alternative and p100) activation of NF-κB 

The canonical NF-κB pathway is activated by multiple receptors, including PRRs, 

TCRs and BCRs. This activation involves the degradation of IκBα which liberates 

associated NF-κB dimers, predominantly p50/RelA and p50/c-Rel, allowing them to 

translocate rapidly into the nucleus and modulate the transcription of target genes. 

IκBα degradation is triggered by the IKK complex. IKK phosphorylates IκBα at two 

N-terminal serines which induces K48-linked polyubiquitination of IκBα by b-TrCP E3 

ligases. IκBα is then degraded by proteasome (Z. J. Chen, 2005). 

 

1.5.1.2 Non-canonical activation of NF-κB 

The non-canonical NF-κB pathway is triggered by a restricted number of receptors 

(e.g. CD40 and LTbR) and involves the induced proteolysis of the NF-κB2 p100. 

Receptor stimulation induces the phosphorylation of p100 by IKK1, leading to the 

partial degradation of p100 by the proteasome and production of NF-κB2 p52. p52 

then forms heterodimers with RelB, which can translocate into the nucleus and 

promote transcription of specific NF-κB target genes (Hayden & Ghosh., 2008).  

 

1.5.1.3 NF-κB signalling in immunity 

The NF-κB family of proteins play a critical role in the regulation of the immune 

response by modulating the transcription of multiple genes important in both innate 

and adaptive immune responses (Liu et al., 2017). During the innate immune 

response NF-κB signalling induces the transcription of pro-inflammatory cytokines, 

including IL-1, IL-6, IL-12p40 and TNF-α, immunoreceptors and effector proteins 

such as AMPs and enzymes in myeloid cells. Furthermore, NF-κB also regulates the 

induction of the anti-inflammatory cytokine IL-10 to modulate the innate immune 

response (Liu et al., 2017). Furthermore, NF-κB signalling is required in the 
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maturation of DCs and T cells, and regulates cellular responses, such as adhesion, 

survival and proliferation (Lawrence 2009). 

1.5.2 MAPK signalling  

PRR engagement induces the activation of mitogen activated kinase (MAPK) 

signalling pathways. Conventional MAPK signalling pathways are made up of a 

conserved three-tiered system in which MAP-kinase kinase kinases (MAP-3Ks) 

phosphorylate MAP-kinase kinases (MAP-2Ks) on catalytic domain serine and 

threonine residues, resulting in their activation. Activated MAP-2Ks in turn 

phosphorylate tyrosine and threonine residues in the Thr-Xaa-Tyr activation loop 

motif of MAPKs. Conventional MAPKs are divided into the three following subgroups: 

the p38α/β/γ/δ MAPKs, the c-Jun NH2-terminal kinases (JNK) 1/2/3 and the 

extracellular signal-regulated protein kinases (ERK)1/2. The MAPKs p38α/β/γ/δ, 

JNK1/2/3 and ERK1/2 are phosphorylated and activated by MKK3/4/6, MKK4/7 and 

MKK1/2 respectively. MAPKs can phosphorylate a large number of cytoplasmic and 

nuclear proteins. MAPK phosphorylation of TFs modulates gene expression, which 

is an important downstream output of MAPK signalling (Arthur & Ley, 2013). 

 

Termination of MAPK signalling is controlled by dual-specificity phosphatases 

(DUSPs), which dephosphorylate threonine and tyrosine residues of the MAPK 

activation loop. DUSP expression is induced by MAPK signalling and therefore 

constitutes a negative feedback loop (Caunt & Keyse, 2013). 

 

For the purpose of providing background to my thesis project, I have restricted my 

introduction to describing conventional MAPK pathways, which are known to have 

important roles in innate immunity. 

 

1.5.2.1 p38 

In mammalian cells, there are four p38 isoforms: α, β, γ and δ. p38α is the most 

studied isoform and is expressed in most cell types (Cuenda & Rousseau, 2007). 

p38 kinases are activated by various stresses (e.g. oxidative stress, ultraviolet (UV) 

radiation and hypoxia) and by inflammatory stimuli, such as IL-1 and TNF-α. These 
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stimuli can lead to the activation of the MAP-3Ks MEKK1-3, MLK2/3, ASK1, TPL-2, 

TAK1 and TAO1/2, which can phosphorylate and activate the MAP-2Ks MKK3 and 

MKK6 upstream of p38 kinases. p38 kinases are then able to activate downstream 

kinases, such as MNK1/2, MSK1/2 and MK2/3, as well as directly phosphorylating 

TFs, including ETS1, ELK and p53.  

 

p38 proteins are often grouped into two: α/β and γ/δ. p38α and p38β share 75% 

amino acid sequence identity while p38γ and p38δ share approximately 70% amino 

acid sequence identity with each other, but only 60% with p38α. In addition, p38α 

and p38β are sensitive to the same pyridinyl imidazole inhibitors (for example 

SB203580 and SB202190), whereas p38γ and p38δ activities are unaffected 

(Cuenda & Rousseau, 2007). p38α knockout (KO) mice are embryonic lethal due to 

defects in placental development and angiogenesis (Adams et al., 2000; Mudgett et 

al., 2000), whereas the KOs for other p38 MAPKs are viable and fertile (Beardmore 

et al., 2005; Sabio et al., 2005). 

 

Although inhibitors that target both p38α and p38β are protective in multiple 

autoimmune and inflammatory models, cytokine production is normal in p38β 

deficient myeloid cells (Beardmore et al., 2005). In contrast, p38α deficiency in 

macrophages reduces production of TNF-α and is protective in a model of LPS-

induced endotoxic shock (Kang et al., 2008). Therefore, the effects of p38α/β 

inhibitors are largely attributed to inhibition of p38α activity. p38 signalling has been 

shown to have opposite regulatory effects in different cells types; for example, it 

decreases UVB-induced skin inflammation in myeloid cells but increases UVB-

induced skin inflammation in epithelial cells (Kim et al., 2008). 

 
The pharmaceutical industry has produced a number of highly selective p38α/β 

inhibitors as potential anti-inflammatory drugs. However, these have failed to 

progress to the clinic due to unanticipated negative feedback loops (Cuenda & 

Rousseu, 2007). p38α upregulates transcription of the anti-inflammatory cytokine IL-

10 via MSK1/2, limiting TLR signalling and therefore contributing to a negative 

feedback loop (Ananieva et al., 2008). Additionally, p38α activation leads to the 

phosphorylation of TAB1 and TAB3 resulting in the inhibition of TAK1 (Cheung et al., 

2003; Mendoza et al., 2008), as well as driving the transcription of Dusp1, which 
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dephosphorylates MAPKs negatively regulating p38 signalling (Ananieva et al., 

2008). As a result, p38 inhibitors prevent this TAK1 inhibition leading to JNK1/2 and 

ERK1/2 hyperactivation and also block DUSP1 mediated negative feedback loop. To 

avoid this feedback loop, targeting, a downstream target of p38, MK2 in mouse 

models appears to be a promising alternative strategy (Ruiz et al., 2018). 

As p38γ and p38δ are unaffected by the most commonly used p38 inhibitors, 

much less is known about the function of these proteins in innate immunity.  

Therefore, p38γ- and p38δ-deficient mice and double p38γ/p38δ KO mice have 

been generated to analyse the function of these proteins (Beardmore et al., 2005; 

Sabio et al., 2005). Mice lacking p38γ and p38δ have reduced TNF-α levels in 

LPS-stimulated liver macrophages, as p38γ/δ are required for the elongation of 

nascent TNF-α via regulation of eukaryotic elongation factor 2 (eEF2) (Gonzaĺez-

Terań et al., 2013). In addition, myeloid cells lacking p38γ and p38δ have 

decreased TPL-2 levels, a MAP-3K important in the regulation of TNF-α 

translation (Risco et al., 2012). More recently, mutating the gatekeeper residue 

of p38α (T106) to the gatekeeper residue of p38γ/δ (M106) has allowed for 

identification of p38γ- and p38δ- specific inhibitors, such as SU-005, which could 

be used in studies to identify more functions of these p38 family members 

(Kondoh et al., 2016).  

 

1.5.2.2 JNK 

There are three isoforms of JNK; JNK1 and JNK2 are highly expressed across cell 

types, whilst JNK3 has more limited distribution to primarily neuronal tissues, testis 

and cardiac myocytes (Bode & Dong, 2007). JNK proteins are phosphorylated by the 

MAP-2Ks MKK4 and MKK7 in response to cellular stresses, including ionising and 

UV irradiation, heat shock, oxidative stress, growth inhibitors and inflammatory 

cytokines, such as TNF-α. MKK4 and MKK7 can be activated by several MAP-3Ks, 

including MKK1-4, MLK1-3, DLK, TPL-2, TAO1/2, TAK1 and ASK1/2. Activation of 

JNK proteins induces their translocation to the nucleus facilitating their 

phosphorylation of TFs such as c-JUN, JUN-B, ATF2, STAT3, HSF-1 and ELK1.   



Chapter 1 Introduction 

51 

 

 

Deletion of JNK1/2 is embryonic lethal, therefore conditional mice have been used 

to elucidate the physiological role of these kinases. Mice deficient in JNK in their 

myeloid cells fed a high fat diet become obese but do not develop insulin resistance. 

In addition, macrophages from these cells exhibit a reduced inflammatory or M1 

phenotype. These results suggest that JNK signalling has a pro-inflammatory role in 

macrophages, indicating that JNK is potential target for therapeutic inhibitors in the 

treatment of inflammatory diseases. Many inhibitors targeting JNK have been 

developed in the past, yet few have advanced to clinical trials due to lack of specificity 

to the isoform; however, recent developments show promise with more JNK 

inhibitors advancing to trials (G. Li et al., 2020).  

 

1.5.2.3 ERK1/2  

ERK1 was the first mammalian MAPK to be identified (Cooper et al., 1982). ERK1 

shares 83% amino acid sequence identity with the related kinase ERK2 and both are 

expressed ubiquitously. There are two major signalling pathways that regulate the 

activation of ERK1/2 in somatic cells: the RAS-RAF pathway, in which RAF activates 

MKK1/2 which in turn activates ERK1/2 and the TPL-2 pathway, in which TPL-2 

activates MKK1/2 which then activates ERK1/2 (Figure 5). TPL-2 signalling 

predominantly occurs in myeloid cells downstream of TLR activation, although it has 

also been observed to activate ERK1/2 in fibroblasts following TNF-α stimulation. 

RAS-RAF signalling can also occur in myeloid cells downstream of certain receptors 

but has predominately been studied in non-myeloid cells and in the context of cell 

growth, proliferation and cancer.  

 

1.5.2.4 The RAS-RAF-ERK1/2 MAP kinase pathway 

Downstream of growth factor receptors, GPCRs and TCRs, RAS, located on the cell 

membrane, is activated via GDP and GTP exchange. Activated RAS functions as an 

adapter that binds to RAF with high affinity, causing the translocation of RAF to the 

cell membrane. In addition, phosphorylation of RAF stimulates its serine/threonine 

kinase activity, which can phosphorylate the activation loops of the MAP-2Ks 



Chapter 1 Introduction 

52 

 

MKK1/2, inducing their activation. Subsequently, MKK1/2 phosphorylates and 

activates the downstream MAPKs ERK1/2. There are three subtypes of RAF: A-RAF, 

B-RAF and C-RAF, of which B-RAF is the major isoform involved in ERK1/2 

activation in cell transformation (Dhillon et al., 2007).  

 

ERK1/2 are proline-directed kinases and their conventional phosphorylation target 

sites are serine or threonine residues that are directly followed by a proline (Ser/Thr-

Pro). In quiescent cells, ERK1/2 are located in the cytoplasm; however, following 

stimulation, ERK1/2 translocate to the nucleus and phosphorylate various substrates, 

such as MAPK-activated protein kinases (MAPKAPKs) and TFs. ERK1/2 

phosphorylates several MAPKAPKs, including RSK1/2/3, MNK1/2 and MSK1/2. 

Downstream of the RAS/RAF pathway, ERK1/2 has been shown to phosphorylate 

multiple TFs, including FOS, JUN, ETS1/2, ELK1 and MYC, which promotes cell 

growth and proliferation while blocking apoptosis (Yoon & Seger, 2006). ERK1/2 also 

Figure 5: ERK1/2 activation. Following activation of receptor tyrosine kinases (RTKs) 

and T cell receptors (TCRs), RAS activates the MAP-3K B-RAF, whereas activation of 

TNF receptor (TNFR), Toll-like receptors (TLRs) and CD40 receptors (CD40Rs) leads to 

activation of an alternative MAP-3K, TPL-2.  B-RAF and TPL-2 then activate MKK1/2 via 

phosphorylation, which in turn activates the MAPKs ERK1/2. 
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promotes the production of DUSPs, which then dephosphorylate MAPKs to allow for 

regulation of this pathway and inflammation within these cells (Caunt & Keyse, 2013).  

 

The physiological outcome of ERK1/2 activation depends on whether activation is 

transient or sustained, with sustained signalling promoting differentiation and 
transient signalling favouring proliferation (L. O. Murphy & Blenis, 2006). 
Components of the RAS-RAF pathway are frequently mutated in cancer with RAS 

being the most commonly mutated oncogene, present in almost 30% of all cancers 
(Murugan et al., 2019). RAF mutations are also present in a high proportion of 
malignant melanomas (Dhillon et al., 2007). Therefore, components of the ERK1/2 
pathways are often targeted for cancer treatments. 
 

1.5.2.5 The TPL-2 - ERK1/2 MAP kinase pathway 

Following the activation of TLR, TNFR and CD40R in myeloid cells, TPL-2 is the 

MAP-3K that activates MKK1/2, which subsequently activates ERK1/2. TPL-2 

activation is therefore an alternative way of activating ERK1/2, to RAF activation of 

ERK1/2 (Gantke et al., 2011). Furthermore, upregulation of TPL-2 has been 

identified as a mechanism of resistance to RAF inhibitor treatments of melanomas, 

where it increases the activation of ERK1/2 in an RAF-independent manner in cancer 

cells (Johannessen et al., 2010) 

 

As this pathway is central to the research carried out in this thesis, I have discussed 

TPL-2 signalling in more detail in the below section (Section 1.6).  

 

1.6 TPL-2 signalling 

1.6.1 Discovery and expression of TPL-2 

Tpl2 (also known as Map3k8) was initially discovered as a proto-oncogene in 

Moloney murine leukaemia virus (MMLV)-induced T cell lymphomas (Patriotis et al., 

1993). Pro-virus insertion of Tpl2 in the last intron leads to a carboxy-terminally 

truncated protein, which is constitutively active, has higher expression levels 
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compared to WT cells and transforming potential. The human gene name for Tpl2 is 

Cot and although discovered by virtue of its ability to transform cells, it has only 

recently been shown to be mutated in human spitzoid melanomas (Newman et al., 

2019).  

 

Tpl2 is expressed mainly in immune cells but can also be detected in other cells, 

such as fibroblasts. TPL-2 exists in cells as a 58 kDa and 52 kDa protein due to 

alternative translational start sites: methionine 1 and methionine 30: the isoforms are 

known as M1-TPL-2 and M30-TPL-2, respectively. Both M1 and M2 isoforms 

predominantly exist in the cytoplasm (Aoki et al., 1993).  

 

1.6.2 TPL-2 signalling and regulation 

Based initially on homology to the yeast MAP-3K Ste11 in the kinase domain, TPL-

2 was proposed to be a MAP-3K (Salmeron et al., 1996). Consistent with this, 

immunoprecipitated MYC-TPL-2 can phosphorylate and activate recombinant MKK1 

(M. J. Robinson et al., 2007). Subsequently, it was shown that highly purified TPL-

230-397 protein produced in baculovirus can also phosphorylate MKK1 demonstrating 

that this is a direct effect (Gutmann et al., 2015). In line with these biochemical 

experiments, overexpression of TPL-2 in HEK293 cells activates ERK1/2 and TLR4 

activation of ERK1/2 is blocked in TPL-2 deficient macrophages (Gantke et al., 2012). 

 

In unstimulated cells, TPL-2 exists in a stoichiometric complex with two other 

proteins: A20-binding inhibitor of NF-κB activation 2 (ABIN-2) and NF-κB1 p105, 

which are both required to maintain the stability of TPL-2 (Figure 6). The C-terminal 

half of p105 binds to TPL-2 via two interactions: the kinase domain of TPL-2 interacts 

with the DD of p105 and TPL-2’s C terminus interacts with the region adjacent to the 

ankyrin repeat of p105. This association masks the TPL-2 degron sequence between 

residues 435 and 457 and is therefore important for maintaining TPL-2 stability. 

Nfkb1-/- mice have very low steady state levels of TPL-2 and the BMDMs from these 

mice have decreased ERK1/2 activation following LPS stimulation (Beinke et al., 

2003). In Abin2-/- mice, ERK1/2 activation is also reduced, due to low steady-state 

levels of TPL-2 (Papoutsopoulou et al., 2006). It has also been shown that p38γ and 
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Figure 6: TPL-2 activation downstream of LPS binding to TLR4. In unstimulated 

cells, TPL-2 exists in a ternary complex with NF-κB p105 and ABIN-2.  Following LPS 

binding to TLR4, the IKK complex, composed of NEMO, IKK1 and IKK2 phosphorylates 

p105 at S927 and S932, which is recognised by E3 ligase SCFβTrCP. SCFβTrCP catalyses 

the formation of K48-linked Ubiquitin (Ub) chains, which targets p105 for proteolysis by 

the proteasome. IKK2 also phosphorylates TPL-2 S400 facilitating association of TPL-

2 with 14-3-3 dimers and activation of TPL-2 catalytic activity. When TPL-2 is released 

from the complex it is able to access its substrate MKK1/2 leading to ERK1/2 activation. 
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p38δ are required for maintaining TPL-2 protein levels in myeloid cells, although 

TPL-2 has not been shown to directly interact with either p38γ or p38δ (Risco et al., 

2012). It is not clear why p38γ and p38δ are required to maintain TPL-2 stability. 

Furthermore, it has been shown that BCL-3, a nuclear regulator of NF-ĸB, can 

regulate TPL-2 activity by binding to TPL-2 in the nucleus to target it for proteasomal 

degradation (Collins et al., 2019). 

 

Ligand binding to TLRs, TNFR, IL-1R and CD40, leads to the activation of the IKK 

complex. IKK2 is then able to phosphorylate p105 on two serines at positions 927 

and 932. Phosphorylation of these two sites is recognised by the E3 ligase SCFβTrCP, 

which catalyses the formation of K48-linked Ub chains on p105 targeting it for 

degradation by the proteasome. Release of TPL-2 following this allows it to associate 

with and phosphorylate its target MKK1/2. Following TLR4 stimulation, IKK2 also 

phosphorylates TPL-2 on serine 400 (S400), which promotes TPL-2 C-terminal tail 

association with 14-3-3 dimers and activation of TPL-2 catalytic activity (Gantke et 

al., 2012). The regulation of TPL-2 signalling by IKK indicates that ERK1/2 signalling 

is directly linked to NF-κB mediated transcription downstream of TLR4 and other 

TLRs.  

 

1.6.3 TPL-2 regulation of innate immune responses 

TPL-2 plays a key role in activating ERK1/2 in innate immune responses and 

regulating the production of immune response mediators, such as cytokines, that 

control inflammation. TPL-2 has been shown to regulate cytokine production both 

transcriptionally and post-transcriptionally. Following TLR stimulation, TPL-2 

deficient macrophages exhibit decreased expression and/or secretion of TNF-α, IL-

1β, IL-10, IL-23 and CXCL2, CXCL3, CCL7 and CCL2 and increased expression of 

IFN-β, CCL5, CCL8, CXCL9, CXCL10, CXCL13 and IL-12 p70 production (Banerjee 

et al.,  2006; Bandow et al., 2012; Gantke et al., 2012; Kaiser et al., 2009). Although 

TPL-2 signalling induces both pro- and anti-inflammatory cytokines in innate immune 

cells, analyses of Tpl2-/- mice indicate that the net effect of TPL-2 is to promote 

inflammation (Gantke et al., 2012).  
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In addition, TPL-2 has been shown to be critical in the expression of chemokine 

receptors and consequently the migration of immune cells. Due to the reduced 

expression of the chemokine receptors, CCR1, CCR2 and CCR5, Tpl2-/- mice have 

reduced macrophage infiltration of the peritoneal cavity after thioglycolate injection 

(Rowley et al., 2014). TPL-2 also regulates the production of prostaglandins (PGs) 

via the regulation of the expression of the PG producing enzyme COX2. LPS 

induction of COX2 is significantly reduced in TPL-2 deficient macrophages due to 

decreased levels of transcription and reduced stability of the mRNA transcript 

(Eliopoulos et al., 2002). The reduction in the expression of COX2 in turn reduces 

the concentration of PGs produced, preventing their activation of GPCRs and 

subsequent activation of signalling pathways. Furthermore, TPL-2 regulates the 

expression of NOS2 which produces RNS to degrade pathogens (López-Peláez et 

al., 2011). 

 

1.6.4 TPL-2 in disease  

TPL-2 is important for host defence against infections in mouse models; Tpl2-/- mice 

are more susceptible to infection by various bacteria, including Toxoplasma gondii, 

Mycobacterium tuberculosis (Mtb) and Listeria monocytogenes, as well as infection 

with influenza virus (Xu., et al 2018). The impaired immune response of TPL-2-

deficient mice to Mtb and L. monocytogenes infection is due to the increased 

production of type I IFN, which exacerbates infection (McNab et al., 2013). 

Paradoxically, the immune response to Heligmosomoides polygyrus is augmented 

by the absence of TPL-2 due to the overproduction of CCL24 by DCs (Kannan et al., 

2017).   

 

Tpl2-/- mice have also been used to study the physiological function of TPL-2 in 

autoimmune and autoinflammatory diseases.  TPL-2 deficient mice are resistant to 

LPS induced septic shock (Dumitru et al., 2000). TPL-2 deficient mice are also 

protected in EAE, a mouse model of multiple sclerosis (MS) (Sriskantharajah et al., 

2014). Single nucleotide polymorphisms in the Tpl2 gene are associated with 

inflammatory bowel disease (IBD) (Jostins, 2012) and TPL-2 is also required for 

colitis development in mice that have a deletion in the ARE element of TNF (TnfΔARE 
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mice) (Kontoyiannis et al., 2002). However, TPL-2 has also been shown to promote 

immunosuppressive functions of Tregs limiting inflammation in IBD (X. Li et al., 2016).  

 

Even though TPL-2 was first discovered as an oncogene, TPL-2 is not mutated in 

the majority of human cancers. In contrast to a recent study showing Tpl2 is 

frequently mutated in spitzoid melanomas (Newman et al., 2019), Tpl2-/- mice have 

increased susceptibility to skin tumours and T cell lymphomas, suggesting that TPL-

2 signalling may suppress the development of cancer in certain circumstances 

(Gankte et al., 2011). Furthermore, TPL-2 has been shown to suppress lung 

carcinogenesis (Gkirtzimanaki et al., 2013).  

 

1.7 Transcriptional regulation of genes in immunity 

As indicated in many of the above sections, following infection, stimulation of PRRs 

and cytokine receptors modulates gene expression in innate immune cells (e.g. 

macrophages and neutrophils), which promotes inflammation and recruits cells of 

the adaptive immune system to the site of infection. 

 

1.7.1 General regulation of gene expression 

In eukaryotes, the regulation of gene expression occurs at various levels. Chromatin 

organisation and DNA accessibility, gene regulatory elements, TFs and proteins 

involved in gene transcription (e.g. transcriptional machinery), all contribute to gene 

regulation (Alberts et al., 2007).  

 

1.7.1.1 DNA accessibility  

Inside eukaryotic cells, DNA within the nucleus is highly condensed. The DNA is 

tightly wound around eight histone proteins, to form nucleosomes. Each nucleosome 

is composed of approximately 146 base pairs (bp) of DNA wound around the histone 

octamer (Luger et al., 1997). The core histone octamer comprises two copies each 

of variants of histone proteins H2A, H2B, H3, and H4, in addition to up to 80 bp of 

linker DNA. The linker DNA can be bound by H1 histone variants to condense the 
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DNA further. The position of nucleosomes on DNA is regulated via histone 

modifications, which are covalent post-translational modifications (PTMs) of histone 

proteins including methylation, phosphorylation, acetylation, ubiquitination, and 

sumoylation (Luger et al., 2012). These histone modifications impact gene 

expression by altering chromatin structure or recruiting histone modifiers; this is part 

of epigenetic gene regulation. Certain histone modifications can allow sections of the 

DNA to unwind into an uncoiled structure, known as euchromatin, exposing genes 

to proteins that make up the transcriptional machinery. Accessibility of the DNA, as 

euchromatin, for TFs at TF binding sites affects gene regulation. In contrast, the 

presence of other histone modifications leads to sequestering of genes into densely 

packed chromatin, known as heterochromatin, which is associated with repression 

of gene transcription (Huisinga et al., 2006). Moreover, during the process of 

differentiation, more permanent changes to the nuclear architecture regulates gene 

interactions in a cell-type-specific manner, by restricting the access to certain genes 

in a particular cell type.  

 

1.7.1.2 Regulation of transcription 

The central dogma of molecular biology describes a two-step process in which DNA 

is transcribed to mRNA and then translated into protein with tRNA acting as an 

intermediate. In eukaryotic cells, these two processes are spatially and temporally 

separated (Figure 7). Precursor-mRNA (pre-mRNA) is produced and processed into 

mature mRNA in the nucleus before entering the cytoplasm for translation. Protein 

production can be regulated at both steps: transcription and translation.  

 

Genes have a coding sequence, preceded by a promoter and usually followed by a 

terminator (Figure 8). These elements help to regulate transcription. Transcription 

starts at the transcription start site (TSS), which is located at the core promoter. 

Transcription is regulated at initiation, promoter escape, elongation and termination 

stages. Some genes have alternative TSSs resulting in differing final gene products 

(Alberts et al., 2007).  
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Regulation of transcription is orchestrated by TFs and their binding to TF binding 

sites in the gene promoter or other regulatory regions, which determines whether 

RNA polymerase binds to a gene to initiate transcription. Genes have core promoter 

elements that allow for general TFs, such as RNA polymerases and TATA-binding 

protein, to bind sequences such as the TATA box and the Inr sequence. However, 

genes also have other cis-acting sequences, which serve as binding sites for a wide 

variety of TFs that control the expression of individual genes. Furthermore, initiation 

factors, such as TFIID, TFIIA, and TBP, are often recruited by the TFs that first bind 

to promoters/enhancers of genes (Alberts et al., 2007).  

Figure 7: Transcription and translation are temporally and spatially separated in 
eukaryotes. Transcription occurs within the nucleus, where transcriptional machinery 

(i.e. RNA polymerase II and other proteins) transcribes genes into precursor-mRNA 

(pre-mRNA). Pre-mRNA is then processed in the nucleus, during which intronic 

sequences are removed, a 5’ cap is added and a poly-A tail is added to from mature 

mRNA. Mature mRNA is translated in the cytoplasm into a polypeptide chain by the 

ribosome.   
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1.7.1.3 Enhancers  

In addition, genes can be regulated by distal sites known as enhancers. Enhancers 

are binding sites that are hundreds to thousands of bp away from the core promoter 

and TSS, but still regulate gene expression via the binding of TFs that then regulate 

RNA polymerase (Pan & Nussinov, 2011). Enhancer-mediated regulation is 

facilitated by DNA looping, which permits interactions between TF bound to distal 

elements with transcriptional machinery located at the core promoter. TFs bound to 

the enhancers are often termed enhanceosomes, which are multicomponent 

complexes that can consist of multiple TFs binding to enhancer DNA sequences. 

The protein and DNA interactions can bring together otherwise spaced out 

sequences to form a complex which affects the transcriptional activation state of the 

gene by recruiting members of the transcriptional machinery. Different compositions 

of proteins within enhanceosomes can lead to initiation or repression of transcription 

of genes (Pan & Nussinov, 2011). 

 

Figure 8: Gene structure. The coding region of genes consists of exons and introns. 

The coding region is preceded by the 5 prime (5’) untranslated region (UTR) and 

followed by the 3’ UTR and terminator sequence. The transcriptional machinery 

(including RNA polymerase II) binds to regions in the core promoter (such as the TATA 

box), before starting transcription at the transcription start site (TSS). Transcription 

factors bind to regulatory regions and can affect whether the transcriptional machinery 

binds or starts transcription. Regulatory regions can be close to the core promoter, such 

as the regulatory promoter, or in distal regions such as an enhancer. 
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1.7.1.4 Combinatorial regulation  

A conserved mechanism of transcriptional regulation is combinatorial control, which 

involves multiple TFs binding to a gene promoter or enhancers and the variation of 

these TFs within complexes determines whether the gene is transcribed. Therefore, 

regulation of expression of TFs themselves is one mechanism of regulating target 

gene expression (Pan & Nussinov, 2011).  

 

In addition, several protein families bind to DNA and modulate transcription as dimers 

or complexes, the composition of which result in different transcriptional responses.  

For example, the activator protein 1 (AP-1) family of proteins consist of a variety of 

members, including FOS, JUN, ATF and MAF, which bind to DNA as a homo- or 

heterodimers to regulate transcription of genes involved in a diverse range of 

biological processes. Although each dimer can bind the identical binding motif, the 

composition of the dimer determines whether transcription is activated or inhibited 

(Eferl & Wagner, 2003). 

 

1.7.1.5 Primary and secondary response genes 

Activation of signalling pathways within cells induces the expression of genes via 

regulation of TFs. Inducible genes can be divided into groups depending on their 

requirement for de novo protein synthesis. Primary response genes (PRGs), which 

can be subdivided into immediate early genes (IEGs) and delayed primary response 

genes, do not require the synthesis of new signalling molecules or TFs for the 

induction of gene expression (Bahrami & Drabløs, 2016). However, secondary 

response genes (SRGs) do require the synthesis of proteins for their transcription 

and are therefore temporally delayed in comparison with PRGs and susceptible to 

the treatment of protein synthesis inhibitors, such as cycloheximide (CHX). In 

addition, activation of many SRGs requires chromatin remodelling, via histone 

modifications and by binding of chromatin remodelling proteins, to allow 

transcriptional machinery to bind and initiate transcription (Bahrami & Drabløs, 2016). 
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1.7.1.6 Cell specific transcription  

Specific stimuli can elicit different responses in different cell types due to the pre-

existing regulatory landscape laid down during the process of differentiation. Cell-

specific transcription patterns can be altered by modulating the expression of a few 

TFs, which are known as master regulators of cell fate. Cells that come into contact 

with the same stimulus can have a different response due to their cell type. In addition, 

similar cell types within different environments, for example TRMs in different tissues, 

can have very different responses (E. L. Gautier et al., 2012). These cells will act 

with the same TFs but respond differently due to different accessibility to TF binding 

sites and regulatory sequences such as enhancers.  

 

1.7.1.7 Post transcriptional regulation 

Protein expression can also be regulated post-transcriptionally. Transcription of the 

coding sequence of gene results in a pre-mRNA transcript, which contains both 

introns and exons. The transcript undergoes splicing, in which introns form loops 

following the binding of small nuclear ribonucleoprotein particles (snRNPs), forming 

the spliceosome (Will et al., 2011). The intron is excised, exons spliced together and 

a 5’ cap and poly-A tail added, producing mature mRNA with only the protein-coding 

sequence. The mature mRNA can exit the nucleus and is translated in the cytoplasm. 

Alternative splicing can occur where different exons make up the mature mRNA 

sequence and therefore generate variations of the final protein. Regulatory proteins 

can bind to the mature transcript to stabilise it, target it for degradation or initiate 

translation. For example, Adenylate-uridylate-rich elements (AREs) are adenine and 

uridine rich sequences located at the 3’ UTR of many mRNA transcripts, which 

promote the rapid degradation of mRNAs. The rapid degradation of mRNA 

transcripts ensures the transient expression of certain genes, for example cytokines 

and TFs (Alberts et al., 2007).  

 

1.7.2 Gene regulation in immunity  

A large number of TFs have been shown to play critical roles either in the 

development of specific immune cell lineages or in immune cell activation. These 
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include, though are not limited to, TFs such as PU.1, GATA3, BCL6, NF-κB, AP-1, 

STATs and IRFs, which are regulated downstream of activated signalling pathways. 

Specifically, PU.1 is master TF which controls the general context in which 

sequence-specific TFs, that are regulated by external stimuli, operate to modulate 

macrophage phenotype and function. In addition, other TFs such as STATs are 

pivotal in macrophage polarisation (S. Chen et al., 2020). The regulation of NF-κB 

TFs and their role in controlling expression of pro-inflammatory cytokines has 

previously been mentioned in section 1.5.1.3. 

 

PRGs induced downstream of PRRs in immune cells have often been found to have 

similar promoter structures, such as CpG-island promoters. CpG-island promoters 

have been associated with nucleosome-depleted areas and open chromatin 

confirmation (Ramirez-Carrozzi et al., 2009). The open confirmation of the DNA 

allows rapid access to TFs and transcriptional machinery and allows activation of 

transcription by a broad range of stimuli. Several inflammatory genes that contain 

CpG-island protomers are pre-associated with RNA polymerase molecules in 

unstimulated cells allowing for rapid induction following stimulation (Hargreaves et 

al., 2009). Upon stimulation, TFs already present in the cell will activate the 

transcriptional machinery leading to rapid induction of these PRGs. Furthermore, 

other PRGs have RNA polymerase molecules that are bound to the DNA and have 

initiated transcription but are paused and require a stimulus to continue (Nechaev & 

Adelman, 2011). In addition, a high percentage of the most potently induced genes 

contain promoters with low CpG content (LCG promoters). LCG promoters often 

require active nucleosome remodelling, limiting the set of stimuli to those capable of 

activating factors that can recruit remodelling complexes to the promoter (Bhatt et 

al., 2012). 

 

1.8 Immune response mediators 

Innate immune cells regulate gene expression and secretion of many molecules that 

either directly target invading pathogens (e.g. AMPs and ROS) or promote 

inflammation (e.g. cytokines and chemokines). The recruitment of other immune cells 

to the site of infection during an inflammatory response is important in promoting 
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adaptive immunity. While inflammation is beneficial to establish immunity, it must be 

tightly controlled. Unregulated and sustained inflammatory responses can lead to 

chronic inflammation, tissue damage and autoimmune/autoinflammatory diseases, 

such as IBD and psoriasis (Medzhitov, 2008). Therefore, there is a critical need to 

understand the mechanisms that innate immune cells utilise to regulate inflammatory 

gene expression. 

 

1.8.1 Cytokines 

Cytokines are low molecular weight proteins that are key modulators of the immune 

response. They are produced by various cell types but can only act on cells with 

specific cytokine receptors. Cytokines can induce responses in the originating cell 

(an autocrine response), on neighbouring cells (a paracrine response) or distant cells 

where the chemokine travels via the circulatory system to reach the target cell (an 

endocrine response). Some cytokines are pleiotropic and induce different effects on 

different cell types, whereas others are redundant and have the same effect on a cell. 

In addition, cytokines can work synergistically or antagonistically to modulate cell 

behaviour (Janeway, 2001). 

 

After binding to receptors, cytokines stimulate a complex network of intracellular 

protein interactions which trigger various downstream outputs, including induced 

transcription of cytokine and cytokine receptor genes. There are four major 

subclasses of cytokines: chemokines, ILs, TNF proteins and IFNs. 

 

1.8.1.1 Chemokines 

Chemokines are small secreted molecules that control the migration of immune cells 

to both healthy and infected tissues via a chemo-attractant gradient.  

 

Chemokines have a conserved structure called the ‘chemokine fold’ (Figure 9). 

Chemokines are classified by their structure and position of cysteines into 4 sub-

classes: C, CC, CXC and CX3C. CC chemokines have two adjacent cysteines. CXC 

and CX3C have two cysteines separated by one or three amino acids, respectively. 
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These three groups have four cysteines in total with another two at C2 and C4, 

whereas the C sub-class only has the two cysteines at position 2 and 4 (Miller & 

Mayo, 2017).  

 

Chemokines are classified by function into two groups: inflammatory and 

homeostatic. Inflammatory chemokines are induced under pathological conditions 

and attract specific leucocytes to the site of infection. For example, CXCL8 (IL-8), 

CXCL1, CXCL2 and CXCL3 are potent neutrophil chemo-attractants, while CCL8 

attracts macrophages to infected tissue. Some chemokines are also able to recruit 

multiple cell types; for example, CCL2 attracts macrophages, T cells and mast cells, 

whereas CXCL10 attracts T cells, NK cells and DCs to sites of infection (Sokol & 

Luster, 2015). Homeostatic chemokines, which are expressed constitutively, 

Figure 9: Chemokine fold structure. Chemokine families share a conserved fold 

maintained by disulphide bonds between cysteine residues (red line). Chemokines are 

divided into families by the position of the N-terminal cysteine residues that are involved 

in the disulphide linkages. The C family has one N-terminal cysteine, the other families 

all have two cysteines that are adjacent in the CC family and separated by either one or 

three amino acids in the CXC and CX3C families, respectively.  
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regulate the migration of cells around the lymphatic system and to tissues during the 

normal processes of tissue maintenance and development. They can direct 

leucocytes to different tissues; for example, CXCL13 recruits CXCR5+ B and T cells 

to lymph nodes, whereas CCL25 directs leucocytes to the intestine. Homeostatic 

chemokines also regulate angiogenesis, neuronal communication and T/B cell 

development (Sokol & Luster, 2015). 

 

Chemokine receptors belong to the GPCR superfamily, which activate signalling 

cascades to elicit their effects. This signalling is negatively regulated by the process 

of desensitisation, which halts signalling from receptors. Many of the receptors are 

promiscuous and are able to bind several different chemokines and several 

chemokines also function redundantly and are able to bind several receptors; for 

example, CXCR1 and CXCR2 are both able to bind CXCL8, CXCL5, and CXCL6, 

but CXCR2 is also able to bind CXCL1-3 and CXCL7 with high affinity. The 

promiscuous nature of the interactions between several chemokines and receptors 

allows for activation of diverse signalling pathways and therefore diverse functional 

outcomes. However, there are also receptor and chemokine interactions that are 

specific, such as CXCL12 binding to CXCR4 (Sokol & Luster, 2015). 

 

Binding of chemokines to their receptors activates signalling pathways, which 

promote actin remodelling and ultimately directs cell movement. Ligand binding 

causes conformational changes to the receptor that facilitates interactions with, and 

activation of, G-protein subunits. Activation of these subunits can lead to activation 

of GPCR kinases (GRKs), ion channels, phospholipase C-β (PLC-β) and PI3K 

signalling (Kehrl, 1998). These processes promote actin remodelling and modulation 

of gene expression, with subsequent receptor desensitisation. 

 

During inflammation, increased chemokine signalling can contribute to disease 

progression through overactivation and augmented recruitment of monocytes and 

macrophages. Unregulated chemokine signalling has been implicated in several 

disease states, including tumour development and several autoimmune conditions, 

such as experimental autoimmune encephalomyelitis (EAE), rheumatoid arthritis 

(RA), cystic fibrosis and asthma (Karin & Wildbaum, 2015). 
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1.8.1.2 Interleukins 

Interleukins (ILs) make up a large family of cytokines that exhibit a wide range of 

immunoregulatory functions, including cell proliferation, differentiation, maturation, 

activation, migration and adhesion. They facilitate interactions between leucocytes 

involved in both the innate and adaptive responses (Janeway, 2001). Some ILs are 

initially produced as an inactive precursor that is proteolytically processed into the 

active cytokine, which binds to a high affinity receptor. Similar to chemokines, ILs 

can be categorised as pro- or anti-inflammatory.  

 

The IL-1 family of cytokines comprises 11 members that mediate acute 

inflammatory responses, exhibiting both pro- and anti-inflammatory effects (Sims & 

Smith, 2010). IL-1 signalling plays pivotal roles in the immune response, 

inflammation and metabolism (Dinarello, 2011); however, increased production of IL-

1 family members leads to the development or exacerbation of the autoimmune 

conditions, such as encephalomyelitis, Systemic lupus erythematosus (SLE) and RA 

(Hoffman & Wanderer, 2010; Mende et al., 2018; Sutton et al., 2009).  

 

IL-1α and IL-1β activate the same receptor: IL-1R; a member of the TLR family of 

receptors that signals via the MyD88 adaptor and in conjunction with the IL-1R 

accessory protein to induce transcription of pro-inflammatory genes. In addition, the 

IL-1R agonist IL-1R1 binds to the receptor to prevent IL-1α and IL-1β mediated 

signalling (Sims & Smith, 2010). 

 

IL-1α and IL-1β are produced as 31 kDa precursor proteins; however, only the 

precursor of IL-1β (pro-IL-1β) requires cleavage for activation (Dinarello & Wolff, 

1993). Induction of pro-IL-1β expression, known as a priming step, is insufficient to 

induce IL-1β secretion. A second signal (e.g. ATP) is required for the primed cell to 

induce processing by caspase-1 and secretion of active IL-1β. The activation of 

caspase-1 involves the formation of an inflammasome, the best characterised of 

which is NLRP3 (described in section 1.4.5.1). Release of active IL-1β requires 

caspase-1 cleavage of gasdermin-D which then forms membrane pores (Shi et al., 

2015).  
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IL-6 is a pleiotropic cytokine that has both pro- and anti-inflammatory effects. In 

immune responses, IL-6 stimulates neutrophil production, augments B cell 

proliferation and activates cytotoxic T cells. However, dysregulation of IL-6 

production is associated with the development of autoimmune conditions, such as 

septic shock, Crohn’s disease and RA (Tanaka et al., 2014). The anti-IL-6R drug 

Tocilizumab is used as a treatment for RA and is also currently being tested as a 

potential therapy for patients infected with SARS-CoV2 that have developed severe 

respiratory insufficiency which correlates with increased IL-6 levels (di 

Giambenedetto et al., 2020; Ulhaq & Soraya, 2020).  

 

IL-12 is a primary mediator of innate responses that stimulates the production of IFN-

γ by NK cells and is a potent activator of Th1 differentiation and Th1 responses. The 

bioactive IL-12p70 heterodimeric protein composed of two subunits: p35 and p40 

(Kobayashi et al., 1989); in combination with p19, the p40 subunit is also a 

component of the pro-inflammatory cytokine IL-23 (Oppmann et al., 2000). IL-12p70 

is produced by monocytes/macrophages, DCs, B cells and mast cells following TLR 

activation. IL-12p70 enhances the phagocytic ability of phagocytes and increases 

production of other pro-inflammatory cytokines, such as IL-6, TNF-α and IL-12 itself 

(Ma & Trinchieri, 2001). Patients with deletions within the p40 gene are more 

susceptible to infections, underlining its importance in immune responses (Dorman 

& Holland, 2000).  

 

IL-10 regulates inflammatory responses by inhibiting the activation and function of 

inflammatory macrophages and DCs (Moore et al., 2001). In macrophages, MyD88- 

and TRIF-mediated signalling, following activation of TLRs, induces the production 

of IL-10 (Boonstra et al., 2006). IL-10 inhibits the production of many pro-

inflammatory cytokines, such as IL-1α/β, IL-6, IL-12 and TNF-α, in order to 

downregulate the immune response (Moore et al., 2001). The importance of IL-10 in 

the regulation of inflammation is highlighted by the fact that IL-10-deficient mice 

spontaneously develop colitis (Kühn et al., 1993) and humans with mutations in IL-

10 or IL-10R have early onset severe colitis (Glocker et al., 2011).  
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1.8.1.3 Tumour necrosis factor alpha  

Tumour necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine which was 

first discovered as a cytotoxic factor produced by lymphocytes. It is a potent activator 

of neutrophils and macrophages, stimulating chemotaxis, degranulation, ROS 

release and phagocytic activity (Horiuchi et al., 2010).  It also induces the expression 

of other key pro-inflammatory cytokines, such as IL-1β and IL-6. In addition to its 

functions in innate immunity, TNF-α is involved in the regulation of lipid metabolism, 

coagulation, insulin resistance, and endothelial function. It is primarily produced by 

macrophages, but is also produced by monocytes, T cells, mast cells and NK cells, 

as well as non-immune cells such as keratinocytes, fibroblasts and neurons (Horiuchi 

et al., 2010). 

 

Tnfa transcription is induced in response to many stress stimuli, but the most potent 

inducer of TNF-α production is LPS, via activation of TLR4. TNF-α expression is also 

regulated at the post-transcriptional level. AREs present at the 3’ untranslated region 

of Tnfa bind proteins that regulate the stability of mRNA. For example, binding of 

tristatraprolin (TTP) targets transcripts for degradation by RNases. Phosphorylation 

of TTP following p38 activation decreases it affinity to bind ARE and allows binding 

of human antigen R proteins, promoting translation of the transcript (Tiedje et al., 

2012).   

 

TNF-α is synthesised as a transmembrane precursor protein composed of non-

covalent homotrimers, which is trafficked from the ER to the Golgi network. The 

proteins regulating this process are upregulated in response to LPS (R. Z. Murray & 

Stow, 2014). The membrane-bound TNF-α precursor can then be cleaved by the 

metalloprotease TNF alpha converting enzyme (TACE) into the soluble form of the 

protein (Black et al., 1997; Moss et al., 1997). Both the transmembrane and soluble 

form of TNF-α are active and have functional roles in inflammation and cytotoxicity 

(Horiuchi et al., 2010).  

 

Transmembrane TNF-α acts as a ligand and binds to both a 55 kDa (TNFR1) or 75 

kDa (TNFR2) TNF receptor (TNFR); however, its biological effects are mediated 

mainly through TNFR2 (Grell et al., 1994). It is also able to function as a receptor 
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that transmits reverse signals back into the membrane of TNF-α producing cells. 

Although the biological effects of transmembrane TNF-α as a receptor have been 

less well studied, it has been implicated in modulating T cell and NK cell function and 

regulation of cytokine production in macrophages (Horiuchi et al., 2010). 

 

Soluble TNF also binds to both TNF receptors. Engagement of TNFR1 by TNF 

results in the sequential assembly of a membrane-bound primary signalling complex 

(complex I) that drives gene activation and of a secondary cytoplasmic complex 

(complex II) that mediates cell death. In the formation of complex I, TNF binding 

induces TNFR1 trimerisation, triggering signal transduction via the multimerisation 

of the DD in its cytoplasmic tail. The TNFR1 DD recruits the adaptor protein TRADD 

and RIPK1, which in turn recruit TRAF2 and/or TRAF6 and cellular inhibitor of 

apoptosis 1 (cIAP1) and cIAP2, leading to K63-, K11- and K48-linked 

polyubiquitination of RIP1. These Ub chains recruit the LUBAC complex, which 

catalyses the addition of M1-linked Ub chains to the complex to recruit and activate 

TAK1 and IKK complexes leading to activation of pro-survival NF-κB signalling. The 

cytosolic complex II assembles slowly and transiently following TNF stimulation. 

TRADD dissociates from complex I and binds to Fas associated via death domain 

(FADD) and caspase-8 to initiate apoptosis signalling pathways. However, apoptosis 

does not occur in most cells when TNF binds to TNFR1 due to the presence of two 

sequential cell death checkpoints. The first check point is RIPK1 ubiquitination; if 

RIP1 is ubiquitinylated it prevents dissociation of TRADD from complex I and the 

formation of complex II. The second checkpoint is the induction of NF-κB signalling, 

the gene products of which inhibits components cell death signalling pathways (Ting 

& Bertrand, 2016). For example, NF-κB signalling induces the crucial regulator cFLIP 

which can bind to FADD inhibiting the caspase activation (Micheau et al., 2001).   

 

TNFR2 lacks a DD and directly interacts with TRAF via a TRAF-binding motif to 

initiate signalling. This leads to activation of NF-κB and AP-1 TFs which induce the 

expression of genes promoting cell proliferation and inflammation. Analyses of KO 

mice have demonstrated that differences in TNFR1 and TNFR2 signalling result 

different functional outcomes. For example, TNFR1 deletion mitigates the 

inflammatory response in a model of polymicrobial shock, whereas deletion of 
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TNFR2 exacerbates inflammatory symptoms (Ebach et al., 2005). Therefore, TNFR1 

and TNFR2 have pro- and anti-inflammatory roles, respectively. 

 

Following pathogen infection, DCs and macrophages secrete high levels of TNF-α 

which promotes an inflammatory response to help clear the infection. For example, 

TNF-α is required for effective control of immune responses to Mtb, L. 

monocytogenes and Leishmania major. However, dysregulation of TNF-α production 

can lead to septic shock and inflammatory disorders, including RA and Crohn’s 

disease, ankylosing spondylitis and psoriasis (Alexopoulou et al., 1997). Indeed, anti-

TNF antibody therapy is effective in treating several of these diseases (Monaco et 

al., 2015). 

 

1.8.1.4 Interferons 

Interferons (IFNs) are pro-inflammatory cytokines released by infected cells. They 

were first discovered to interfere with virus replication and were hence termed 

interferons (Isaacs & Lindenmann, 1987); and although their host protective effects 

have been well studied in viral infections they have been shown to have both 

beneficial and detrimental effects in response to other pathogens (Moreira-Teixeira 

et al., 2018).   

 

Once released by a cell, IFNs act in an autocrine or paracrine mode to stimulate the 

activation of the JAK-STAT signalling pathway. Activation of this pathway leads to 

changes in the transcriptional regulation of several hundreds of genes (IFN-

stimulated genes; ISGs) to induce an anti-viral state within a cell. Some of these 

genes include those encoding PRRs and IRF TFs, the increased expression of which 

reinforces the anti-viral state of the cell (Stark & Darnell, 2012).   

 

There are three categories of IFNs based on activity, structure and receptor type: 

type I, II and III. Type I IFNs include IFN-α, IFN-β, IFN-ε, IFN-κ, IFN-ω. The type II 

IFN class contains only IFN-γ. There are four subtypes of type III IFNs in humans: 

IFN-λ1, IFN-λ2, IFN-λ3 and IFN-λ4, whereas mice only have IFN-λ2 and IFN-λ3 

(Pestka et al., 2004).  
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1.8.1.5 Type I IFN signalling 

Type I IFNs are predominately associated with the innate immune response, 

activating intracellular antimicrobial programmes. The most widely expressed and 

well-studied, type I IFNs are IFN-α and IFN-β. There is only one gene for IFN-β, 

whereas there are 13 subtypes of IFN-α gene in humans and 14 in mice, which are 

partially homologous and cluster on murine chromosome 4 (Lovett et al., 1984) and 

human chromosome 9 (Slate et al., 1982). 

 

Type I IFN production can be induced by signalling from both membrane and 

cytosolic receptors with some overlap in the signalling pathways involved. 

Extracellular pathogens induce IFN production by stimulating plasma membrane 

receptors, such as TLR4, whereas intracellular pathogens activate endosome-

associated receptors, such as TLR7 and TLR9 and cytosolic receptors (e.g. RLRs 

and cGAS) (Decker et al., 2005) (Figure 10).  

 

Many cell types are able to produce type I IFN in response to activation of PPRs, 

although major producers come from the innate immune system; for example, 

macrophages and pDCs. Type I IFN production signalling pathways are mediated by 

the adaptor proteins: MyD88 or TRIF, which ultimately result in the activation of IRF3 

or IRF7 TFs (Honda et al., 2006). Activation of MyD88 leads to type I IFN production 

via IRAK4 mediated activation of IRF7. Activation of TLR3 and TLR4 signalling via 

the adaptor TRIF also leads to type I IFN production via TBK1-mediated 

phosphorylation of IRF3. IRF3 is constitutively expressed and IRF7 is generally 

expressed at low levels. IRF7 expression is induced by IFNs as part of a positive 

feedback loop. However, pDCs, which rapidly produce very high levels of IFN, 

constitutively express high concentrations of IRF7. In addition, MyD88 and TRIF 

signalling activate MAPK and NF-κB pathways leading to regulation of AP-1 and NF-

κB TFs, which also bind to regulatory sequences in Ifnb1 gene to regulate its 

transcription (Figure 10) (Decker et al., 2005).  
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Figure 10: IFN-β expression and signalling. Toll-like receptor (TLR), cGAS and RIG-

I-like receptor signalling pathways lead to the activation of IKKƐ/TBK1 which in turn 

activates IRF3. Activated IRF3 can bind to IRF dimer binding sites in the Ifnb1 promoter 

to modulate transcription. MyD88 signalling also activates IRF7 which can also bind in 

a dimer to IRF binding sites. NF-κB and MAPK pathways lead to the activation of NF-κB 

and AP-1 transcription factors, respectively, which also have binding sites in the Ifnb1 

enhancer. Type I IFNs bind to IFNAR1/2 to activate JAK-STAT signalling. Activation of 

TYK2 and JAK1 by IFNAR1/2 leads to recruitment of STAT1 to STAT2. STAT1/2 

heterodimers associate with IRF9 to form ISGF3. ISGF3 binds to IFN-stimulated 

response elements (ISREs) in gene promoters to activate transcription. STAT1 

homodimers bind gamma IFN-activated sequences (GASs) to activate transcription. 
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Type I IFNs signal via the ubiquitously expressed IFN-α/β receptor (IFNAR) 

heterodimer, which is composed of two chains: IFNAR1 and IFNAR2. The activated 

receptor initiates the JAK-STAT signalling pathway, in which activation of the two 

Janus family non-receptor tyrosine kinases TYK2 and JAK1 results in the recruitment 

of STAT1 to receptor bound STAT2 (Ivashkiv and Donlin, 2014). The STAT1/2 

heterodimers dissociate from the receptor and translocate to the nucleus where they 

associate with IRF9 to form the ISG factor 3 (ISGF3) complex. This heterotrimeric 

complex binds to the enhancers of several hundred ISGs via IFN-stimulated 

response elements (ISRE) and induce their transcription (Decker et al., 2005). 

STAT1 homodimers are able to bind gamma IFN-activated sequences (GASs); 

however, because of direct competition with STAT1–STAT2 heterodimerisation and 

ISGF3 complex formation, it does so in much lower amounts. GAS containing STAT1 

target genes include guanylate-binding protein (Gbp), Socs1, Irf1 and Irf8. The 

induction of several hundred genes in response to this signalling creates an anti-viral 

state within the cell (Stark & Darnell, 2012).   

 

1.8.1.6 Type I IFNs in immunity and disease 

Type I IFNs have a critical role in host defence via the induction of anti-viral proteins 

and activation of T cell responses; however, they have also been shown to have 

detrimental effects following infection with certain pathogens (McNab et al., 2015). 

 

IFNs induce the transcription of several hundreds of ISGs, including IFNs, IL-12, 

TNF-α, IL-6, IL-1β, IL-10, CXCL10, CCL2 and CCL7. The induction of these genes 

generates an anti-viral state of the cell and increase the ability of the cell to recognise 

pathogens, recruit immune cells and ultimately promote pathogen clearance. 

Dysregulation in type I IFN production can lead to disruption in the production of 

these immune response mediators. For example, low levels of IFN are required for 

the transcription of the p35 IL-12 subunit, but high levels of IFN block the production 

of the p40 chain and therefore the active IL-12p70 protein (McNab et al., 2014; G. 

Gautier et al., 2005). The reduction in IL-12 has been linked to increased 

susceptibility to infection. In addition, several cellular processes of the innate immune 

response are regulated by type I IFNs. Type I IFN signalling increases susceptibility 
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to apoptosis by upregulating pro-apoptotic sensors, such as AIM2 and RIG-I 

(Trinchieri, 2010).  

 

Although IFNs are crucial in the clearance of some pathogens, they also exacerbate 

some infections. Since its discovery it has been shown to aid the clearance of viral 

infections. However, it has been shown that type I IFN can have detrimental effects 

on viral infection, for example to influenza, by triggering inflammation or tissue 

damage to exacerbate the disease (Davidson et al., 2014). Furthermore, type I IFNs 

can have varied impacts on bacterial infections. Type I IFNs have been shown to 

have a deleterious effect on the infections with Mtb, L. monocytogenes, B. abortus, 

S. aureus and S. Typhimurium. Conversely, type I IFN production is protective in E. 

coil and S. pneumoniae infections and L. pneumophila, halting intracellular bacterial 

replication (McNab et al., 2015). 

 

The need of regulation of type I IFNs has also been shown in the clinical setting. 

Patients with active tuberculosis have been shown to have a type I IFN-inducible 

gene signature which correlated with more severe lung radiographic disease (Berry 

et al., 2010). This study suggested that overactivation of monocytes and neutrophils 

by type I IFN during infection may contribute to disease pathogenesis. Increased 

type I IFN signatures also correlate with other chronic infections or with those with 

more severe diseases, including Hepatitis C and HIV (Forster, 2012).  

 

Dysregulation of the production of type I IFNs can lead to autoimmune disease. A 

chronic type I IFN gene signature is associated with several autoimmune conditions, 

including SLE, Sjogren’s syndrome, systemic sclerosis, myositis and RA (Forster, 

2012). In SLE, overproduction of IFN-α and IFN-β leads to peripheral tolerance 

breakdown via activation of auto-reactive T and B cells (Banchereau & Pascual, 

2006). IFNAR is a promising drug target for SLE with Anifrolumab passing its primary 

endpoint in phase III clinical trials (Felten et al., 2019).  
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1.8.2 Generation of ROS and RNS 

The production of reactive oxygen and nitrogen species (ROS and RNS), such as 

NO, by innate immune cells is a key weapon that is utilised to fight bacterial, viral 

and fungal infections. The localised release of these molecules into either 

intracellular vesicles, such as phagolysosomes, that contain pathogens, or 

extracellularly at sites of infection, can kill microbes. ROS/RNS are able to cross 

external cellular structures, such as bacterial cell walls, to inflict intracellular damage 

to cell membranes, proteins and nucleic acids culminating in the death of the 

pathogen (Nathan & Shiloh, 2000).  

 

The generation of ROS is dependent on the enzymatic activity of NADPH oxidase 
complex 2 (NOX2) and occurs predominately in neutrophils, and to a lesser degree, 

in macrophages. Activation of NOX2 requires the binding of p22phox and 

subsequent recruitment of cytosolic regulatory subunits and GTPase (Brandes et al., 

2014), which allows for the conversion of molecular oxygen, O2, into superoxide 

anions, O2
-. These can then be converted into other ROS molecules, such as 

hydrogen peroxide (H2O2) and hydroxyl radicals (OH·) (Nathan & Shiloh, 2000). 

NOX2 activity is dependent on the translocation of its activator subunits, which can 

be regulated by PI3K signalling (Nakanishi et al., 2014), as well as the expression of 

NOX proteins and its activator subunits (Brandes et al., 2014). NOX2 expression is 

induced downstream of phosphatidylinositol 3-kinase (PI3K) signalling, which is 

activated by certain pro-inflammatory cytokines such TNF-α (Cadwallader et al., 

2002). IFN-γ also induces transcription of components of the NOX2 complex 

(Cassatellas et al., 1990). NOX2 is located on membranes of intracellular 

compartments, such as phagolysosomes, and on the plasma membrane to target 

both intracellular and extracellular bacteria. Furthermore, ROS can augment a more 

coordinated response by inducing the release of granules, NETs and the production 

of pro-inflammatory cytokines (Rosales, 2018). Deficiency of NOX2 in humans leads 

to increased susceptibility to multiple bacterial pathogens. Conversely, dysregulation 

of production or release of ROS leads to a detrimental pathology due to increased 

inflammation (Nguyen et al., 2017). 
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Innate immune cells generate RNS via Nitric oxide synthase 2 (NOS2 or iNOS), 
which generate nitric oxide radicals NO· during the conversion of L-arginine to L-

citrulline (Hurshman et al., 1999). These radicals can be catalysed into other RNS, 

including nitrogen dioxide and trioxide (NO2 and N2O3) and nitrate NO3
- (Nathan & 

Shiloh, 2000). NO can inhibit both microbial DNA replication and cellular respiration. 

Macrophages regulate this process at the transcriptional level, modulating the 

expression of the Nos2 gene in response to infection or stimulation with pro-

inflammatory cytokines (e.g. IFNs, IL-1β and TNF-α); this modulates protein levels 

and induces the production of NO under inflammatory conditions in classically 

activated macrophages. Infections with intracellular pathogens, such as L. major, 

stimulate macrophages to produce NO and inhibiting the replication of the parasite. 

Consistent with this, following L. major infection, NO-deficient mice have non-healing 

lesions whereas lesions heal in WT controls (Liu & Uzonna, 2012). In contrast, Nos2 

expression is repressed in wound-healing macrophages, reducing the release of NO 

and inflammatory characteristics (Edwards et al., 2006).  

 

1.8.3 COX2 

Cyclooxygenase 2 (COX2) is an inducible enzyme which catalyses the rate-limiting 

step of the synthesis of prostaglandins (PGs), such as PGE2, during the innate 

immune response. PGs are potent oxygenated lipids that bind to GPCRs to activate 

intracellular signalling pathways, resulting in the induced expression of cytokines, 

which attract and activate immune cells. PGE2 is produced in large quantities by 

macrophages and acts as an autocrine negative regulator of macrophage activation, 

reducing phagocytic capabilities and limiting pathogen killing (Ricciotti & FitzGerald, 

2011).  

 

1.8.4 Antimicrobial peptides 

Antimicrobial peptides (AMPs) are a large array of short molecules, including 

defensins, cathelicidins and histatins, produced by immune and epithelial cells. They 

are produced early in an infection to neutralise a broad range of microbial targets 

including bacteria, fungi and enveloped viruses (Oppenheim et al., 2003). Usually 
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less than 50 amino acids in length, they have positively charged, hydrophobic or 

amphipathic regions. These regions allow the molecule to rupture cell membranes 

of pathogens by penetrating through lipid bilayers (Oppenheim et al., 2003). 

Disrupting the membrane integrity results in cytoplasmic leakages and ultimately 

death of the pathogen. AMPs have also been shown to elicit other antimicrobial 

effects via various methods, including interfering with cellular processes, such as 

RNA and protein synthesis and protein folding. Furthermore, detection of AMPs by 

innate immune cells activate signalling pathways to induce cytokine production 

(Oppenheim et al., 2003). 

 

1.9 Project Aims  

Studies using TPL-2-deficient innate immune cells have indicated that TPL-2 

signalling plays an important role in the innate immune response by modulating the 

transcription of several key cytokines in TLR-stimulated myeloid cells. However, the 

mechanisms by which TPL-2 signalling modulates the transcription of these genes 

is not fully understood. 

 

As previously mentioned in section 1.6.2, the stability of TPL-2 relies on its existence 

as part of a complex with ABIN-2 and NF-κB p105. Consequently, TPL-2-deficient 

mice are also deficient in ABIN-2 expression, raising the possibility that some 

published Tpl2-/- mouse phenotypes, attributed to TPL-2 deficiency, could be in fact 

due to the lack of ABIN-2 in these cells. Indeed, the use of knock-in point mutant 

mice that render either TPL-2 or ABIN-2 inactive, but do not affect the expression or 

activity of the other protein, has recently shown that the exacerbated allergic airway 

inflammation to house dust mite (HDM) is due to a lack of ABIN-2 signalling and not 

a lack of TPL-2 signalling (Ventura et al., 2018), as previously hypothesised (Kannan 

et al., 2017). Therefore, the research presented in this thesis has used mice with 

point mutation Tpl2D270A.  Tpl2D270A mutation within the highly conserved Aspartate-

Serine-Glycine (DSG) region of the MAPK domain renders TPL-2 catalytically 

inactive, by disrupting binding of the magnesium ion cofactor. Therefore, genes 

found to be regulated by Tpl2D270A mutation is due to the lack of TPL-2 kinase activity 

and not the lack of expression of other kinases. Consequently, an aim of this thesis 
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is to confirm the role of TPL-2 kinase activity alone on innate immune cell gene 

expression and, consequently, their function.  

 

In TLR-stimulated macrophages TPL-2 has been shown to regulate the gene 

expression via activation of the ERK1/2 MAPK pathway (Gantke et al., 2012). 

Additionally, phosphoproteome analyses by the Ley laboratory (Ley lab) have also 

demonstrated that approximately 85% of protein phosphorylation regulated by TPL-

2 catalytic activity is dependent on ERK1/2 activation (Pattison et al., 2016). Yet 

further investigation is required to fully understand how TPL-2 activation of ERK1/2 

regulates innate immunity. 

 

ERK1/2 activation downstream of RAS/RAF signalling has been well studied in the 

context of growth factor stimulation of cells and cell transformation and indeed the 

role of many kinases and their downstream TFs and their functions have been 

extensively studied in the context of cancer or cell proliferation. However, the role of 

these kinases and TFs in innate immune responses, which involve differentiated, 

non-dividing cells, is less well understood.  It is unknown which TF targets of ERK1/2 

are important for TPL-2 regulation of transcription in myeloid cells. An aim of this 

thesis is to characterise the global gene regulation following TPL-2 and ERK1/2 

activation and identify the TFs involved. 
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Chapter 2. Materials & Methods 

2.1 Mice 

2.1.1 Colony management and husbandry  

Throughout the course of this project, mouse colony management was performed by 

Florencia Cano and Julia Janzen. Routine animal husbandry was carried out by 

members of the Biological Research Facility at The Francis Crick Institute. 

 

2.1.2 Mouse strains 

All mice were bred and maintained under specific-pathogen-free conditions within 

the Biological Research Facility at The Francis Crick Institute. All experiments were 

performed in accordance with UK Home Office regulations. Animal work was 

approved by The Francis Crick Institute Animal Welfare and Ethical Review Body. 

Tpl2D270A/D270A mice (Map3k8tm1Sley, Allele MGI ID 5491226) were generated by 

the Ley Lab, as described in Sriskantharajah et al. (2014). Briefly, exon 5 of the 

Tpl2 gene, which encodes the D270 residue, was isolated and PCR was used to 

mutate the sequence encoding aspartic acid at position 270 into an alanine, 

which renders the expressed TPL-2 protein catalytically inactive. The mutated 

gene sequence was then reintroduced with a neomycin cassette. First generation 

mice were crossed with a Cre deleter to remove the neomycin selection marker 

and subsequently backcrossed 10 times onto a C57BL/6J background.  

Tpl2-/- mice (Map3k8tm1Pnt, Allele MGI ID 2388714) were originally obtained from 

Philip Tsichlis. Generation of these mice is described in Dumitru et al. (2000). This 

strain was previously backcrossed ten times on a C57BL/6-NIMR background and 

subsequently five times backcrossed onto C57BL/6J background. 

 

Generation of LysM-Cre mice (Lyz2tm1(cre)Ifo, Allele MGI ID 1934631), was originally 

described in Clausen et al. (1999). Briefly, a nuclear localisation signal (NLS)-Cre 

cassette was inserted into the start site of exon 1 of the Lyz2 (LysM) gene, so that 



Chapter 2 Materials and Methods 

 

82 

 

Cre-mediated recombination occurs in cells of myeloid lineage. This line is a Crick 

institute-maintained line on a C57BL/6J background. 

 

Sperm from c-Fos fl/fl; LysM-Cre mice was obtained from Dr. Erwin Wagner (Bakiri 

et al.,  2011), in these mice when Cre is expressed in myeloid cells, exons 2 to 4 of 

the c-Fos (referred to as Fos) gene are removed and replaced by the sequence 

encoding enhanced green florescence protein (EGFP), creating a non-functional 

FOS-exon1-EGFP hybrid protein. The original LysM-Cre background, from the 

Wagner Lab, was outcrossed by crossing to C57BL/6J three times in order to 

outbreed any genetic drift from the original LysM-Cre strain. This outbreeding 

generated a Fosfl/fl homozygous (hom) colony. The Fosfl/fl hom mice were then bred 

onto the above LysM-Cre (Lyz2tm1(cre)Ifo) background to generate a Fosfl/fl; LysM-Cre 

strain which is referred to as the FosKO strain. Fosfl/+ LysM-Cre+/+ were bred with 

Fosfl/fl to generate Fosfl/fl; LysM-Cre+/- experimental mice. Mice exhibited health 

issues if the LysM-Cre was hom. 

 

Elk1/4-/- mice were obtained from Dr. Richard Treisman (The Francis Crick Institute) 

and were generated by crossing Elk1-/- mice (Elk1tm2Nor, Allele MGI ID 3043408), 

described in Cesari et al. (2004), with Sap1-/- mice (Elk4tm1Rtr, Allele MGI ID 3036598) 

described in Costello et al. (2004). Both lines are maintained on a C57BL/J6 

background. 

 

2.1.3 LPS injections of mice and serum collection 

Genetically modified animals and WT controls (n ³ 4 per genotype) aged between 

10-14 weeks (wk) were injected intraperitoneally (IP) with 5 mg/kg lipopolysaccharide 

(LPS; E. coli O111:B4, Sigma-Aldrich) in the morning between 10-11am. After 4 h, 

mice were sacrificed via cervical dislocation and blood extracted from the heart using 

a 25G needle and 0.3 ml syringe.  
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2.1.3.1 Serum collection 

Blood was left to coagulate for 30 minutes (min) post-collection and then centrifuged 

at 17,000 x g for 1 min. The supernatant was transferred to a new tube and 

centrifuged at 17,000 x g for 1 min. Serum was collected and stored at -80°C. 

 

2.2 Cell Culture medium and buffers 

2.2.1 Complete BMDM medium 

RPMI-1640 (Sigma-Aldrich), 10% (v/v) heat-inactivated Foetal Bovine Serum (FBS; 

BioSera), 20% (v/v) L929 cell-conditioned medium (Cell Services Team, The Francis 

Crick Institute), 1 mM sodium pyruvate (Sigma-Aldrich), 10 mM L-glutamine 

penicillin-streptomycin (Sigma-Aldrich), 1 mM Hepes (Lonza), 50 μM 2-β-ME (Life 

Technologies).  

 

2.2.2 BMDM Starvation medium 

RPMI-1640 (Sigma-Aldrich), 1% (v/v) heat-inactivated FBS (BioSera), 1 mM sodium 

pyruvate (Sigma-Aldrich), 10 mM L-glutamine penicillin-streptomycin (Sigma-

Aldrich), 1 mM Hepes (Lonza), 50 μM 2-β-ME (Life Technologies).  

 

2.2.3 Lift medium 

Phosphate-buffered saline (PBS) (Dulbecco’s), 5% (v/v) heat-inactivated FBS 

(BioSera), 2.5 mM EDTA (Sigma-Aldrich). 

 

2.2.4 DC Differentiation medium 

RPMI-1640 (Sigma-Aldrich), 10% (v/v) heat-inactivated FBS (BioSera), 10 mM L-

glutamine penicillin-streptomycin (Sigma-Aldrich), 20 ng/ml GM-CSF (Peprotech). 
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2.2.5 DC Starvation medium 

RPMI-1640 (Sigma-Aldrich), 2.5% (v/v) heat-inactivated FBS (BioSera), 10 mM L-

glutamine penicillin-streptomycin (Sigma-Aldrich), 5 ng/ml GM-CSF (Peprotech). 

 

2.2.6 FACS Buffer 

0.1% (w/v) Bovine Serum Albumin (BSA) in 1x PBS. 

 

2.2.7 Triton-X Lysis buffer 

50 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100 (Sigma-

Aldrich), 1 mM sodium orthovanodate, 50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, 10 mM sodium β-glycerophosphate, 0.27 M sucrose, 0.1% (v/v)  2-

β-ME (Sigma-Aldrich), 1x ETDA-free protease inhibitor tablet/10 ml (Roche).  

 

2.2.8 Radio-Immunoprecipitation Assay Lysis (RIPA) buffer 

10 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1% (v/v) Triton X-100 (Sigma-

Aldrich), 0.1% (v/v) sodium deoxycholate, 0.1% (v/v) sodium dodecyl sulfate (SDS) 

(Sigma-Aldrich), 140 mM sodium chloride, 1x ETDA-free protease inhibitor tablet/10 

ml (Roche).  

 

2.2.9 5x Laemmli Sample buffer 

20% (v/v) glycerol (Sigma-Aldrich), 4% (v/v) SDS (Sigma-Aldrich), 120 mM Tris-HCl 

pH 6.8, Bromophenol blue (Sigma-Aldrich), 10% (v/v) 2-β-ME (Sigma-Aldrich). 

 

2.2.10 HB buffer 

20 mM Hepes pH 7.5 (Lonzo), 5 mM sodium fluoride, 0.1 mM EDTA, 1x ETDA-free 

protease inhibitor tablet/10 ml (Roche). 
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2.2.11 SDS-PAGE Separating Gel  

10% (w/v) Protogel (30% Acrylamide: 0.8% Bis-Acrylamide stock 37.5:1, National 

Diagnostics), 375 mM Tris/HCl pH 8.8, 0.4% (w/v) SDS, 0.1% (w/v) ammonium 

persulfate (Biorad) and 0.1 % (v/v) TEMED (Biorad).  

 

2.2.12 SDS-PAGE Stacking Gel 

4% (w/v) Protogel (30% Acrylamide: 0.8% Bis-Acrylamide stock 37.5:1, National 

Diagnostics), 125 mM Tris/HCl pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) ammonium 

persulfate (Biorad) and 1% (v/v) TEMED (Biorad).  

 

2.2.13 Running buffer 

10x TRIS/Glycine/SDS running buffer (Biorad) was diluted to 1x with distilled water.  

 

2.14.10 PBST 

1x PBS and 0.5% (v/v) Tween-20 (Sigma-Aldrich). 

 

2.3 Cell Culture 

2.3.1 Generation and culture of bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDMs) were isolated from mice 6-10 wk old 

(method adapted from Beinke et al., 2004). Femur and tibia bones were isolated from 

mice under sterile conditions. The bones were washed in 70% ethanol and the bone 

marrow was flushed from the bones with 5 ml of RPMI-1640 medium (Sigma-Aldrich) 

using a 25G needle and 5 ml syringe. The resultant suspension was centrifuged at 

277 x g for 5 min and the supernatant discarded. The cells were resuspended in 

Complete BMDM medium and cells from each mouse were equally plated onto 6-8 

20 cm Sterilin dishes on day 0 (d0) and incubated at 37°C in 5% carbon dioxide for 

seven days. The cells were fed with 10 ml of Complete BMDM medium on d4. On 
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d7, cells were lifted using 5 ml of Lift medium at 4°C and incubated for 15 min at RT. 

Plates were rinsed in the Lift medium and cells from the same mouse collected in 50 

ml tubes. The cell suspension was centrifuged at 277 x g for 5 min and the 

supernatant was discarded. Cells were resuspended in BMDM Starvation medium 

and counted using 1:1 ratio of solution of cells to Trypan Blue and using a Countess 

II (Life Technologies). Cells were plated onto 20 cm or 10 cm tissue culture treated 

dishes or 12- or 6-well plates, at the densities stated in Table 2, and incubated at 

37°C with 5% carbon dioxide for 16 h before time courses began.  

 

2.3.2 Generation and culture of bone marrow-derived dendritic cells  

Bone marrow-derived dendritic cells (BMDCs) were isolated from mice 6-10 wk old 

(Kaiser et al., 2009). Femur and tibia bones and bone marrow were isolated as 

described above. After centrifugation, the bone marrow pellet was resuspended and 

equally plated onto two 20 cm Sterilin dishes in DC Differentiation medium with 20 

ng/ml GM-CSF (Peprotech 315-03) (d0). 20 ml of DC differentiation medium was 

added on d3 and 20 ml of medium was replaced with 15 ml of fresh DC differentiation 

medium on d5. On d7, cells were collected and centrifuged at 277 x g for 5 min. Cells 

from the same mouse were resuspended in 15 ml of the supernatant and 25 ml of 

fresh DC differentiation medium and plated onto tissue culture treated dishes. Cells 

were collected and counted on d10. Following counting, cells were centrifuged at 

277 x g for 5 min and resuspended in DC starvation medium. Cells were then seeded 

in 10 cm tissue culture treated dishes or 6-well plates, at the densities detailed in 

Table 2.  

 

CELL TYPE PLATE 
TYPE 

CELL 
NUMBER  

VOLUME OF 
SEEDING MEDIA 

BMDMs 12-well plate 0.5 x 106 1 ml 
 6-well plate  1.0 x 106 2 ml 
 10 cm dish 10 x 106 10 ml 
 20 cm dish  20 x 106 20 ml 
BMDCs 6-well plate 5 x 106 2 ml 
 10 cm dish  20 x 106 10 ml 

 

Table 2: Cell density table 
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2.3.3 Stimulation of cells  

Cells were plated as outlined in Table 2 and were pre-treated with inhibitors or vehicle 

controls at the concentrations and lengths of time stated in Table 3. Cells were then 

treated with agonists, as summarised in Table 4, or infected with Salmonella enterica 

serovar Typhimurium (S. Typhimurium) (WT + pFPV25.1(GFP)) at a MOI of 5. This 

strain of S. Typhimurium was obtained from Dr. Teresa Thurston. Biosafety Level 2 

samples were handled under appropriate conditions. 

 

 

 

 

 

 

2.3.4 FACS analysis 

5 x 106 BMDMs or BMDCs were washed in FACS buffer and incubated with anti-

CD16/32 for 20 min at 4°C, to block Fc receptors. Cells were then washed in FACS 

buffer. Next, cell pellets were re-suspended in a cocktail of antibodies, diluted to 

desired concentrations in a solution consisting of equal ratios of PBS: Brilliant Stain 

Buffer (BD HorizonTM) (Table 5). Cells were stained in the dark at 4°C for 45 min. 

INHIBITOR FINAL CONCENTRATION PRE- TREATMENT TIME (MIN)  
PD0325901  100 nM 10 
CHX 200 μg/ml 30 
RSKi-47 2 μM 10 

 

Table 3: Inhibitor table 
  

AGONIST TARGET FINAL 
CONCENTRATION 

SOURCE  CATALOGUE 
NUMBER 

LPS TLR4 100 ng/ml Enzo Life 
Sciences 

ALX-581-008-L001 

CPG  TLR9 500 mM Invivogen tlrl-1668 
PAM3CSK4 TLR1/2 1 ng/ml Invivogen tlrl-pms 
TNF TNFR 1 μg/μl Prepotech 315-01A 

 

Table 4: Agonist table 
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Ultra Comp ebeads™ (Invitrogen) were stained with the appropriate antibodies to be 

used as compensation controls. After staining, cells and beads were washed in 

FACS buffer and pellets resuspended in 300 μl FACS buffer for analysis on a 

Fortessa X20 flow cytometer (BD Biosciences). Data analysis was performed with 

FlowJo v10.5.3 software (Tree Star). 

 

 

2.4 Protein Extraction 

2.4.1 Triton-X or RIPA buffer lysis 

Cells were washed in ice-cold PBS with protease inhibitors (PI) (one ETDA-free 

protease inhibitor tablet/10 ml; Roche) and lysed in 1% Triton-X lysis buffer or RIPA 

buffer. Cells were scraped and transferred into 1.5 ml Eppendorf tubes and incubated 

on ice for 10 min. The lysate was then centrifuged at 21,100 x g for 15 min and the 

supernatant was transferred into a new 1.5 ml Eppendorf tube. Protein 

concentrations were quantified using a Bradford assay (Pierce™, Thermo Fisher 

Scientific), according to the manufacturer’s instructions and absorbance at a 

wavelength of 595 nm was measured using a TECAN plate reader with Magellan™ 

software. 5x Laemmeli Buffer (containing 0.1% 2-ME) was added to each lysate and 

boiled for 10 min at 95°C.  

 

ANTIBODY FINAL 
CONCENTRATION 

SOURCE CLONE  CATALOGUE 
NO. 

CD86 FITC 1/100 BD 
Pharmingen 

GL1 553691 

CD11C PE 1/200 Biolegend N418 117308 
CD64 
PERCPCY5.5 

1/100 Biolegend X54-5/7.1 139308 

CD115 PECY7 1/100 Biolegend AF598 135524 
F4/80 APC 1/100 Biolegend BM8 17-4801-82 
CD45.2 
APCEF780 

1/200 Biolegend 104 47-0454-82 

MHC II (IA/IE) 1/800 Biolegend PK136 25-5941-82 
CD24 BV510 1/200 Biolegend M1/69 101831 
CD11B BV605 1/800 Biolegend M1/70 101257 

 

Table 5: FACS antibody table 
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2.4.2 Laemmeli buffer lysis 

Medium was aspirated from cells and 5x Laemmeli Buffer with 0.1% 2-ME was added. 

Cells were scraped, transferred into 1.5 ml Eppendorf tubes and incubated at RT 

with Benzonase (Sigma-Aldrich) to digest DNA and RNA. Samples were boiled for 

10 min at 95°C. 

 

2.4.3 Nuclear fractionation 

Cells were washed with 10 ml of ice-cold PBS supplemented with PI. Cells were then 

scraped into 10 ml of ice-cold PBS with PI and centrifuged at 300 x g for 5 min at 

4°C. The pellet was resuspended in 1 ml of ice-cold HB buffer and incubated on ice 

for 15 min. NP-40 (Sigma-Aldrich) was added to each sample to achieve a final 

concentration of 0.5% and samples were vortexed for 10 seconds (s). Samples were 

centrifuged at 17,000 x g for 0.5 min at 4°C. The nuclear pellet was then resuspended 

in 50 µl of Complete Lysis buffer (TransAM®) and incubated at 4°C on a shaker at 

800 rpm. The samples were then centrifuged at 21,100 x g for 10 min at 4°C and the 

supernatant was kept as the nuclear extract and quantified using a Bradford assay 

(Pierce™, Thermo Fisher Scientific).  

 

2.5 TransAM® kit 

Nuclear lysates were purified as described in the nuclear fractionation method above. 

Binding activity of transcription factors within the nuclear fractions was measured 

according the manufacturer’s instructions using the TransAM® kit specific to the 

transcription factor family:  AP-1 proteins (TransAM®, 44296) and NF-κB (TransAM®, 

43296). 

 

2.6 IFN-β ELISA 

Levels of IFN-β in secreted supernatant from cell culture or murine serum were 

quantified using the VeriKine Mouse Interferon Beta ELISA (PBL Assay Science, 

42400), as per the manufacturer’s instructions.  
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2.7 Immunoblotting 

2.7.1 SDS-Page  

Proteins were separated using sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Samples were loaded onto 10% Tris-glycine gels and 

run at 200 V for 60 min. 

 

2.7.2 Electrophoretic transfer of proteins from SDS-PAGE gel to PVDF 
membrane.  

Proteins were transferred from SDS-PAGE gels to either TransBlotÒ Turbo™ Mini 

(Bio-Rad, 1704156) or Midi (Bio-rad, 1704157) PVDF membranes using the Trans-

blotÒ Electrophoretic Transfer system (Bio-rad, 1704150). The transfer ran at 25 V 

for 30 min. The membranes were then blocked with 5% milk in PBST for a minimum 

of 20 min. 

 

2.7.3 Immunoblotting 

Membranes were incubated with primary antibodies for a minimum of 16 h at 4°C. 

Primary antibodies were diluted in 5% milk in PBST, with the exceptions of phospho-

ETV3 and phospho-FOS antibodies which were suspended in 5% BSA in PBST. The 

concentrations of each primary antibody are detailed in Table 6. Membranes were 

washed three times with PBST on a rocking platform at 30 rev/min for 10 min per 

wash. Membranes were incubated with the appropriate horseradish peroxidase-

linked secondary antibody, Goat Anti-Rabbit IgG(H+L) (Southern biotech, 4050-05) 

or Goat Anti-Mouse Ig (Southern biotech, 1010-05), in 5% milk in PBST as per the 

concentration detailed in Table 6.  

 

Following incubation with secondary antibody solutions, membranes were washed 

three times with PBST on a rocking platform at 30 rev/min for 10 min per wash. 

Immobilon Western Chemiluminescent HRP Substrate (Merck) or ECL blotting 
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reagents (GE Healthcare) was added to each membrane at 1 ml per TransBlotÒ 

Turbo™ Mini PVDF membrane or 2 ml per TransBlotÒ Turbo™ Midi PVDF 

membrane. Bands were visualised by exposing blots to X-ray films (SLS FM024) and 

developed using a Curix 60 X-ray film processor (AGFA Healthcare).  

 

2.8 RNA extraction  

Cell culture medium was aspirated and 350 µl of RLT buffer (Qiagen) with 1% 2-β-

ME was added directly to wells. Plates were wrapped in parafilm and stored at -80°C. 

RNA was extracted and purified using the RNeasy micro kit (Qiagen), following the 

manufacturer’s instructions. RNA was eluted into RNase-free water.  

 

 

TARGET FINAL 
CONC. 

SOURCE CAT. NO. OR 
REFERENCE 

SECONDARY 
ANTIBODY 

(GOAT-ANTI-) 

SECONDARY 
ANTIBODY 
CONC. 

ELK1 1:1000 Abcam ab32106 

 

Rabbit 1:5000 

phospho-
ELK1 
(S389) 

1:1000 Invitrogen PA5-36641 

 

Rabbit 1:5000 

ERK1/2 1/1000 Cell 

Signaling 

9102 Rabbit 1:10000 

phospho-
ERK1/2 
(T202, Y204) 

1/1000 Cell 

Signaling 

9101 

 

Rabbit 1:10000 

ERF 1:1000 Themofisher PA5-40415 Rabbit 1:5000 

phospho-
ERF (T526) 

1:500 Invitrogen PA5-36750 Rabbit 1:5000 

ETV3 1:500 Atlas 

antibodies 

HPA004794 

 

Rabbit 1:5000 

phospho-
ETV3 (S250) 

1:100 CovalAb CUK-1967 Rabbit 1:1000 

FOS 1:1000 Cell 

signaling 

2250 Rabbit 1:5000 

phospho-
FOS (S362, 
S374) 

1:500 Erwin 

Wagner  

Lab 

(David et al., 

2005) 

Rabbit 1:1000 

HSP90 1:5000 Santa Cruz sc-69703 Mouse 1:10000 

JUN 1/1000 Cell 

Signaling 

9165 Rabbit 1:5000 

SAM68 1/1000 Santa Cruz sc-514468 Mouse 1:5000 

Table 6: Immunoblotting antibody table 
  



Chapter 2 Materials and Methods 

 

92 

 

2.8.1 RNA Quantification 

1.5 µl of a sample was quantified using the Nanodrop 1000 (Thermo Fisher Scientific), 

following the manufacturer’s instructions.  

 

2.9 qPCR  

2.9.1 Reverse transcription 

200-500 ng of RNA was used in a reverse transcription reaction using the Superscript 

VILO cDNA Synthesis kit (Invitrogen), where 5x reaction mix and 10x reverse 

transcriptase were used in a total volume of 10 µl. Samples were incubated at 25°C 

for 5 min, 42°C for 30 min and 85°C for 5 min using a T100TM Thermo cycler (Biorad). 

Samples were diluted fourfold with RNase-free water.  

 

2.9.2 qPCR reaction 

Quantitative PCR was performed in 96- or 384-well plates using Taqman universal 

master mix (Applied Biosystems), with either a QuantStudio 3 or 5 (Thermo Fisher 

Scientific). Each reaction contained 3.5 µl of Taqman universal master mix, 0.35 µl 

of target FAM-MGB gene probe (see Table 7) and 1.15 µl of nuclease-free water. 

Samples were heated to 50°C for 2 min, then 95°C for 10 min, followed by 40 cycles 

of 95°C for 15 s and 60°C for 1 min.  

 

2.9.3 qPCR quantification 

The ΔΔCt of 4 biological replicates was calculated by normalising the Ct value of the 

gene of interest to Ct values of the Hprt housekeeping gene (ΔCt) and the ΔCt was 

then normalised to the average of the WT treatment control samples (ΔΔCt).  

𝑅 = 2$∆∆&' 
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2.10  RNA sequencing  

RNA was isolated from BMDMs as described above. Library preparation and 

sequencing was performed by the Advanced Sequencing STP at The Francis Crick 

Institute. Biological replicate libraries were prepared using the KAPA mRNA polyA 

HyperPrep kit and TruSeq Stranded mRNA Prep kits (Illumina) according to the 

manufacturer’s instructions. The libraries were then sequenced using PolyA HiSeq 

Illumina 2500 platform, generating approximately 25 million strand-specific reads per 

sample with single end reads of at least 75 bp.  

 

2.11  Bioinformatics analysis 

2.11.1 RNA sequencing analysis 

FASTQ files were analysed, aligned and counted using FASTQC (version 0.11.5), 

RSEM (version 1.3.30) and STAR (version 2.5.2a). Sequences were aligned to the 

Ensembl mm10 mouse transcriptome. Following this, normalisation of raw count files 

and differential gene expression analysis was performed with the DESeq2 package 

(version 1.22.2) within R studio (version 1.1.463).  

 

Normalised expression values were generated by DESeq2 package, where the 

counts for each gene were divided by the geometric mean across all samples and 

the median of these ratios in a sample was used as the size factor for that sample, 

in order to correct for library size and RNA composition bias.  Transcript per million 

TARGET ASSAY ID 

Hprt Mm03024075_m1 
Egr1 Mm00656724_m1 
Egr3 Mm00516979_m1 
Nr4a1 Mm01300401_m1 
Fos Mm00487425_m1 
Fra1 Mm04207958_m1 
Ifnb1 Mm00439552_s1 
  

 

Table 7: FAM probe table 
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values were generated by dividing the number of transcripts of a gene by its length, 

the sum of these values were then divided by a million to give a scaling factor for 

each gene. 

 

Differentially expressed genes were defined as those showing statistically significant 

differences; P values generated using the Wald test were corrected for multiple 

testing using the Benjamini-Hochburg adjustment method within the DESeq2 

package. Statistical significance levels are indicated as follows: *, p adjusted value 

(padj) < 0.05; **, padj < 0.01; ***, padj < 0.001; ****, padj < 0.0001. 

 

Heatmaps were generated using normalised log2 expression values, scaled per row 

indicating the standard deviation from the mean (Z score). Genes were clustered 

using a Euclidean distance matrix and clustered using Ward's algorithm.  

 

Gene lists ranked by the Wald statistic were used to look for pathway and biological 

process enrichment using the MetaCoreTM (version 5.0) software. 

 

This analysis was performed by Probir Chakravarty from the Bioinformatics and 

Biostatistics Science Technology Platform (STP) at The Francis Crick Institute.  

 

2.12  Other Software 

2.12.1 GraphPad 

GraphPad software (version Prism 7.0c) was used to analyse qPCR and ELISA data. 

One- and two-way ANOVAs for these data were performed using this software. For 

two-way ANOVA analysis, p values were corrected for multiple tests using the 

Bonferroni method.  Statistical significance levels are indicated as follows: *, p < 0.05; 

**, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 

 

2.12.2 FlowJO 

FlowJo v10.5.3 software was used to calculate the geometric mean of florescence 

intensity.  
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2.12.3 Venny 2.1 

Comparison of lists were carried out using Venny 2.1 online tool (Oliveros 2007-

2015). Statistical significance of overlap analysis of RNAseq data was performed by 

using the hypergeometric distribution (phyper function) in R. Statistical significance 

levels are indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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Chapter 3. Identification of TPL-2 regulated genes 
and transcription factors 

3.1 Introduction 

Activation of ERK1/2 downstream of RAS/RAF signalling has been well studied in 

the context of growth factor stimulation of cells and cell transformation. Numerous 

direct TFs targets of ERK1/2 have been identified downstream of RAS/RAF 

signalling in fibroblasts, including: ATF2, FOS, JUN, C/EBPβ, ELK1, ERF, HIF1-α 

and SP1 (Yoon & Seger, 2006).  

 

Comparisons of gene expression in TPL-2 deficient cells and WT cells pre-treated 

with small molecule MKK1/2 inhibitors have suggested that the transcriptional output 

of TPL-2 signalling is mediated by ERK1/2 (Gantke et al., 2012). Additionally, 

phosphoproteome analyses by the Ley lab have also demonstrated that 

approximately 85% of protein phosphorylation regulated by TPL-2 catalytic activity is 

dependent on ERK1/2 activation (Pattison et al., 2016). However, it is unknown 

which TF targets of ERK/1/2 are important for TPL-2 regulation of transcription in 

myeloid cells and further investigation is required to fully understand how TPL-2 

activation of ERK1/2 regulates innate immunity. Within this chapter, characterisation 

of global gene regulation following TPL-2 and ERK1/2 activation has been used to 

investigate this question.  

 

To investigate the role of TPL-2-dependent gene regulation in innate immunity within 

this project, Tpl2D270A/D270A knock-in mice, that express catalytically inactive TPL-2, 

were used. In addition, in order to determine what genes are dependent on MKK1/2 

activation, a second generation MKK1/2 inhibitor, PD0325901 (Pfizer), was used 

(Bain et al., 2007). Acting as a non-competitive inhibitor, PD0325901 binds to the 

inactive form of MKK1/2 preventing its activation. PD0325901 was the most potent 

and selective inhibitor for MKK1/2, at the time of experiments.  
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3.2 Phenotypic characterisation of BMDM and BMDC cell 
populations 

The majority of work in the following sections of this thesis use cultured primary 

BMDMs, in addition to primary BMDCs, and therefore it was imperative to ensure 

that cells generated via the BMDM culture protocol displayed characteristics typical 

of mature macrophages, whilst cells generated under the BMDC protocol should 

resemble DCs. To check whether this was indeed the case, the cultured cells were 

phenotyped by multi-colour flow cytometry.  

 

BMDMs and BMDCs generated from the bone marrow of C57BL/6J mice were 

directly compared for their expression of cell surface antigens. Cells displaying CD45 

on their surface are classified as immune cells (leucocytes). Firstly, the presence of 

CD45.2 on cultured cells was examined. Single cells were identified: forward scatter 

area versus side scatter area (FSC-A vs. SSC-A) was used to exclude debris before 

forward scatter width versus area (FSC-W vs. FSC-A) was used to exclude doublets 

(Figure 11, first and second panels from left). The percentage of single cells positive 

for CD45.2 expressed by WT macrophages and DCs was determined (CD45.2 vs. 

SSC-A). More than 90% of BMDCs and BMDMs were CD45.2+ using this gating 

strategy (Figure 11, panels second to right).  

 

F4/80 and CD64 are generally regarded as typical macrophage markers and their 

co-expression has been used to distinguish between macrophage and DC 

populations (Mora-Bau et al., 2015). Thus, the percentage co-expression of F4/80 

and CD64 on BMDMs and BMDCs was investigated. More than 95% of CD45.2+ 

cells identified in samples from BMDM cultures were F4/80+ CD64+. Conversely, less 

than 5% of CD45.2+ cells from BMDC cultures were F4/80+ CD64+ (Figure 11, right 

panels). The high expression of F4/80 and CD64 on BMDMs, relative to low 

expression on BMDCs, indicated that distinct populations of BMDMs and DCs were 

cultured. Nevertheless, due to the lack of macrophage-specific or DC-specific 

markers (Yu et al., 2016), this analysis did not discriminate between macrophages 

and DCs. 
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Figure 11: Characterisation of BMDM and BMDC populations. Cultures of BMDCs 

(top panels) and BMDMs (bottom panels) from C57BL/6J mice (n = 3, 1 representative 

population shown for each cell type) were stained with antibodies against CD45.2, F4/80 

and CD64 and analysed by flow cytometry using the following gating strategy. Cells were 

first distinguished from debris using forward scatter area (FSC-A) vs side scatter area 

(SSC-A) (left panels). Single Cells were then distinguished from doublets using Forward 

Side Scatter area (FSC-A) vs width (FSC-W) (second panels from left). Immune cells 

were identified within the gated single cell populations by their positive expression of 

CD45.2 (SSC-A vs CD45.2) (second panels from right). Finally, gated populations of 

immune cells were analysed for their expression of CD64 and F4/80 (CD64 vs F4/80) 

(right panels). Representative of at least three independent experiments with similar 

results. 
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To determine, in more detail, the similarities and differences between BMDCs and 

BMDMs, a comprehensive panel of immune cell, DC and macrophage markers was 

designed to analyse differences in expression of these markers between the two cell 

populations. BMDMs and BMDCs from C57BL/6J mice were stained with antibodies 

for CD86, CD64, MHC II, CD24, CD11b, CD45.2, CD11c, and CD115.  

 

CD64, F4/80, CD24, CD11c and MHC II have previously been used for 

macrophage/DC discrimination within different murine tissues, such as the lung or 

liver. In such analyses, macrophages typically express higher levels of CD64 and 

F4/80, whilst DCs are defined by their relatively higher expression of CD24, CD11c, 

and MHC II (Yu et al., 2016; Misharin et al., 2013). CD86 has been shown to be 

highly expressed on mature BMDCs (Gosavi et al., 2018). CD115 is expressed on 

monocytes but has also been shown to remain highly expressed on BMDMs (C. 

Wang et al., 2013; Helft et al., 2015).   

 

The expression of macrophage and DC markers within the gated CD45.2+ 

populations of BMDMs and BMDCs was determined. Each BMDM or BMDC culture 

consisted of three biological replicates. Upon flow cytometric analyses of all cell 

surface markers, it was clear that all three samples of each cell type consistently 

clustered together (Figure 12). Although cells had been pre-gated on CD45.2 (as 

shown in Figure 11, middle panel), it was evident that BMDMs stained more brightly 

for CD45.2 antigen (CD45.2hi) than BMDCs (CD45.2int) (Figure 12). CD11b stains 

cells of myeloid lineage, so its expression was expected on both macrophages and 

DCs. Consistent with this, BMDMs and BMDCs both expressed CD11b, with slightly 

higher expression levels among the BMDMs (Figure 12). 

 

A direct comparison between BMDMs and BMDCs revealed clear differences in the 

expression profiles of DC and macrophage-specific markers. CD64, F4/80 and 

CD115 (macrophage-associated) were all expressed at high levels in BMDM 

populations, but at low levels in BMDCs. Conversely, CD86, CD24, MHC II and 

CD11c (DC-associated) were expressed at higher levels on BMDCs than on BMDMs.  
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Figure 12: BMDMs and BMDCs generated from C57BL/6J mice display distinct 
expression profiles for cell surface markers. BMDCs and BMDMs were generated 

from C57BL/6J mice (n = 3). Samples were stained with antibodies against CD45.2, 

F4/80, CD64, CD86, MHC II, CD24, CD11b, CD11c and CD115. Single immune cells 

were analysed for expression levels of cell surface markers by flow cytometry. 

Representative of at least three independent experiments with similar results. 

Populations shown (single immune cells) had first been gated as follows: all cells, 

single cells, CD45.2+. 
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A previous study has suggested that BMDCs generated from a protocol of culturing 

bone marrow with GM-CSF are in fact a heterogeneous population of monocyte-

derived DCs and monocyte-derived macrophages (Helft et al., 2015). Furthermore, 

when analysing histograms of expression of cell surface markers, BMDCs have 

smaller second peaks in CD86, CD64, MHC II, CD24, CD11c and CD115 (Figure 

12), although some of these second peaks may be in part due to autofluorescence 

of these cells with peaks seen in unstained BMDMs and BMDCs (Supp. Figure 1) . 

In order to check whether immune cells generated with the Ley lab protocol were 

heterogenous, the gated immune cell population in these experiments was analysed 

for both MHC IIhi CD11bhi and MHC IIint CD11bhi populations (Figure 13). Immune 

cells generated with the Ley lab protocol did exhibit heterogeneity; however, the 

MHC IIhi CD11bhi population, which is suggested to represent cells from both CDP 

and cMoP origin, made up over 70% of these cells, a much higher proportion than in 

Helft et al. (2015). Moreover, over 95% of the MHC IIhi CD11bhi population had low 

expression of CD115 and F4/80, suggesting that the majority of cells generated by 

this method represent cells of a DC-like phenotype. Analysis of the smaller 

population of MHC IIint CD11bhi also showed that the majority of these cells have low 

expression of CD115 and F4/80, suggesting that these cells could be poorly 

differentiated DCs and only a small proportion of cells generated from the BMDC 

protocol are of a monocyte-derived macrophage phenotype.  

 

Ultimately, it was concluded that Ley lab cell differentiation protocols used to 

generate either BMDMs or BMDCs were robust, leading to the generation of healthy 

populations of well differentiated cells expressing consistent levels of various surface 

markers, and that differentiated BMDMs were phenotypically very distinct from those 

of BMDCs. As expected, BMDMs closely resembled differentiated macrophages, 

whilst BMDCs expressed markers more typical of differentiated DCs.  
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Figure 13: Analysis of BMDC subpopulations. (A) Cultures of BMDCs from C57BL/6J 

mice (n = 3, 1 representative shown) were stained with antibodies against CD45.2, 

CD11c, CD11b, CD115 and F4/80 and analysed by flow cytometry using the following 

gating strategy. CD11c+ cells were distinguished from the immune cell population 

(previously identified by SSC-A vs CD45.2) (Left panel). The gated population CD11c+ 

were analysed for MHC II and CD11b expression (right panel). (B) The gated MHC IIhi 

CD11bhi cells (Left panel) and MHC IIint CD11bhi cells (right panel) were analysed for 

expression of CD115 and F4/80. Representative of at least three independent 

experiments with similar results. 
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3.3 TPL-2 expression or kinase activity does not affect the 
differentiation of BMDMs or BMDCs 

Having established that the cell culture protocols that have been used reliably 

generated either macrophage-like BMDMs or DC-like BMDCs from WT bone marrow, 

the same investigative panel was used to ensure that there were no developmental 

differences between WT cells and those generated from Tpl2D270A/D270A mice.  

 

Previously, macrophages and DCs isolated from spleen and lymph nodes of Tpl2-/- 

mice have been compared to cells generated from C57BL/6J mice, using surface 

markers (CD11c, CD11b and 120G8 for DCs and F4/80 and CD11b for 

macrophages) and concluded that TPL-2 deficiency did not affect cell development 

(Cook, 2010). Cells from Tpl2-/- mice have been included in the analysis below to 

confirm this was the case with cells generated from bone marrow with a more 

extensive panel and for comparison with Tpl2D270A/D270A cells. Therefore, to ensure 

that neither TPL-2 expression nor kinase activity affected development of 

differentiated immune cells from bone marrow, BMDCs and BMDMs were generated 

from Tpl2+/+ (WT), Tpl2-/- and Tpl2D270A/D270A mice, and the cell surface markers of 

differentiated cell populations were directly compared by flow cytometry. 

 

Cells of each genotype were stained with a panel of immune cell, DC, and 

macrophage markers (CD86, CD64, MHC II, CD24, CD11b, CD45.2, CD11c, and 

CD115). Similar to WT cells, both Tpl2-/- and Tpl2D270A/D270A cells displayed a clear 

phenotypic difference between BMDMs and BMDCs (Figure 12, 14 and 15). 

 

Within each sample, the geometric mean of fluorescence intensity was calculated for 

each cell surface marker from each logarithmic histogram and this confirmed that 

BMDCs express higher levels of MHC II, CD11c, CD24 and CD86 compared to 

BMDMs, whereas BMDMs express higher levels of F4/80, CD115, CD64, CD45.2 

and CD11b. Importantly, it also showed that there was no significant difference in 

expression levels of these markers between genotypes (Figure 16). Ultimately, this 

indicates that an absence of TPL-2 protein or kinase activity did not affect expression 

of key immune cell, DC or macrophage markers, suggesting that the differentiation 

of BMDMs and BMDCs in culture was unaffected. 
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Figure 14: BMDMs and BMDCs generated from Tpl2D270A/D270A mice display distinct 
expression profiles for cell surface receptors. BMDCs and BMDMs were generated 

from Tpl2D270A/D270A mice (n = 3). These samples were stained with antibodies against 

CD45.2, F4/80, CD64, CD86, MHC II, CD24, CD11b, CD11c and CD115. Single immune 

cells were analysed by flow cytometry for cell surface markers. Representative of at least 

three independent experiments with similar results. Populations shown (single immune 

cells) had first been gated as follows: all cells, single cells, CD45.2+.  
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Figure 15: BMDMs and BMDCs generated from Tpl2-/- mice display distinct 
expression profiles for cell surface receptors. BMDCs and BMDMs were 

generated from Tpl2-/- mice (n = 3). Samples were stained with antibodies against 

CD45.2, F4/80, CD64, CD86, MHC II, CD24, CD11b, CD11c and CD115. Single 

immune cells were analysed for expression levels of these cell surface markers by 

flow cytometry. Representative of at least two independent experiments with similar 

results. Populations shown (single immune cells) had first been gated as follows: all 

cells, single cells, CD45.2+. 
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Figure 16: TPL-2 expression or kinase activity does not affect differentiation of 
BMDMs or BMDCs. Geometric means of expression for the cell markers, MHC II, CD24, 

CD85, CD11c, CD11b, F4/80, CD64, CD45.2 and CD115, were averaged over three 

biological replicates and compared between genotypes of C57BL/6J (WT), Tpl2D270A/D270A 

and Tpl2-/- mice. Representative of at least two independent experiments with similar 

results. Populations shown (single immune cells) had first been gated as follows: all cells, 

single cells, CD45.2+. 
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3.4 TPL-2 regulates gene expression following LPS stimulation 

LPS, a structural component of bacterial cell walls of gram-negative bacteria, is 

commonly used to activate TLR4 signalling in macrophages to mimic the signalling 

of these cells in an innate immune response to bacterial infection. To investigate the 

role TPL-2 has in regulating global gene expression, RNA sequencing (RNAseq) 

analysis of LPS-stimulated macrophages, with and without TPL-2 kinase activity, 

was performed in order to gain insight into its role downstream of TLR4 activation. 

Michael Pattison and Matoula Papoutsopoulou (Ley lab) generated BMDMs from 

both WT (C57BL/6J) mice and Tpl2D270A/D270A mice, which were stimulated with LPS 

over a 2 h time course (time points at 0.5, 1, 2 h).  mRNA was then extracted for 

gene expression analysis by RNAseq. The following analysis was carried out in 

collaboration with Michael Pattison, Probir Chakravarty (Bioinformatics STP).  

 

LPS stimulation of macrophages increased expression of 1927 genes over the 2 h 

time course (2-fold increase compared to unstimulated cells at any time point, from 

DESeq2 differential gene expression analysis, with Padj value < 0.05). TPL-2 kinase 

activity was required for maximal expression of 10% (185/1927) of these genes (³2-

fold reduction in Tpl2D270A/D270A cells compared to WT at any time point; Padj value < 

0.05).  

 

The expression of 1832 genes was reduced following LPS stimulation of WT 

macrophages, the majority 2 h after stimulation. Of these, 3% (46 genes) were 

modulated by TPL-2 catalytic activity. The number of genes positively and negatively 

regulated by TPL-2 catalytic activity increased as the time of LPS stimulation 

increased (Figure 17); 18 genes were regulated by 2-fold or more (up or down) in 

unstimulated cells with Tpl2D270A mutation compared to unstimulated WT cells only 

(not regulated at any stimulated time point). 

 

To understand the whole spectrum of processes regulated by TPL-2 signalling on 

the biological response of macrophages to LPS stimulation, the genes regulated (up 

or down) by TPL-2 catalytic activity were analysed for process and pathway 

enrichment using the Metacore programme (Figure 18). Immune response pathways, 

in particular cytokine and growth factor signalling via MAPKs, NF-κB and JAK-STAT 
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signalling pathways, damage-/injury-associated pathways and pathways associated 

with autoimmune conditions were highly enriched. Similarly, immune response, 

inflammation and signalling processes were also enriched. These results are 

consistent with the known importance of TPL-2 in innate immunity, adaptive immunity 

and autoimmune inflammation, based on experiments with Tpl2-/- mice (Gantke et al., 

2012).  

Figure 17: TPL-2 regulated genes. BMDMs were generated from WT (C57BL/6J) and 

Tpl2D270A/D270A mice (n = 6) and stimulated over a 2 h time course with 100 ng/ml LPS. 

Total RNA was extracted and sequenced by RNAseq. Transcripts per kilobase million 

(TPM) expression values for genes in WT and Tpl2D270A/D270A macrophages at each time 

point were log2 transformed and plotted on the x and y axis, respectively. Genes which 

were significantly upregulated (³2-fold change and P adjusted value (Padj) < 0.05) are 

indicated by orange dots and genes which were significantly downregulated (³2-fold 

change and Padj < 0.05) are indicated by black dots, with the total numbers indicated 

in the same colour text. 
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Figure 18: TPL-2 regulated pathways and processes following LPS stimulation. 
Metacore analysis of the 391 genes found to be regulated (up or down) by TPL-2 kinase 

activity by ³2-fold in the RNAseq dataset. Most enriched pathways (top panel) or 

processes (bottom panel) are presented, ranked by -log10(p adjusted (Padj) value), size 

and colour of data points were also proportional to -log10(Padj) 
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Figure 19: TPL-2 regulated cytokines following LPS stimulation. BMDMs were 

generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 6) and stimulated over a 2 

h time course with 100 ng/ml LPS. Total RNA was extracted and sequenced by RNAseq. 

Normalised expression values of TPL-2-regulated cytokines (³2-fold) expressed in WT 

or Tpl2D270A/D270A macrophages over the 2 h time course. P adjusted (Padj) values from 

RNAseq differential gene expression analysis shown:  *, Padj < 0.05, **, Padj < 0.01, 

***, Padj < 0.001, ****, Padj < 0.0001. 
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To investigate further the roles of TPL-2 in the innate immune response, the TPL-2-

regulated gene list was specifically interrogated for cytokine genes. From the list of 

genes regulated by TPL-2 kinase activity, 22 cytokines were 2-fold or more up- or 

downregulated over the 2 h time course (Figure 19);  these included several 

cytokines previously identified to be regulated by TPL-2 in comparisons between 

TPL-2-deficient macrophages and WT cells with qPCR: Ifnb1, Il1, Il23, Il10, Cxcl2 

and Cxcl3 (Kaiser et al., 2009; Mielke et al., 2009; Kalimoto et al., 2010; Bandow et 

al., 2012). This strongly indicates that the RNAseq experiment worked well and is 

likely to provide novel insights into how TPL-2 regulates global gene expression. 

 

3.5 K means clustering of TPL-2 regulated genes 

To gain understanding of the kinetics of the expression of regulated genes, Michael 

Pattison and Probir Chakravarty grouped genes into clusters depending on 

expression profiles over the time course. TPL-2-regulated genes were grouped into 

12 distinct kinetic groups by K means cluster analysis (Figure 20).  

 

Clusters 1, 3 and 4 were identified to include TPL-2-regulated genes that were 

strongly induced at early time points following LPS stimulation. These earliest genes 

were of particular interest as potential direct downstream targets of TPL-2 signalling. 

 

Cluster 1 contained the genes most rapidly induced by LPS stimulation and these 

were strongly reduced by Tpl2D270A mutation. Genes within Cluster 1 included TFs, 

signalling molecules, such as kinases and phosphatases, as well as secreted 

proteins, such as growth factors (Figure 21). 

 

Genes in Clusters 3 and 4 had a delayed induction compared to genes in Cluster 1, 

but their expression was similarly reduced by Tpl2D270A mutation. Cluster 3 genes 

had peak expression at 1 h LPS stimulation. Genes within this Cluster also included 

TFs, signalling proteins, such as phosphatases, as well as cytokines, mRNA binding 

proteins and translation regulatory proteins (Figure 22). The expression of genes 

within Cluster 4 increased more gradually over the 2 h stimulation and had more 

varied functions that those in Cluster 1 and 3 (Figure 23). 
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Figure 20: K means clustering of TPL-2-regulated genes. Log2 transformed 

normalised counts for WT (C57BL/6J) and Tpl2D270A/D270A BMDMs for each cluster 

identified by K means analysis. The number of genes in each cluster is indicated in 

brackets. This analysis was performed by Michael Pattison in collaboration with Probir 

Chakravarty.  
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Figure 22: Functional classification of Cluster 3 genes. The 41 genes in Cluster 3 

were classified by function using gene ontology (GO), Uniprot and literature review.  

  

Figure 21: Functional classification of Cluster 1 genes. The 18 genes in Cluster 1 

were classified by function using gene ontology (GO), Uniprot and literature review. 
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Experiments by Michael Pattison showed that the genes in Cluster 1 were also 

significantly reduced in cells with the Nfkb1SSAA mutation, which prevents signal-

induced proteolysis of p105 and consequently TPL-2 activation of MKK1/2 and their 

substrates ERK1/2. In addition, pharmacological inhibition of ERK1/2 activation in 

WT cells with the MKK1/2 inhibitor PD0325901 also reduced expression of these 

genes (data not shown). Furthermore, his experiments with pharmacological 

inhibition of RSK1/2 with RSKi-47 (Jain et al., 2015) did not alter LPS-induced 

expression of mRNAs encoding Cluster 1 genes. Suggesting TPL-2 did not induce 

expression of these genes as a consequence of ERK1/2 mediated activation of 

RSK1/2. Expression of genes in Cluster 3 and 4 were also reduced by Nfkb1SSAA 

mutation and PD0325901 treatment; therefore, the regulation of these genes was 

dependent on p105 proteolysis and these genes were likely to be directly regulated 

by ERK1/2. 

 

Figure 23: Functional classification of Cluster 4 genes. The 46 genes in Cluster 4 

were classified by function using gene ontology (GO), Uniprot and literature review. 
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3.6 Minimal overlap between TPA-activated MEFs and LPS-
stimulated BMDMs 

The majority of studies investigating ERK1/2 activation have been carried out in 

proliferative cells, such as fibroblasts. Analysis of genes regulated by ERK1/2 in both 

fibroblasts and macrophages may provide insights into TFs involved in both contexts.  

A direct comparison of RNAseq datasets comparing mouse embryonic fibroblasts 

(MEFs) stimulated with 12-O-tetradecanoylphorbol-13-acetate (TPA) for 0.5 h 

(Gualdrini et al., 2016) and BMDMs stimulated with LPS for the same length of time 

indicated that there was some overlap in the induced genes at this early time point; 

yet, the majority of the regulated genes are unique to each cell type. Of the 1619 

upregulated genes (p < 0.05), only 206 were found to be upregulated in both cell 

types, following stimulation by different ligands; 46 of these upregulated genes had 

an increase of 2-fold or more over respective unstimulated cells. Out of the 747 

genes that were downregulated in both datasets (p < 0.05), only 32 were shared by 

both cell types, all of which were less than a 2-fold change in expression compared 

to unstimulated cells (Figure 24). The significance of overlap between differentially 

regulated genes in MEFs to BMDMs was determined using a hypergeometric 

distribution (phyper function) in R, which all had p values less than 0.0001. 

 

The 46 upregulated genes in both cell types included TFs, signalling proteins, such 

as kinases and phosphatases, and cytokines (Figure 25). Several of the TF genes 

within this overlap were IEGs that have previously been identified to be regulated by 

the Ternary Complex Factor (TCF) TF family downstream of ERK1/2 activation in 

serum-stimulated fibroblasts (Gille et al., 1992). 

 

To further investigate the differences between these two activated cell types, the co-

regulated genes were analysed by association with GO biological processes. Even 

though individual genes were not shared between cell types, many of the biological 

processes that the regulated genes were associated with were shared, such as 

cellular localisation and biological adhesion. However, there were notable 

differences in the number of genes associated with some processes. For example, 

BMDMs had more regulated genes associated with biological regulation, response 

to stimuli, and immune system processes. In contrast, MEFs had genes associated 
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with developmental processes and reproduction, which were not identified amongst 

TPL-2-regulated genes in BMDMs (Figure 26).  

 

 

Figure 24: Comparison of genes regulated following TPA or LPS stimulation in 
MEFs and BMDMs, respectively. A comparison of regulated genes identified in a 

published RNAseq dataset of TPA-stimulated MEFs (Gualdrini et al., 2016) to regulated 

genes in LPS-stimulated WT (C57BL/6J) BMDMs. Top left panel: The number of genes 

upregulated in TPA-stimulated MEFs and LPS-stimulated macrophages with no fold 

change cut off and p < 0.05. Bottom left panel: The number of genes downregulated in 

TPA-stimulated MEFs and LPS-stimulated macrophages with no fold change cut off and 

p < 0.05 Top right panel: The number of genes upregulated in TPA-stimulated MEFs 

and LPS-stimulated macrophages with a fold change of ³2. Bottom right panel: The 

number of genes downregulated in TPA-stimulated MEFs and LPS-stimulated 

macrophages with a fold change of ³2.  All overlaps stated are with statistical significance 

(****, p<0.0001) determined using the hypergeometric distribution (phyper function) in R.    
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Figure 25: Functional classification of genes regulated in both TPA-stimulated 
MEFs and LPS-stimulated BMDMs.  The 46 genes that were regulated by a factor of 

³2-fold in TPA-stimulated MEFs and LPS-stimulated macrophages compared to 

unstimulated cells, were classified by function using gene ontology (GO), Uniprot and 

literature review.   
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Figure 26: Functional analysis of upregulated genes in either BMDMs or MEFS 
following stimulation. The 199 and 89 unique genes that were upregulated in TPA-

stimulated MEFs and LPS-stimulated BMDMs, respectively, compared to their 

unstimulated controls, were classified by their GO Biological Process.  
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3.7 Identification of TPL-2 regulated transcription factors   

The previous sections of this thesis identified a subset of genes that are rapidly 

regulated by TPL-2; genes in Clusters 1, 3 and 4 are the most rapidly induced and 

therefore most likely to include direct targets of TPL-2 signalling. A bioinformatics 

approach was used to determine the TFs most likely to bind to the promoters of these 

genes and therefore most likely to mediate transcriptional regulation downstream of 

TPL-2 signalling.  

 

The Metacore database was used to identify TF binding site motifs that were 

enriched (based on a ratio of observed: expected hits) in the promoters of the TPL-

2 regulated genes within Clusters 1, 3 and 4 (Figure 27 and 28).  

Figure 27: Metacore analysis highlights potential TFs regulated by TPL-2 in 
Cluster 1. Genes in Cluster 1 were analysed using the Metacore programme for 

transcription factor enrichment. The top 15 enriched transcription factors are shown 

ranked by the ratio of observed sites: expected sites. TFs belonging to the ETS family 

are shown in red while TFs in the AP-1 family are shown in yellow.   
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Figure 28: Metacore analysis highlights potential TFs regulated by TPL-2 in 
Cluster 3 and 4. Genes in Cluster 3 and 4 were analysed using the Metacore 

programme for transcription factor enrichment. The top 15 enriched transcription factors 

are shown ranked by the ratio of observed sites: expected sites for Cluster 3 (top panel) 
and Cluster 4 (bottom panel). TFs belonging to the ETS family are colour red, TFs that 

are AP-1 proteins are coloured yellow, blue bars are those belonging to the NF-κB family.     
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3.7.1 ETS subfamily TCFs regulate genes in Cluster 1 

Strikingly, 3 of the 4 most enriched TFs in Cluster 1 were the three members of the 

TCF family: ELK1, ELK3 and ELK4. This finding raised the possibility that many of 

the genes in Cluster 1 were regulated by TCF proteins. The TCF family is a subfamily 

of E26 transforming sequence (ETS) TF family; two more ETS proteins were within 

the top 4 hits of Cluster 3 and 4 analysis, ETV6 and PEA3 (also known as ETV4), 

respectively. 

 

Analysis of the global transcriptome revealed that Tpl2D270A mutation had minimal 

effects on transcription of TCF proteins themselves (Figure 29). However, the 

mutation significantly reduced mRNA abundance of TCF-regulated IEGs, Egr1, Egr3 

and Nr4a1, following LPS stimulation of macrophages, which was confirmed by 

reverse transcription-quantitative PCR (RT-qPCR) (Figure 30).  

 

Experiments in fibroblasts have demonstrated that TCFs bind cooperatively with 

serum response factor (SRF) to serum response elements (SREs) in the promoters 

of IEGs (e.g. Egr1 and Nr4a1) to regulate their transcription (Dalton and Treisman 

1992; Shaw et al., 1989). Mitogenic stimulation activates the RAS/RAF MAPK 

Figure 29: TPL-2 does not regulate mRNA expression of TCF genes. BMDMs were 

generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 6) and stimulated over a 2 

h time course with 100 ng/ml LPS. Total RNA was extracted and analysed by RNAseq. 

Graphs show average normalised expression values for TCF genes. 
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Figure 30: TPL-2 regulates mRNA expression of TCF target genes. BMDMs were 

generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n ³ 4) for each genotype and 

stimulated over a 2 h time course with 100 ng/ml LPS. Total RNA was extracted. (A) 
Total RNA was analysed by RNAseq. Graphs show average normalised expression 

values from 6 biological replicates for TCF-regulated IEG genes: Egr1, Egr3 and Nr4a1. 

P adjusted (Padj) values from RNAseq differential gene expression analysis shown:  ***, 

Padj < 0.001, ****, Padj < 0.0001. (B) IEG mRNA expression was measured by RT-qPCR 

(normalised to Hprt mRNA). The graphs shows a mean of four individual cell cultures ± 

SEM. ****, p < 0.0001.  Two-way ANOVA. Representative of at least three independent 

experiments with similar results.  
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pathway, inducing ERK1/2 phosphorylation of C-terminal transactivation domains of 

TCFs, which triggers their transcriptional activation and IEG expression (Buchwalter 

et al., 2004; Gille et al., 1992).  Therefore, as these genes were regulated in TPL-2 

macrophages, this raised the possibility that they could also be regulated by ELK 

proteins downstream of TPL-2 activation of ERK1/2.  

 

Consistent with this hypothesis, immunoblotting of macrophage cell lysates revealed 

that LPS stimulation induced ELK1 phosphorylation of Serine 390 (S390), an ERK1/2 

phosphorylation site, and this was blocked by Tpl2D270A mutation (Figure 31). 

Phospho-specific antibodies for ELK3 and ELK4 were not available. LPS-induced 

ELK1 S390 phosphorylation was also blocked by PD0325901 MKK1/2 inhibitor 

treatment. These data indicated that TPL-2 signalling induced C-terminal ELK1 

phosphorylation by ERK1/2.  

 

Figure 31: ELK1 phosphorylation is dependent on TPL-2 kinase activity. BMDMs 

were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice. WT cells were pre-treated 

with 100 nM PD0325901 prior to stimulation with 100 ng/ml LPS for 15 min. Total cell 

lysates were immunoblotted for the indicated antigens. Results are representative of at 

least three independent experiments with similar results. 
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In order to determine whether phosphorylation of ELK1 was regulated directly 

downstream of TPL-2 signalling and not due to secondary signalling cascades 

initiated by de novo protein synthesis, WT and Tpl2D270A/D270A BMDMs were treated 

with CHX before stimulation with LPS. CHX inhibits protein synthesis by preventing 

the translocation step of eukaryotic translation; however, it can also induce stress-

activated MAPK signalling, including p38 and JNK (Cargnello & Roux, 2010). At 0.5 

h LPS stimulation there was no difference in the ELK1 phosphoshift in WT BMDMs. 

However, at later time points, CHX treatment increased ELK1 phosphorylation, 

suggesting that secondary signalling pathways could negatively regulate ELK1 

phosphorylation (Figure 32). 

 

 

 

3.7.2 FOS family members are regulated by TPL-2  

Several AP-1 TF binding sites were also enriched within the promoters of genes in 

Clusters 1, 3 and 4 (Figure 27 and 28). Binding sites for all FOS family members (c-

FOS (referred to as FOS), FRA-1, FRA-2 and FOS-B) were enriched across the 

Figure 32: Dependence of ELK1 phosphorylation on de novo protein synthesis. 
BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice. WT cells were 

pre-treated with 100 nM PD0325901 prior to stimulation with 100 ng/ml LPS over a time 

course of 2 h. Total cell lysates were immunoblotted for the indicated antigens. Results 

are representative of at least three independent experiments with similar results.  
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promoters of genes in Clusters 1 and 3. In addition, ATF2 and ATF3 binding sites 

were enriched in Clusters 4 and 3 gene promoters, respectively, and three JUN 

proteins c-JUN (referred to as JUN), JUN-B and JUN-D binding sites were also 

enriched in the promoters of Cluster 4 genes. AP-1 proteins bind to DNA in dimers; 

for example, FOS and JUN bind to DNA as a heterodimer. Therefore, enrichment of 

these binding sites within promoters of TPL-2-regulated genes suggested that they 

were regulated by AP-1 dimers.  

  

Analysis of the RNAseq dataset indicated that transcription of all FOS and JUN family 

members was regulated by TPL-2. More specifically, Fos and Fosb were down 

regulated by Tpl2D270A mutation at 0.5 h and 1 h LPS stimulation, whereas Fra1 and 

Fra2 (also known as Fosl1 and Fosl2, respectively) were downregulated only at later 

time points (Figure 33). The expression of Jund mRNA was reduced at all time points, 

including the unstimulated cells, whereas Jun and Junb mRNA levels were only 

reduced following LPS stimulation. The ATF family of proteins were less affected by 

Tpl2D270A mutation with Atf3 mRNA levels regulated at 2 h by more than 2-fold and 

Atf2 mRNA levels are regulated by TPL-2 less than 2-fold in unstimulated cells. 

 

Immunoblotting of macrophage lysates showed that although there was an increase 

in FOS expression in Tpl2D270A/D270A macrophages following LPS stimulation, the 

increase was greater in WT cells (Figure 34). In addition, expression of FOS was 

decreased in WT cells pre-treated with PD0325901.  Furthermore, although the basal 

level of JUN increased in Tpl2D270A/D270A macrophages, the mobility shift following 

LPS stimulation was not affected by Tpl2D270A mutation or pre-treatment with 

PD0325901.  

 

In fibroblasts, phosphorylation at sites S362 and S374 has been shown to be 

regulated by ERKs and RSKs, respectively, and has been shown to reduce FOS 

degradation and prime the protein for additional phosphorylation. Dephosphorylated 

FOS undergoes rapid degradation, whereas phosphorylation stabilises the protein 

(L. O. Murphy et al., 2002) and therefore allows it to bind to DNA to regulate 

transcription.  
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Figure 33: Normalised expression values for AP-1 proteins. BMDMs were 

generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 6) and stimulated over a 

2 h time course with 100 ng/ml LPS. Total RNA was extracted and sequenced by 

RNAseq. Graphs show normalised expression values of AP-1 family mRNA expressed 

in WT or Tpl2D270A/D270A macrophages over a 2 h time course. P adjusted (Padj) values 

from RNAseq differential gene expression analysis shown:  *, Padj < 0.05, **, Padj < 

0.01, ***, Padj < 0.001, ****, Padj < 0.0001. 
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Figure 34: FOS expression is regulated by TPL-2. BMDMs were generated from WT 

(C57BL/6J) and Tpl2D270A/D270A mice. WT cells were pre-treated with 100 nM PD0325901 

prior to stimulation with 100 ng/ml LPS for 15 min. Total cell lysates were immunoblotted 

for the indicated antigens. Results are representative of at least three independent 

experiments with similar results.  
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Immunoblotting of nuclear lysates from LPS-stimulated macrophages revealed that 

phosphorylation at S362/S374 was dependent on TPL-2 kinase activity and 

activation of ERK1/2, as the phosphorylation was only detected in stimulated WT 

cells and not stimulated WT cells pre-treated with PD0325901 and Tpl2D270A/D270A 

macrophages stimulated with LPS (Figure 35).  

 

 

 

 

 

 

 

 

 

Figure 35: TPL-2 kinase activity regulates FOS protein levels and 
phosphorylation. BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A 

mice. WT cells were pre-treated with 100 nM PD0325901 prior to stimulation with 100 

ng/ml LPS for 15 min. Nuclear lysates were prepared and immunoblotted for the 

indicated antigens. Results are representative of at least three independent experiments 

with similar results. 
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3.7.3 Possible co-regulation of FOS by TPL-2 and TCF proteins 

Fos has previously been identified as a target gene of ELK1 in fibroblasts with 

phosphorylation of FOS by ERK1/2 stabilising the protein to allow it to dimerise and 

regulate transcription (Eferl & Wagner, 2003). Analysis of RNAseq data from LPS-

stimulated WT and ELK1/4-deficient macrophages (generated by Michael Pattison), 

in comparison to the Tpl2D270A/D270A RNAseq dataset, revealed both Tpl2D270A 

mutation and ELK1/4 deficiency reduced Fos mRNA expression in LPS-stimulated 

BMDMs, to a similar degree (Figure 36).  In addition, the expression of FOS in lysates 

generated from TCF-deficient BMDMs was analysed using immunoblotting and 

indeed the expression of FOS was reduced in TCF-deficient macrophages following 

LPS stimulation compared to WT (C57BL/6J) cells (Figure 37). This suggests that 

TCF proteins contribute to the transcriptional regulation of FOS protein levels in 

macrophages following activation of TLR4.    

Figure 36: Fos expression in Tpl2D270A/D270A and Elk1/4-/- BMDMs. BMDMs were 

generated from at least four WT (C57BL/6J), Tpl2D270A/D270A and Elk1/4-/- mice for each 

genotype and stimulated over a 2 h time course with 100 ng/ml LPS. Total RNA was 

extracted and sequenced by RNAseq. Normalised expression values of Fos mRNA 

expressed in each genotype over a 2 h time course. P adjusted (Padj) values from 

RNAseq differential gene expression analysis shown:  ****, Padj < 0.0001. 
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Figure 37: TCFs regulate FOS protein levels in macrophages. BMDMs were 

generated from WT (C57BL/6J) and Elk1/4-/- mice and stimulated with 100 ng/ml LPS 

over a 2 h time course. Total cell lysates were immunoblotted for the indicated antigens. 

Results are representative of at least three independent experiments with similar results. 
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3.7.4 Enrichment of RelA target genes amongst TPL-2-regulated genes  

The regulation of MAPK activation by TPL-2 is unique as it is directly controlled by 

the IKK complex (Gankte et al., 2011), the central regulator of NF-κB TFs. It was 

therefore interesting that several NF-κB TF sites were found to be enriched in TPL-

2 regulated Clusters 3 and 4 including NF-κB1 p50, c-Rel, RelB and RelA (Figure 

28). 

 

To determine whether NF-κB binding sites were enriched in TPL-2-regulated genes, 

the list of TPL-2-regulated genes was compared with published NF-κB RelA ChIP-

seq data (Barish et al., 2010), a dataset generated with LPS-stimulated BMDMs (n 

= 2). Of the 23578 genes present in both the mm9 genome (used in the Barish et al. 

analysis) and the mm10 genome (used for the RNAseq analysis) 1946 genes had 

RelA peaks within the range of 2000 bp upstream of an annotated gene or 1000 bp 

downstream of the TSS, as identified in both replicates of the published Barish et al. 

(2010) ChIPseq dataset. This list of 1946 genes was compared to the list of TPL-2-

regulated genes with a fold change of 2 or more from the RNAseq dataset. 25% (65/ 

263) of genes that were downregulated by Tpl2D270A mutation by more than 2-fold 

were identified as having RelA peaks, an overlap which was statistically significant 

(p < 0.0001) (Figure 38). 12% (15/128) of genes upregulated by Tpl2D270A mutation 

were also in the list of genes with RelA peaks; however, this overlap was not 

significant (p = 0.0622). When looking at all TPL-2-regulated genes (without a fold 

change cut off), 19% (365/1947) of upregulated genes and 24% (474/1947) of 

downregulated genes had RelA peaks within the Barish et al. (2010) dataset with 

statistical significance (p < 0.0001). This suggests that a fraction of genes 

downregulated by TPL-2 may be co-regulated by NF-κB.  
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Figure 38: Overlap of NF-κB-bound and TPL-2-regulated genes. Genes with 

RelA/p65 peaks within the range of 2000 bp upstream of annotated genes or 1000 bp 

downstream of the TSS, identified in both replicates in Barish et al. (2010) ChIPseq 

dataset, were compared to genes downregulated by Tpl2D270A mutation (p < 0.05) (top 
panel) or upregulated by Tpl2D270A mutation (p < 0.05)  (bottom panel).  (Left Panels) 

Comparison of genes with RelA peaks and TPL-2 regulated genes with no fold change 

cut off (p < 0.05). (Right panels) Comparison of genes with RelA peaks and TPL-2 

regulated genes with a ³2-fold change cut off (p < 0.05). Statistical significance of 

overlap: ****, p<0.0001 determined using the hypergeometric distribution (phyper 

function) in R.     
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3.8 Phosphoproteome analysis revealed ETS family members 
are regulated by TPL-2  

In addition to using computational analyses to predict possible TPL-2-reguated TFs, 

the TPL-2-dependent phophoproteome was analysed in order to identify TPL-2-

regulated phosphosites on TFs in LPS-stimulated primary macrophages; a dataset 

previously published in Pattison et al. (2016). In this study, TPL-2-dependent protein 

phosphorylation sites were identified by comparing LPS-stimualted BMDMs from WT 

mice and Tpl2D270A/D270A mice using quantitative mass spectrometry analysis. 

Phosphopetides identifed in both forward and reverse heavy to light stable isotope 

labeling with amino acids in cell culture (SILAC) mixes were identified as possible 

TPL-2-regulated sites. 10190 sites on 3078 proteins were identified in both mixes. In 

addition, two pairwise comparisons were made between LPS-stimulated WT BMDMs 

cultured in the absence or presence of the specific MKK1/2 inhibitor PD0325901.  

 

Although phosphosites on TCF proteins were not detected in this dataset, three other 

members of the ETS family did have phosphosites regulated by TPL-2 catalytic 

activity. Two members of the ERF subfamily of ETS TFs, ETV3 and ERF, had at 

least one phophosite that was downregulated in Tpl2D270A/D270A BMDMs in 

comparison to WT cells (Figure 39). One site on each protein followed the canonical 

ERK1/2 motif: ERF T529 and ETV3 S245. ETV3 also had two other sites, S139 and 

S250, which have one proline either before or after the serine residue, suggesting 

that they could also be ERK1/2 sites. In addition ELF4, another ETS family member, 

had one ERK1/2 canonical site regulated by TPL-2: S640. ERF T529 and ETV3 S139, 

S245 and S250 are sites that have previously been shown to be phosphorylated by 

ERK1/2 in fibroblasts (Carlson et al., 2011). These four phosphosites were found to 

be regulated in both forward and reverse SILAC mixes in WT and Tpl2D270A/D270A 

macrophages, suggesting they are regulated downstream of TPL-2 kinase activity. 
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Gene Sequence window Amino 
acid Position Ratio H/L 

WT/WT
Ratio H/L 

D270A/WT
Ratio H/L 

WT/D270A
Ratio H/L 
PD032/WT

Ratio H/L 
WT/PD032 PXS/TP S/TP PXS/T

ETV3 NYPFINIRSSGVVPQSAPPVPTASSRFHFPP S 139 -0.058 -1.534 -1.666 -1.971 -2.667 N N Y
LLPLFTRPAMYPDPHSPFAISPVPGRGGVLN S 245 -0.266 -2.097 -1.052 -1.126 -0.498 Y Y Y
TRPAMYPDPHSPFAISPVPGRGGVLNVPISP S 250 -0.266 -2.097 -1.052 -1.164 -0.437 N Y N

ERF KVRGDVGPGESGGPLTPRRVSSDLQHATAQL T 529 -0.249 -2.742 -1.393 NaN NaN Y Y Y
ELF4 VTEPSVTRSPTQAPFSPFNPTSLIKMEPQDI S 640 0.053 -1.137 -1.408 -1.211 -0.739 Y Y Y

Figure 39: TPL-2 regulated phosphosites on ERF, ETV3 and ELF4. (A) WT and 

Tpl2D270A/D270A macrophages, labelled with light and heavy (label reversal) SILAC 

medium were stimulated with LPS for 15 min. Light- and heavy-labelled lysates were 

mixed 1:1 (WT: Tpl2D270A/D270A) according to protein concentration. Mass spectrometry 

was used to quantify phosphosites. Correlation plots show log2 Tpl2D270A/D270A / WT 

ratios for each phosphosite in each SILAC comparison. The ratios for the label reversal 

have been inverted. Phosphosites corresponding to ETS proteins are indicated with red 

squares and for clarity are indicated in separate correlation plots: from left to right: 

ETV3, ERF and ELF4. (B) Table showing sequence, position and ratios of ETV3, ERF 

and ELF4 phosphosites with heavy to light (H/L) ratios less than -1 in SILAC mixes of 

TPL-2 phosphoproteome. (C) Schematic highlighting positions of TPL-2 regulated 

phosphosites on ETV3, ERF and ELF4.      
 

 

A 
 

B 
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The ERF T529 site was not detected in PD0325901-treated WT BMDM samples, 

however this site has already been shown to be phosphorylated by ERK1/2 in 

fibroblasts (Carlson et al., 2011). The three phosphosites on ETV3 were also 

reduced in WT cells treated with PD0325901, suggesting that phosphorylation of 

these sites was mediated by TPL-2 activation of ERK1/2. 

 

Immunoblotting of BMDM lysates with phospho-antibodies was used to validate the 

mass spectrometry data.  LPS stimulation was found to induce ETV3 and ERF 

phosphorylation on S250 and T529, respectively, and these PTMs were reduced by 

Tpl2D270A mutation (Figure 40). Phospho-specific antibodies against ELF4 antibodies 

were not available at the time of experiments.  

 

ERF and ETV3 repress transcription in macrophages and fibroblasts, respectively 

(Hester et al., 2007; Carlson et al., 2011). Phosphorylation of ERF by ERK1/2 leads 

to its translocation from the nucleus to the cytoplasm subsequently allowing 

transcription to occur. ETV3 remains in the nucleus following MAPK activation in 

TPA-stimulated fibroblasts, but its phosphorylation reduces its ability to bind to the 

DNA. 

 

ETV3 mRNA expression has previously been seen to be upregulated following IL-10 

and LPS stimulation of macrophages (El Kasmi et al., 2007). Within the 

Tpl2D270A/D270A RNAseq dataset, ETV3 expression also increases with LPS 

stimulation in WT macrophages; ERF expression remains relatively constant with the 

exception of a small decrease after 2 h LPS stimulation (Figure 41). Expression of 

ERF and ETV3 mRNA is downregulated in BMDMs with Tpl2D270A mutation following 

2 h LPS stimulation. ETV3 represses its own transcription in unstimulated fibroblasts 

(Carlson et al., 2011). Absence of ERK1/2 activation in Tpl2D270A/D270A macrophages, 

and therefore the absence of ETV3 phosphorylation, may account for the decrease 

in expression following LPS stimulation of macrophages as ETV3 remains bound to 

DNA when unphosphorylated repressing its own transcription; however, as the 

decrease in expression is at the later time point of 2 h, a secondary signalling 

pathway may regulate this reduction in expression. ChIP studies analysing ETV3 

binding activity following LPS stimulation of macrophages with and without TPL-2 

kinase activity would be needed to confirm this hypothesis. In addition, RNAseq 
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analysis of LPS-stimulated macrophages deficient in ETV3 and/or ERF would allow 

for identification of genes regulated by TPL-2 activation of these TFs; however, these 

mice were unavailable at the time of this project.  

 

 

Figure 40: ERF family phosphorylation is dependent on TPL-2 activation of ERK1/2 
in macrophages. BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice. 

WT cells were pre-treated with 100 nM PD0325901 prior to stimulation with 100 ng/ml 

LPS for 15min. Total cell lysates were immunoblotted for the indicated antigens. Results 

are representative of at least three independent experiments with similar results. 
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3.9 TPL-2 regulates genes following S. Typhimurium infection 

LPS, used in the above experiments to activate TLR4, originates from the cell walls 

of gram-negative bacteria, specifically in this case from the strain Salmonella 

enterica serovar Minnesota. LPS exclusively activates TLR4 and is thus a useful tool 

to investigate the role of this specific receptor in the activation of signalling pathways. 

However, when intact pathogens infect cells several components of the pathogen 

activate different host cell receptors. Activation of several receptors may lead to 

crosstalk between pathways or the additional modulation of regulatory proteins that 

in turn prevent the activation of genes by one of the pathways. Consequently, it is 

important to investigate the activation of these pathways following the infection of 

live bacteria as this more closely mimics what happens in an immune response to a 

Figure 41: TPL-2 kinase activity regulates Etv3 and Erf at 2 h LPS stimulation. 
BMDMs were generated from six WT (C57BL/6J) and Tpl2D270A/D270A mice for each 

genotype and stimulated over a 2 h time course with 100 ng/ml LPS. Total RNA was 

extracted and sequenced by RNAseq. Normalised expression values of Erf and Etv3 

mRNA expressed in each genotype over a 2 h time course. P adjusted (Padj) values 

from RNAseq differential gene expression analysis shown:  ****, Padj < 0.0001.  
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pathogen. Therefore, in the following section, BMDMs were infected with Salmonella 

enterica serovar Typhimurium (S. Typhimurium) to analyse the downstream 

signalling and activation of proteins.  

 

S. Typhimurium has been shown to activate both TLR2 and TLR4 signalling during 

infection (Arpaia et al., 2011). Furthermore, S. Typhimurium is internalised by 

macrophages via phagocytosis and therefore may also signal from phagosomes. In 

addition, S. Typhimurium injects bacterial proteins into the host cell’s cytoplasm, 

using a type III secretion system, that may modulate signalling (Jennings et al., 2017). 

Therefore, it was possible that distinct genes might be activated downstream of S. 

Typhimurium compared to soluble LPS alone and these might be differentially 

affected by TPL-2 catalytic activity. 

 

3.9.1 Regulation of gene expression following S. Typhimurium infection by 
TPL-2 

In order to compare the impact of TPL-2 kinase activity on gene expression following 

LPS stimulation and infection with a live pathogen, BMDMs from WT and 

Tpl2D270A/D270A mice were infected with S. Typhimurium over a time course of 8 h. The 

time points for the first 2 h were the same as for LPS stimulation for direct comparison 

to the previous dataset with activation from cell surface receptors, but an additional 

two time points of 4 h and 8 h S. Typhimurium infection were analysed to capture S. 

Typhimurium-induced signalling from endosomal compartments.  

 

S. Typhimurium infection of WT macrophages increased expression of 1293 genes 

over 2 h of the time course (³2-fold increase compared to unstimulated cells at any 

time point, from DESeq2 differential gene expression analysis, with Padj value < 

0.05). 77% (996/1292) of these genes were also upregulated (³2-fold increase, Padj 

<0.05) following LPS stimulation (Figure 42). The expression of 4606 genes was 

increased over the full time course  (8 h of infection; ³2-fold increase compared to 

unstimulated cells at any time point with Padj value < 0.05).TPL-2 kinase activity was 

required for maximal expression of 13% (171/1292) of genes upregulated by 2 h and 
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8% (368/4606) of genes upregulated by 8h of infection (³2-fold reduction in 

Tpl2D270A/D270A cells compared to WT at any time point; Padj value < 0.05).  

 

The expression of 1479 genes was reduced within 2 h of S. Typhimurium infection 

of WT macrophages (³2-fold increase compared to unstimulated cells at any time 

point with Padj value < 0.05). 62% (919/1479) of these genes were also 

downregulated in WT macrophages following LPS stimulation. 6% (90/1497) of 

genes downregulated at 2 h of S. Typhimurium infection of WT BMDMs and 10% 

(299/4852) of genes downregulated at 8 h of infection were modulated by TPL-2 

catalytic activity.  

 

Figure 42: Overlap of genes up- and downregulated following LPS stimulation and 
S. Typhimurium infection of WT macrophages. Genes found to be differentially  

regualted (³2 fold; padj < 0.05) following LPS stimulation and S. Typhimurium were 

compared. Statistical significance of overlap: ****, p<0.0001 determined using the 

hypergeometric distribution (phyper function) in R.     
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Figure 43: TPL-2 regulated genes following S. Typhimurium infection. BMDMs 

were generated from three WT (C57BL/6J) and Tpl2D270A/D270A mice for each genotype 

and infected with S. Typhimurium (MOI of 5) over an 8 h time course. Total RNA was 

extracted and sequenced by RNAseq. TPM expression values for genes in WT and 

Tpl2D270A/D270A   macrophages at each time point were log2 transformed and plotted on 

the x and y axis, respectively. Genes which were significantly up- or downregulated (³2-

fold change and P adjusted (Padj) values < 0.05) are shown in orange or black, 

respectively, with the total numbers indicated in the same colour text. 
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To identify signalling pathways regulated by TPL-2 over the time course of S. 

Typhimurium infection of macrophages, pathway enrichment analysis was 

performed on genes regulated by Tpl2D270A mutation at three time points: 0.5 h to 

identify pathways that are more likely to be directly regulated by TPL-2; 2 h to 

compare with this time point of LPS-stimulated BMDMs; and at the later time point 

of 8 h where signalling is more likely to be directed from internalised bacteria in 

endosomes, in addition to activation of autocrine signalling pathways.  

 

Analysis of the genes regulated by Tpl2D270A mutation at 0.5 h infection, by the 

Metacore programme, revealed that the most highly enriched regulated pathways 

were those related to complement and type II IFN signalling (Figure 44; top panel).  

 

Analysis at 2h, revealed that type I IFN signalling, in addition to type II IFN signalling, 

via MAPK and JAK-STAT pathways, were highly enriched. In addition, IL-1 signalling 

was highly enriched in cells with Tpl2D270A mutation (Figure 44; middle panel). Type 

I IFN signalling via MAPK is also highly enriched at 8h, along with immune pathways 

such as IL-3 signalling and ROS-induced signalling (Figure 44; bottom panel).  

 

These results support those of the LPS-stimulated BMDMs dataset and with previous 

studies showing the importance of TPL-2 in innate immunity and concurs with 

previous studies in the lab that have shown the importance of TPL-2 in regulating 

type I IFN responses (Kaiser et al., 2009; McNab et al., 2014). 

 

When analysing the genes regulated by Tpl2D270A mutation following S. Typhimurium 

infection, 33 cytokines were regulated by 2-fold or more. This included several CXCL 

chemokines, IFN genes and ILs (Figure 45, 46 and 47). In addition, 15 of the 22 

cytokines regulated by TPL-2 following LPS stimulation of BMDMs, and those that 

have been shown to be regulated by TPL-2 in previous studies via qPCR, were also 

regulated following S. Typhimurium infection. 
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Figure 44: TPL-2 regulated pathways following S. Typhimurium infection. Metacore 

analysis of the TPL-2 highly regulated (³2-fold up or down) genes following infection with S. 

Typhimurium in RNAseq data. The most enriched pathways are ranked by -log10(p adjusted 

(Padj) value), size and colour of data points are also proportional to -log10 (Padj). (Top 
panel) TPL-2 regulated pathways at 0.5 h infection. (Middle panel) TPL-2 regulated 

pathways at 2 h infection. (Bottom panel) TPL-2 regulated pathways at 8 h infection.  
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Figure 45: TPL-2 regulated CXCL chemokine genes following S. Typhimurium 
infection. BMDMs were generated from three WT (C57BL/6J) and Tpl2D270A/D270A mice 

for each genotype and infected with S. Typhimurium (MOI of 5) over an 8 h time course. 

Total RNA was extracted and sequenced by RNAseq. Normalised expression values of 

TPL-2-regulated CXCL chemokines (³2-fold) expressed in WT or Tpl2D270A/D270A 

macrophages expressed over the 8 h time course. P adjusted (Padj) values from 

RNAseq differential gene expression analysis shown:  *, Padj < 0.05, **, Padj < 0.01, 

***, Padj < 0.001, ****, Padj < 0.0001. 
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Figure 46: TPL-2 regulated interferon genes following S. Typhimurium infection. 
BMDMs were generated from three WT (C57BL/6J) and Tpl2D270A/D270A mice for each 

genotype and infected with S. Typhimurium (MOI of 5) over an 8 h time course. Total 

RNA was extracted and sequenced by RNAseq. Normalised expression values of 

TPL-2-regulated interferons (³2-fold) expressed in WT or Tpl2D270A/D270A macrophages 

expressed over the 8 h time course. P adjusted (Padj) values from RNAseq differential 

gene expression analysis shown:  *, Padj < 0.05, **, Padj < 0.01, ***, Padj < 0.001, 

****, Padj < 0.0001. 
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Figure 47: TPL-2 regulated interleukin genes following S. Typhimurium infection. 
BMDMs were generated from three WT (C57BL/6J) and Tpl2D270A/D270A mice for each 

genotype and infected with S. Typhimurium (MOI of 5) over an 8 h time course. Total 

RNA was extracted and sequenced by RNAseq. Normalised expression values of TPL-

2-regulated interleukins (³2-fold) expressed in WT or Tpl2D270A/D270A macrophages 

expressed over the 8 h time course. P adjusted (Padj) values from RNAseq differential 

gene expression analysis shown:  *, Padj < 0.05, **, Padj < 0.01, ***, Padj < 0.001, ****, 

Padj < 0.0001. 
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Only 25% (147/607) of the genes regulated by TPL-2 following LPS stimulation were 

also regulated by TPL-2 following S. Typhimurium infection (Figure 48). 15% of 

genes upregulated (³2-fold) by Tpl2D270A mutation following 2 h of S. Typhimurium 

infection were also upregulated following 2 h LPS stimulation. 30% of the genes 

downregulated by Tpl2D270A mutation in S. Typhimurium-infected macrophages were 

also downregulated in LPS-stimulated macrophages. 

 

 

 

 

 

 

 

 

Figure 48: Overlap of TPL-2-regulated genes following LPS stimulation and S. 

Typhimurium infection. Comparison of genes regulated (up or down) by ³2-fold (p < 

0.05) by Tpl2D270A mutation following either S. Typhimurium infection or LPS stimulation. 

The overlap has significance of p < 0.0001 (****). 
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3.9.2 TPL-2 regulates TCF target genes following S. Typhimurium infection 

Analysis of the overlap of regulated genes at the early time points of stimulation 

would likely identify common direct targets of TPL-2 signalling downstream LPS 

stimulation and S. Typhimurium infection.  When analysing the genes downregulated 

(³2-fold) by Tpl2D270A mutation following 0.5 h LPS stimulation or S. Typhimurium 

infection, several IEGs were identified to be regulated; including the TCF target 

genes: Egr1, Egr3, Nr4a1 and Fos (Figure 49). As these are known TCF target genes, 

this suggests TCF proteins regulate gene expression following S. Typhimurium 

infection as well as LPS stimulation. 

 

Similar to the LPS stimulation, TCF mRNA levels are unaffected by Tpl2D270A 

mutation at the early time points of S. Typhimurium infection (0, 0.5 and 1h) (Figure 

50; top panel). However, the expression of TCF target genes, Egr1, Egr3 and Nr4a1, 

are downregulated in cells with Tpl2D270A mutation (Figure 50; bottom panel). This 

suggests that TCFs are direct targets of TPL-2 signalling following S. Typhimurium 

infection and therefore TCF target genes are regulated downstream of TPL-2 

signalling following infection of cells by S. Typhimurium.  

Figure 49: Overlap of TPL-2-regulated genes following 0.5 h LPS stimulation and 
S. Typhimurium infection. Comparison of genes regulated (up or down) by ³2-fold by 

Tpl2D270A mutation following either 0.5 h S. Typhimurium infection or LPS stimulation. The 

overlap has significance of p < 0.0001 (****). 
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Figure 50: TCF and IEG expression is regulated by TPL-2 kinase activity following 
S. Typhimurium infection. BMDMs were generated from at three WT (C57BL/6J) and 

Tpl2D270A/D270A mice for each genotype and infected with S. Typhimurium (MOI of 5) over 

a 2 h time course. Total RNA was extracted and analysed by RNAseq. Graphs show 

average normalised expression values for 3 biological replicates for TCF (Elk1, Elk3 and 

Elk4) (top panel) and TCF-regulated IEG genes (Egr1, Egr3 and Nr4a1) (bottom 
panel).  P adjusted (Padj) values from RNAseq differential gene expression analysis 

shown:  *, Padj < 0.05, **, Padj < 0.01, ***, Padj < 0.001, ****, Padj < 0.0001. 
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3.9.3 TPL-2 regulates AP-1 gene expression following S. Typhimurium 
infection  

To determine the possibility of whether AP-1, and in particular FOS family members, 

may contribute to the regulation of gene expression by TPL-2 following S. 

Typhimurium infection, mRNA for AP-1 genes was analysed (Figure 51). 

 

Similar to LPS stimulation of BMDMs, ATF family members were not consistently 

regulated. Only Atf1 and Atf3 were regulated, with Atf1 downregulated and Atf3 

upregulated, by Tpl2D270A mutation following infection. Jun and Junb mRNA levels 

were also regulated, with Jun mRNA increased in cells with Tpl2D270A mutation, 

whereas Jund mRNA levels were decreased.  

 

Similar to LPS stimulation results, all Fos family members were downregulated in 

Tpl2D270A macrophages. All FOS family genes were downregulated at early time 

points (up to 2 h) in Tpl2D270A/D270A BMDMs compared to WT. Similar to LPS-

stimulated macrophages Fos was the most highly expressed gene of the family 

members. This suggests that FOS family members may play an important role in 

regulating genes following S. Typhimurium infection. 
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Figure 51: AP-1 gene expression following S. Typhimurium infection. BMDMs were 

generated from three WT (C57BL/6J) and Tpl2D270A/D270A mice for each genotype and 

infected with S. Typhimurium (MOI of 5) over a time course of 8 h (up tp 2 h shown). Total 

RNA was extracted and sequenced by RNAseq. Normalised expression values of AP-1 

family mRNA expressed in WT or Tpl2D270A/D270A macrophages from 0 - 2 h. P adjusted 

(Padj) values from RNAseq differential gene expression analysis shown:  *, Padj < 0.05, 

**, Padj < 0.01, ***, Padj < 0.001, ****, Padj < 0.0001. 
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3.10  Summary 

- RNAseq was used to comprehensively identify genes regulated by TPL-2 

catalytic activity in LPS-stimulated and S. Typhimurium-infected 

macrophages. 

 

- Bioinformatic analysis of these genes, using the Metacore pathway analysis 

tool, confirmed the importance of TPL-2 kinase activity in regulating key 

pathways in the immune response and regulation of inflammation. 

 

- Gene expression analysis in Tpl2D270A/D270A BMDMs validated earlier studies 

using Tpl2-/- macrophages, confirming that the regulation of specific cytokines 

(Ifnb1, Il1, Il23, Il10, Cxcl2 and Cxcl3) was due to blocking TPL-2 signalling 

and not the absence of ABIN-2.  

 

- Bioinformatic analysis of promoters of rapidly induced genes following LPS 

stimulation, which had significantly reduced expression levels in 

Tpl2D270A/D270A BMDMs compared to WT control cells, revealed significant 

enrichment of NF-κB, TCF and AP-1 binding sites.  

 

- There was significant overlap between RelA-bound genes identified by ChIP 

and genes highly downregulated by Tpl2D270A mutation in LPS-stimulated 

macrophages. 

 

- Expression of several known TCF target genes were regulated by TPL-2 

catalytic activity in both LPS-stimulated and S. Typhimurium-infected 

macrophages, suggesting TPL-2 regulates transcription via TCF proteins in 

macrophages.  

 

- Immunoblotting revealed that ELK1 phosphorylation at site S390 is 

dependent on TPL-2 activation of ERK1/2 in macrophages following LPS 

stimulation.  
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- TPL-2 regulates other ETS family members: ETV3 and ERF. Immunoblotting 

confirmed that both proteins have phosphorylation sites regulated by TPL-2 

signalling:  S250 and T529, respectively.  

 

- Analysis of AP-1 gene expression following LPS stimulation and S. 

Typhimurium infection of WT and Tpl2D270A/D270A BMDMs, via RNAseq 

revealed that FOS expression is regulated by TPL-2 kinase activity. 

 

- FOS mRNA expression is decreased to a similar level in Tpl2D270A/D270A and 

Elk1/4-/- macrophages compared to WT cells. FOS protein expression is 

also reduced in both Tpl2D270A/D270A and Elk1/4-/- macrophages. 

 

- The phosphorylation of FOS at S362/S374 was also found to be regulated 

by TPL-2 by immunoblotting experiments 
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Chapter 4. Comparison of gene regulation by TPL-2, 
FOS and TCFs 

4.1 Introduction  

4.1.1 AP-1 protein: FOS 

FOS is an IEG that encodes a basic leucine zipper (bZIP) TF which binds other TFs 

(e.g. JUN family proteins) to form AP-1 dimers. FOS regulates cell differentiation and 

proliferation. Importantly, FOS dysregulation is associated with abnormal 

development and oncogenic progression. In contrast to JUN family proteins that 

homodimerise to form a DNA binding AP-1 protein, FOS proteins form heterodimers 

with JUN family members, MAF and ATF bZIP proteins to bind to DNA and regulate 

transcription (Erfel & Wagner, 2003). 

 

Studies using total KOs of AP-1 family members have demonstrated essential roles 

for AP-1 in embryonic and/or postnatal development. For example, FRA-1, JUN-B or 

JUN KOs are embryonically lethal at days E9.5, E8-10 and E12.5, respectively, while 

FRA2 deficiency results in death at birth. Male JUN-D KO mice are sterile and FOS-

B KOs have nurturing defects. Although mice lacking FOS are viable, they develop 

approximately 40-60% smaller in size as embryos and only 40% survive to term. In 

addition, the surviving 40% exhibit growth retardation, severe osteopetrosis, delayed 

or absent gametogenesis, altered haematopoiesis and abnormal behaviour (Jochum 

et al., 2001). Although these studies highlight the importance of AP-1 family 

members in development, further experimentation is needed to fully elucidate cell 

type-specific roles of these proteins and their downstream target genes.  

 

Although the majority of studies investigating the role of FOS in transcription have 

been in the context of proliferative cells, especially cell transformation in cancer, FOS 

has also been shown to regulate the expression of important innate immune 

cytokines. For example, inhibition of FOS has been shown to increase IL-10 levels, 

which led to decreased bacterial killing of Brucella abortus (Hop et al., 2018). In 

addition, FOS overexpression in DCs has suggested a negative regulatory role for 
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FOS in Ifnb1 expression (Kaiser et al., 2009). Yet, its physiological role in 

macrophage transcription regulation is not fully understood.  

4.1.2 TCF proteins 

Studies investigating how FOS transcription is regulated in serum-stimulated 3T3 

fibroblasts identified the TCF family of TFs, which are phosphorylated and activated 

by ERK1/2 downstream of RAS/RAF signalling. Phosphorylation of FOS by ERK1/2 

downstream of TCF activation stabilises the protein to allow it to dimerise and 

regulate transcription (Eferl & Wagner, 2003). TCFs have been shown to regulate 

transcription in fibroblasts by associating with SRF and binding to SREs in gene 

promoters regulating genes that control proliferation and cell growth in response to 

growth factors (Costello et al., 2010; Esnault et al., 2017; Gualdrini et al., 2016). 

 

In addition to studies in fibroblasts, functions of TCFs in T cell development have 

been studied in detail, showing that TCFs regulate transcription of IEGs downstream 

of TCRs to control the number of CD8+ T cells; however, their role in innate immune 

cells has not been established (Costello et al., 2010). The results from the previous 

chapter suggest that TPL-2 regulates transcription of FOS in macrophages via 

ERK1/2 regulation of TCF proteins downstream of TPL-2 activation.   

 

In this chapter, RNAseq analyses were used to gain a better understanding of the 

role of FOS and TCF proteins in regulating transcription in TLR-stimulated 

macrophages. 

 

 

4.2 Fos regulates immune signalling pathways  

To gain a better understanding of the role FOS has on global gene expression in 

macrophages, RNAseq was used to examine the effect of FOS deficiency in LPS-

stimulated macrophages.  

 

As FOS KO mice develop severe bone abnormalities, a myeloid cell-specific KO was 

generated by using a Cre-loxP recombination system with a LysM-Cre driver 
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(Fleishman et al., 2003; Bakiri et al., 2011). Cells expressing Cre-recombinase delete 

exons 2-4, including the dimerisation and transactivation domains of FOS. The 

deleted locus expresses a non-functional mutant protein that consists of Exon 1 

followed by the sequence for EGFP (FOS-Exon1-EGFP protein) from the Fos 

promoter. Mice expressing the Cre-recombinase in myeloid cells along with the 

mutant FOS protein will be referred to as FosKO cells in the experiments described 

below. In addition, control mice, which do not express the mutant FOS locus and 

therefore express WT FOS protein, yet express the Cre recombinase in the myeloid 

cells, will be referred to as LysM-Cre mice.  

 

BMDMs generated from LysM-Cre (control) and FosKO mice were stimulated with 

LPS over a 2 h time course. Total RNA was extracted and analysed using RNAseq. 

The experiment was designed to be similar to the RNAseq experiment with 

Tpl2D270A/D270A BMDMs (described in chapter 3) to allow direct comparison of results.  

 

To ensure successful Cre deletion, RT-qPCR analysis was performed to confirm that 

WT Fos mRNA was not expressed in KO cells. As expected, levels of Fos mRNA 

were significantly reduced in FosKO BMDMs at all time points (Figure 52; left panel). 

As an additional control, mRNA levels of a known target gene of FOS, Fra1, were 

analysed by RT-qPCR. Deletion of Fos reduced expression of Fra1 mRNA at all time 

points following LPS stimulation (Figure 52; right panel). Furthermore, coverage of 

C-terminal exons of Fos was reduced in RNAseq data (Figure 53); in LysM-Cre cells 

mRNA from all exons of the gene had sequence reads, whereas in the FosKO cells 

only mRNA from exon 1 and a small fraction of exon 2 was covered by reads in the 

RNAseq data. In FosKO mice, exon 1 is attached to the sequence encoding EGFP, 

which is a mutant version of a WT GFP gene from the jellyfish Aequorea victoria 

(Zhang et al., 1996) and therefore is not encoded by the mm10 mouse genome.  
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Figure 52: FosKO macrophages have reduced Fos and Fra1 mRNA expression. 
BMDMs were generated from three LysM-Cre (WT) and three FosKO mice and were 

stimulated with 100 ng/ml LPS over a 2 h time course. Total RNA was extracted, and mRNA 

was analysed by RT-qPCR for Fos and Fra1 (relative to Hprt expression). Relative units 

(RU) of average expression from the 3 biological replicates are shown. Mean of individual 

cell cultures ± SEM. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001. Two-way 

ANOVA. Representative of at least three independent experiments with similar results.  
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Figure 53: QC for FosKO BMDMs in RNAseq experiment. BMDMs were generated 

from LysM-Cre and FosKO mice (n = 3) and were stimulated with 100 ng/ml LPS over a 

2 h time course. Total RNA was extracted and analysed by RNAseq and sequencing 

data visualised by IGV viewer shows the coverage / number of reads of the Fos gene.  

One representative biological replicate for each genotype is shown. Fos coverage in WT 

cells shown in blue with a schematic of the structure of the gene in BMDMs shown below 

in the same colour. Fos coverage in KO cells shown in orange with the gene map shown 

below in the same colour. 
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Similar to RT-qPCR results, Fra1 expression was reduced in FosKO cells compared 

to LysM-Cre cells at all stimulated time points (Figure 54). Within the RNAseq data, 

basal expression of Fra1 in unstimulated cells was also reduced in FosKO compared 

to control cells. Fra2 mRNA was expressed at high levels in LysM-Cre cells following 

LPS stimulation relative to other FOS family genes and this was significantly reduced 

in the absence of FOS expression. Fosb mRNA was only reduced at 0.5 h LPS 

stimulation in FosKO BMDMs compared to controls.  

 

Figure 54: FOS regulates other FOS family member expression. BMDMs were 

generated from LysM-Cre and FosKO mice (n = 3). Cells were stimulated with LPS over 

a 2 h time course. Total RNA was extracted and analysed by RNAseq. Averages of 

normalised expression values from three biological replicates for Fos family members 

are shown over the time course. P adjusted (Padj) values from RNAseq differential gene 

expression analysis shown. *, Padj < 0.05; **, Padj < 0.01; ***, Padj < 0.001, ****, 

Padj<0.0001. 
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The general effect of FOS deficiency on gene expression in LPS-stimulated BMDMs 

was analysed next. FOS was found to be required for maximal expression of 4079 

genes, with 18% (748/4079) of these genes downregulated ³2-fold in FosKO 

BMDMs compared to LysM-Cre cells following LPS stimulation at one time point or 

more (Figure 55). In addition, 4261 genes were upregulated in FosKO macrophages 

compared to WT cells following LPS stimulation, with 22% (952/4261) regulated ³2-

fold at one time point or more. Basal expression (without stimulation) of 812 genes 

was also altered ³2-fold in FosKO BMDMs compared to WT BMDMs (Figure 55; top 

Figure 55: FOS-regulated gene expression following LPS stimulation. BMDMs were 

generated from LysM-Cre and FosKO mice (n = 3) and stimulated with 100 ng/ml LPS 

over a 2 h time course. Total RNA was extracted and analysed by RNAseq. Log2 fold 

changes were calculated for genes at each time point. Genes which were significantly 

up- or downregulated (³2-fold change and P adjusted (Padj) values < 0.05) are shown 

in orange or black, respectively, with the total numbers indicated in the same colour text. 
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left), which suggests that FOS may play a role in the development of these cells. 

These results suggest that FOS plays an important role in regulating gene 

expression in unstimulated and TLR-stimulated macrophages.  

 

To gain a better insight into the functions of FOS in LPS-stimulated macrophages, 

FOS-regulated genes were analysed using the Metacore programme to calculate 

enrichment of FOS-regulated genes within particular pathways. Analysis of genes 

regulated at 0.5 h stimulation would likely show pathways that are more directly 

regulated by FOS. 

 

Genes found to be upregulated in FosKO cells compared to LysM-Cre were analysed 

using the pathway enrichment analysis function of Metacore, revealing significant 

enrichment in several type I IFN signalling pathways (Figure 56; top panel). In 

addition, pathways involved in antigen presentation and phagocytosis were also 

enriched at this time point.  Pathways involved in cell cycle and DNA damage repair 

were downregulated in FosKO BMDMs compared to LysM-Cre (Figure 56; bottom 

panel).  

 

Although it was hypothesised that analysis of genes regulated at later time points, 

such as 2 h LPS stimulation, would show enrichment of different pathways activated 

by secondary signalling, many of the same pathways were also highly enriched at 1 

h and 2 h LPS stimulation. For example, pathways involved in type I IFN signalling 

were upregulated in FOS-deficient cells at both later time points and cell cycle-

related pathways were downregulated in the FosKO cells at the same time points. 

Therefore, expression of FOS within macrophages has a clear role in type I IFN 

signalling as well as cell cycle regulation.  
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Figure 56: Regulated pathways in FosKO cells. The top 10 most enriched pathways are 

presented, ranked by -log10(p adjusted (Padj) value); size and colour of data points are also 

proportional to -log10(Padj). (Top panel) Metacore analysis of genes upregulated in FosKO 

BMDMs compared to WT at 0.5 h LPS stimulation.  (Bottom panel) Metacore analysis of 

genes downregulated in FosKO BMDMs compared to WT at 0.5 h LPS stimulation.   
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4.3 FOS regulates a significant fraction of the transcriptional 
output of TPL-2 signalling 

Experiments discussed in chapter 3.7 of this thesis showed that TPL-2 regulates 

FOS expression and phosphorylation. Therefore, it is possible that FOS is mediating 

gene regulation downstream of TPL-2 activation. In order to investigate this 

hypothesis, genes regulated by either Tpl2D270A mutation or expression of FOS in 

RNAseq datasets (described in sections 3.2 and 4.1, respectively) were compared 

for any overlap. 

 

Of the 131 genes whose expression was increased by Tpl2D270A mutation (³2-fold) 

over the 2 h LPS time course (including unstimulated), approximately one third 

(44/131) were also upregulated (³2-fold) in FosKO BMDMs compared to LysM-Cre 

cells at any time point (0 - 2 h) (Figure 57).  Furthermore, 23 % (64/278) of genes 

Figure 57: Percentage of TPL-2-regulated genes also regulated by FOS. A 

comparison of TPL-2- and FOS-regulated genes in RNAseq datasets. Figures represent 

the percentage of TPL-2-regulated genes that are also regulated by FOS with each dot 

representing 1%. (Left panel) Overlap of genes upregulated by Tpl2D270A mutation and 

FOS-deficiency. (Right panel) Overlap of genes downregulated by Tpl2D270A mutation 

and FOS-deficiency. 
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whose expression was decreased (³2-fold) by Tpl2D270A mutation were also 

downregulated (³2-fold) in FosKO BMDMs compared with LysM-Cre cells. These 

results indicate that FOS mediates over a quarter (108/391) of the transcriptional 

output of TPL-2 signalling in TLR4-stimulated macrophages.  

  

Within the list of genes upregulated by both Tpl2D270A mutation and FOS-deficiency, 

Ifnb1, Cxcl9 and Tnfsf10 were present, along with other genes that regulate innate 

immune mediators, such as Nos2. Within the list of genes downregulated by both 

Tpl2D270A mutation and FOS-deficiency, Il10, Cxcl3, Ccl17, Tnfsf14 and Il1r1 were 

present. The expression profiles of these genes were analysed along with other 

known TPL-2 regulated cytokines to determine if they were regulated in a similar 

manner (Figure 58).  For example, Ccl17, Cxcl3, Cxcl9, Ifnb1, Il10 shared similar 

kinetic profiles of induction, with the same direction of regulation in the mutant cells 

compared to their relative WT controls. The co-regulation of cytokine, cytokine 

receptors and genes involved in innate immune cell mediator production by both 

TPL-2 kinase activity and FOS suggests that these genes could be regulated by TPL-

2 activation of FOS.  

 

Metacore analysis identified FOS as a potential mediator of TPL-2 transcriptional 

regulation in kinetic clusters that were most likely to be directly regulated by TPL-2 

signalling (in particular Clusters 1 and 4) (Figure 27 and 28). It was investigated 

whether the expression of genes in these clusters were also regulated by FOS 

deficiency. Over 55% of the genes in Cluster 1 and 4 (36/64) were regulated ³2-fold 

by FOS. This analysis suggests that the TPL-2 – ERK1/2 MAPK pathway regulation 

of FOS plays an important role in the regulation of gene expression by TPL-2 in 

innate immune responses. 
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Figure 58: Cytokine regulation in Tpl2D270A/D270A and FosKO BMDMs. BMDMs were 

generated from at least three WT (C57BL/6J), Tpl2D270A/D270A, LysM-Cre and FosKO mice 

for each genotype and stimulated over a 2 h time course with 100 ng/ml LPS. Total RNA 

was extracted and sequenced by RNAseq. Normalised expression values of cytokines. 

P adjusted (Padj) values from RNAseq differential gene expression analysis shown:  *, 

Padj < 0.05, **, Padj < 0.01, ***, Padj < 0.001, ****, Padj < 0.0001. 
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4.4 TCF regulation  

In addition to my work analysing the proportion of TPL-2 transcriptional activity that 

was dependent on FOS, Michael Pattison (Ley lab) also investigated the role of TCF 

proteins downstream of TPL-2 signalling and analysed the proportion of the output 

of TPL-2 transcriptional activity that was dependent on these proteins by RNAseq. I 

have summarised his analysis of the overlap of TPL-2-regulated genes with those 

regulated by TCFs below. This work is relevant for this thesis as FOS is a known 

target of TCFs and I have used his results to compare with the FOS RNAseq dataset 

to explore genes that may be regulated downstream of TCF and FOS following 

activation of TPL-2 kinase activity.  

 

ELK1 and ELK4 act redundantly and their KO phenotypes are distinct from those of 

ELK3 (Costello et al., 2010; Weinl et al., 2014). Therefore, to determine the role of 

TCFs in macrophages, Michael used RNAseq to identify TCF-dependent genes by 

comparing gene expression in Elk1/4-/- and WT control BMDMs following LPS 

stimulation. 

 

Of the 278 genes whose expression was decreased by Tpl2D270A mutation (³2-fold) 

over the 2 h time course, over 55% (153/278) were also downregulated (³2-fold) in 

LPS-stimulated TCF-deficient cells (Figure 59). Furthermore, 44% (58/131) of genes 

whose expression was increased (³2-fold) by Tpl2D270A mutation were also 

upregulated (³2-fold) in TCF-deficient cells over the 2 h LPS time course. These 

results indicate that TCFs mediate a major transcriptional output of TPL-2 signalling 

in TLR4-stimulated macrophages.  

 

In total, 211 genes were found to be ³2-fold co-regulated by TPL-2 and TCFs. 

Analysis of these genes using the Metacore programme revealed an enrichment for 

processes involving Th17 cytokines, chemotaxis, signalling and proliferation. 

Pathway enrichment analysis demonstrated involvement of these genes in a range 

of immune and inflammation pathways, including IL-1 signalling and inflammatory 

responses associated with asthmatic airway fibroblasts. This analysis suggests that 
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TCFs activated by the TPL-2 – ERK1/2 MAPK pathway in macrophages regulate 

genes important in the orchestration of the innate immune response. 

4.5 Genes regulated by TPL-2, TCF and FOS 

Fos is a direct target gene of TCF proteins (Gille et al., 1992). To determine whether 

TPL-2 regulates genes via a TCF-FOS signalling axis, genes regulated by TPL-2 

catalytic activity identified by RNAseq of Tpl2D270A/D270A BMDMs were compared to 

gene lists generated from the RNAseq experiments using both Elk1/4-/- BMDMs and 

Figure 59: Percentage of TPL-2-regulated genes also regulated by TCFs. A 

comparison of TPL-2- and TCF-regulated genes in RNAseq datasets. Diagrams 

represent the percentage of TPL-2 regulated genes that are also regulated by TCFs with 

each dot representing 1%. (Left panel) Overlap of genes upregulated by Tpl2D270A 

mutation and ELK1/4-deficiency. (Right panel) Overlap of genes downregulated by 

Tpl2D270A mutation and ELK1/4-deficiency. This work was carried out by Michael Pattison 

with the help of Probir Chakravarty. 
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FosKO BMDMs. 29% (44/153) of the genes that were downregulated both in 

Tpl2D270A/D270A and Elk1/4-/- cells relative to WT cells were also downregulated in 

FOS-deficient cells compared to the LysM-Cre controls. In addition, over 50% (30/58) 

of genes upregulated in both Tpl2D270A/D270A and Elk1/4-/- BMDM RNAseq datasets 

were also upregulated in FOS-deficient cells. These results indicate that a significant 

fraction of genes regulated by TPL-2 catalytic activity is controlled via an ERK1/2-

TCF-FOS pathway 

 

Figure 60: Relative percentage of TPL-2-regulated genes also regulated by FOS 
and TCF proteins. A comparison of TPL-2-, TCF- and FOS-regulated genes in RNAseq 

datasets. (Top panel) Overlap of genes upregulated by Tpl2D270A mutation and TCF- and 

FOS-deficiency. (Right panel) Overlap of genes downregulated by Tpl2D270A mutation, 

TCF- and FOS-deficiency. 
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4.6 Summary  

- Global analysis of FOS-regulated genes in LPS-stimulated BMDMs has 

shown that FOS is important in the regulation of immune response pathways 

as well as processes and pathways associated with cell cycle and repair. 

 

- Over a quarter of genes regulated by TPL-2 kinase activity (up or down) are 

similarly regulated by the expression of FOS in BMDMs. These genes 

included IEGs, TFs and several innate immune mediators.  

 

- Analysis carried out by Michael Pattison showed that over 50% of genes that 

were regulated in Tpl2D270A/D270A macrophages (up or down) were similarly 

upregulated in Elk1/4-/- macrophages. 

 

- A fifth of TPL-2-regulated genes were regulated by both TCF and FOS 
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Chapter 5. Analysis of IFN-β gene regulation by 
TPL-2 and FOS 

5.1 Introduction  

The lab has previously shown that TPL-2 activation of ERK1/2 inhibits IFN-β 

production in LPS-stimulated BMDMs and BMDCs (Kaiser et al., 2009). Subsequent 

studies have underlined the importance of this negative regulation, demonstrating 

that TPL-2 inhibition of type I IFN signalling is essential for effective innate immune 

responses to Mtb and Listeria monocytogenes (McNab et al., 2013). In addition, 

RNAseq from section 3.9 of this thesis has shown that TPL-2 negatively regulates 

type I IFN expression and signalling in BMDMs infected with S. Typhimurium. 

Experiments with IFNAR KO mice would suggest that this regulation is likely to be 

beneficial for the host in the immune response to the bacterium (N. Robinson et al., 

2012). However, the mechanism by which IFN-β production is controlled by TPL-2 

kinase activity is not fully understood.  

 

5.1.1 Transcriptional regulation of Ifnb1 

Control of Ifnb1 transcription involves modulation of TF binding to enhancer regions 

upstream of the promoter. Transcription requires cooperative binding of TFs to 

multiple enhancer binding sites, forming a DNA and multiprotein complex called the 

“enhanceosome”. The IFN enhancer region has tightly compacted TF binding sites, 

located within a span of 55 bp, that is located from -102 to -47 bp upstream of the 

TSS. Within this enhancer region there are four positive regulatory domains (PRDs): 

PRDI and III are bound by dimers of IRF TFs, PRDII is bound by a dimer of NF-κB  

TFs and PRDIV is bound by an AP-1 dimer (Figure 61). In addition to these TF dimers, 

the co-activator high mobility group AT-hook 1 (HMGA1) also binds to complete the 

enhanceosome. In unstimulated cells, the TSS of Ifnb1 gene is occluded by a 

nucleosome. Following stimulation, the assembled enhanceosome recruits histone 

acetyl transferases, CREB binding protein (CBP) or the closely related paralog p300 

to acetylate lysine residues of histones H3 and H4 in the nucleosome. These histone 

modifications initiate the recruitment of a nucleosome modification complex, BAF 
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complex, which displaces the nucleosome from the transcription start site. This 

facilitates the recruitment of the transcription complex TFIID to the TATA box of the 

promoter, inducing transcription of Ifnb1 (Pan & Nussinov, 2011). 

 

Distinct signalling pathways promote binding of different dimers to the enhancer; 

therefore, formation of the enhanceosome requires the coordinated activation of 

these pathways to recruit RNA polymerase II. 

 

5.2 TPL-2 kinase activity negatively regulates IFN-β gene expression in 
macrophages and dendritic cells following TLR4 stimulation 

The lab has previously shown that TPL-2 deficiency in BMDMs upregulates mRNA 

expression and production of IFN-β after LPS or CpG stimulation (Kaiser et al., 2009). 

Therefore, it was investigated whether this was also the case in Tpl2D270A/D270A cells. 

BMDCs generated from Tpl2D270A/D270A and WT control mice were stimulated for 3 h 

with LPS. BMDCs were also generated fromTpl2-/- mice for direct comparison with 

earlier studies by the Ley lab. 

 

Figure 61: Ifnb1 enhanceosome. The Ifnb1 enhancer region is made up of four PRD 

domains. TF dimers bind to these domains to form the Ifnb1 enhanceosome: PRDI and 

III bind IRF dimers, PRDII NF-κB dimers and PRDIV binds AP-1 dimers. These TF dimers 

then bind to CBP or p300, which recruit HATs to modify nearby nucleosomes to uncover 

the TATA box, allowing subsequent binding of RNA polymerase II (RNA POL II) and 

TFIID to initiate transcription.  
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LPS-induced expression of Ifnb1 mRNA was significantly increased in both Tpl2-/- 

and Tpl2D270A/D270A BMDCs compared to WT BMDCs. However, Ifnb1 mRNA levels 

in Tpl2-/- BMDCs were increased significantly in comparison to Tpl2D270A/D270A BMDCs 

upon LPS stimulation (Figure 62). 

 

BMDMs were generated from Tpl2D270A/D270A and Tpl2-/- mice and stimulated with 100 

ng/ml LPS over a 2 h time course. Tpl2D270A/D270A and Tpl2-/- BMDMs exhibited an 

increase in Ifnb1 mRNA in comparison to WT controls at 2 h. However, there was no 

significant difference between Tpl2D270A/D270A and Tpl2-/- BMDMs, in contrast to 

BMDCs (Figure 63). Nevertheless, these data show that TPL-2 kinase activity 

negatively regulates Ifnb1 mRNA production in both BMDCs and BMDMs. 

 

Figure 62: TPL-2 expression and kinase activity negatively regulates Ifnb1 
expression in BMDCs. BMDCs were generated WT (C57BL/6J), Tpl2-/- and 

Tpl2D270A/D270A mice (n = 3) and stimulated for 3 h with 100 ng/ml LPS. Total RNA was 

extracted and Ifnb1 mRNA expression was measured by RT-qPCR (normalised to Hprt 

mRNA). The graph shows a mean of individual cell cultures ± SEM. ****, P < 0.0001; 

two-way ANOVA. Representative of at least three independent experiments with similar 

results.  
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To validate the RNAseq data from BMDMs infected with S. Typhimurium, which 

showed an increase of Ifnb1 expression compared to WT (see section 3.9), RNA 

was extracted from WT and Tpl2D270A/D270A macrophages that had been infected with 

S. Typhimurium and analysed using RT-qPCR. Similar to stimulation with LPS, there 

was a significant increase of Ifnb1 expression in Tpl2D270A/D270A BMDMs relative to 

WT BMDMs at the 2 h time point, which was sustained up to 8 h post infection (Figure 

64).  

 

 

 

Figure 63: TPL-2 expression and kinase activity negatively regulate Ifnb1 
expression in BMDMs. BMDMs were generated WT (C57BL/6J), Tpl2-/- and 

Tpl2D270A/D270A mice (n = 4) and stimulated over a 2 h time course with 100 ng/ml LPS. 

Total RNA was extracted and Ifnb1 mRNA expression was measured by RT-qPCR 

(normalised to Hprt mRNA). The graph shows a mean of four individual cell cultures ± 

SEM. ***, P < 0.001, ****, P < 0.0001; two-way ANOVA. Representative of at least three 

independent experiments with similar results. 

 

 



Chapter 5. Results 

 

174 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64: TPL-2 kinase activity negatively regulates Ifnb1 expression following 
S. Typhimurium infection. BMDMs were generated from WT (C57BL/6J) and 

Tpl2D270A/D270A mice (n = 3) and infected with S. Typhimurium (MOI of 5) over an 8 h time 

course under CL2 conditions. Total RNA was extracted and Ifnb1 mRNA expression 

was measured by RT-qPCR (normalised to Hprt mRNA). The graph shows a mean of 

individual cell cultures ± SEM. *, P < 0.05, ***, P < 0.001. Two-way ANOVA. 

Representative of at least two independent experiments with similar results.  
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5.3 Protein synthesis-dependent and -independent regulation 
of Ifnb1 

As shown in section 3.4, within the RNAseq data analysing differential gene 

expression between WT and Tpl2D270A/D270A macrophages stimulated with LPS, IL-

10, IL-1α and IL-1β expression was decreased in cells with Tpl2D270A mutation 

compared to WT cells (Figure 19). As these ILs have previously been shown to 

negatively regulate Ifnb1, decreased expression of IL-10, IL-1α and IL-1β in 

Tpl2D270A/D270A macrophages could allow for increased expression of Ifnb1 in these 

cells (Conaway et al., 2017; Mayer-Barber et al., 2014).  

 

Experiments involving the pre-treatment of macrophages in culture with IL-10 or IL-

1, or anti-IL-10 and anti-IL-1 along with LPS stimulation could determine whether the 

regulation of Ifnb1 by these cytokines is true; restricted time within this project has 

meant this was not possible.  

 

To determine whether de novo protein synthesis negatively regulated Ifnb1 

transcription, BMDMs were stimulated ± CHX. Induction of Ifnb1 expression was 

increased in the presence of CHX compared to untreated controls in both WT and 

Tpl2D270A/D270A BMDMs (Figure 65).  The increase of Ifnb1 expression in CHX-treated 

WT cells, compared to untreated cells, suggests that there is a protein synthesis-

dependent inhibitory regulation of Ifnb1 expression; although this increase may also 

be due to activation of stress-activated MAPKs, such as JNK, following CHX 

treatment (Cargnello & Roux, 2010) , ultimately leading to increased activation of 

ATF2 and JUN, which have a positive effect of Ifnb1 transcription (Honda et al., 

2005). In addition to this protein synthesis-dependent regulation, the absence of 

TPL-2 kinase activity increases the levels of Ifnb1, suggesting that there is an 

addition negative regulation of Ifnb1 that is protein synthesis-independent.  

 

In the previous study by Kaiser et al. (2009), however, it was shown that there was 

no increase in Ifnb1 expression between CHX-treated and -untreated Tpl2-/- BMDCs 

and BMDMs stimulated with CpG (though BMDM data not shown). Therefore, it was 

concluded that negative regulation of Ifnb1 by protein synthesis was TPL-2-

dependent. However, these experiments suggest that there is an increase in Ifnb1 



Chapter 5. Results 

 

176 

 

expression in both WT and Tpl2D270A/D270A cells upon CHX treatment. Nevertheless, 

fold changes in stimulated WT cells are greater than in Tpl2D270A/D270A cells following 

CHX treatment. Thus, Ifnb1 transcription is regulated by TPL-2 catalytic activity, at 

least in part, independently of protein translation following LPS stimulation.  

 

5.4 TPL-2 kinase activity regulates IFN-β protein expression in 
macrophages downstream of TLR1/2, TLR4, TLR9 and TNFR 
stimulation 

To determine whether the increase in Ifnb1 gene transcription led to an increase in 

IFN-β protein levels, concentrations of IFN-β in the supernatant of WT and 

Tpl2D270A/D270A BMDM cultures were measured by ELISA. As expected, following 2 h 

Figure 65: Ifnb1 expression is negatively regulated via a de novo protein 
synthesis-dependent mechanism.  Before stimulation with LPS for 2 h, BMDMs 

generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 4) were incubated with 

CHX as indicated. Total RNA was extracted, and Ifnb1 mRNA expression was measured 

by RT-qPCR (normalised to Hprt mRNA). The graph shows mean ± SEM from individual 

cell cultures. *, P < 0.05, ***, P < 0.001. Two-way ANOVA. Results are representative 

of two independent experiments with similar results. 
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LPS stimulation there was a significant increase in the levels of IFN-β secreted by 

Tpl2D270A/D270A BMDMs compared to WT cells (Figure 66).  

 

TPL-2 expression has previously been shown to negatively regulate IFN-β 

production following CpG stimulation of TLR9 in BMDMs (Kaiser et al., 2009). With 

this in mind, it was determined whether TPL-2 kinase activity was critical in Ifnb1 

regulation downstream of other PRRs. BMDMs from Tpl2D270A/D270A mice were 

stimulated with CpG to activate TLR9, Pam3CSK4 to activate TLR1/2, and TNF to 

activate signalling from the TNFR1. Significant increases in Ifnb1 mRNA were 

observed following 8 h stimulation with all three ligands (Figure 67). In addition, 

significant increases in IFN-β protein concentration were observed in Tpl2D270A/D270A 

BMDMs in culture supernatants compared to WT controls. In conclusion, TPL-2 

negatively regulated Ifnb1 mRNA and protein expression downstream of these 

multiple TLRs and TNFR1.  

Figure 66: TPL-2 negatively regulates IFN-β expression downstream of TLR4 
activation. BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 

4) and were stimulated with 100 ng/ml LPS for 2 h. IFN-β production in culture 

supernatants was determined by ELISA. The graph shows the mean ± SEM from 

individual cell cultures. *, P < 0.05; One-way ANOVA. Results are representative of at 

least three independent experiments. 
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Figure 67: TPL-2 negatively regulates IFN-β expression downstream of TLR1/2, 
TLR9 and TNFR. BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice 

(n = 4) and stimulated over an 8 h time course with 500 mM CpG, 1 ng/ml Pam3CSK4 or 

1 μg/μl TNF. Total RNA was extracted and Ifnb1 mRNA expression was measured by 

RT-qPCR (normalised to Hprt mRNA). IFN-β production in culture supernatants after 8 

h of stimulation was determined by ELISA. Graphs show the mean of individual cell 

cultures ± SEM.). *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P<0.0001; Two-way 

ANOVA. Results are representative of at least three independent experiments.  
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5.5 Expression of type I IFNs are regulated by TPL-2, TCF and 
FOS proteins  

As discussed in section 4.3, analysing gene expression data generated from 

RNAseq showed that both TPL-2 kinase activity and FOS expression negatively 

regulate the expression of Ifnb1. In addition, analysis of gene expression in Elk1/4-/- 

BMDMs compared to WT cells following LPS stimulation by RNAseq revealed that 

Ifnb1 expression is also upregulated in TCF-deficient cells (Figure 68). Ifnb1 mRNA 

levels were significantly increased at 1 h in Tpl2D270A/D270A, Elk1/4-/- and FosKO 

BMDMs compared to their WT controls. LPS-induced Ifnb1 mRNA levels were also 

significantly increased at 2 h in both Tpl2D270A/D270A and FosKO BMDMs; whereas, at 

0.5 h LPS stimulation Ifnb1 expression was upregulated in the Elk1/4 -/- cells 

compared to WT controls. 

Figure 68: Ifnb1 expression is negatively regulated by TCF proteins. BMDMs were 

generated from WT (C57BL/6J) and Elk1/4-/- mice (n = 4). Cells were stimulated with 100 

ng/ml LPS over a 2 h time course. Total RNA was extracted and analysed via RNA 

sequencing. Normalised expression values for Ifnb1 shown for each genotype over the 

time course.  P adjusted (Padj) values from log2 fold change calculations from RNAseq 

dataset shown:  ****, Padj < 0.0001. 
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Ifnb1 is one gene in the type I IFN family which also includes 14 Interferon alpha 

(Ifna) genes in mice: Ifna1, 2, 4, 5, 6, 7, 9, 11, 12, 13, 14, 15, 16 and b. The 

expression of these Ifna genes was therefore analysed to see whether TPL-2 kinase 

activity or TCF or FOS expression regulate all type I IFN genes.  

 

There was no significant induction of Ifna genes in LPS-stimulated in WT or 

Tpl2D270A/D270A BMDMs and expression of only 9 out of 14 genes was detected within 

these cells (Figure 69). In addition, Ifna genes that were detected in these LPS-

stimulated macrophages had extremely low normalised expression values; 

maximum normalised expression values of 3, in comparison to over 600 for the 2 h 

time point for Ifnb1. However, as discussed in section 3.9, RNAseq analysis of 

BMDMs infected with S. Typhimurium, showed that there was significant induction 

of Ifna2, 4 and 5, as well as Ifnb1, in Tpl2D270A/D270A macrophages compared to WT 

cells (Figure 46). This suggests Ifna genes are more strongly induced following 

infection with live bacteria rather than signalling induced by soluble LPS.  

Nevertheless, induction of Ifna genes was extremely low in comparison to induction 

and expression values of Ifnb1, consequently it is likely that Ifnb1 plays a greater role 

in mediating type I IFN signalling downstream LPS stimulation and bacterial infection 

of macrophages.  

 

Unlike TPL-2, expression analysis of RNAseq datasets showed that TCF and FOS 

negatively regulate expression of several Ifna genes (Figure 70 and 71) as well as 

Ifnb1. However, similar to the dataset analysing S. Typhimurium-infected cells, 

normalised expression values of Ifna genes were lower than those of Ifnb1. Ifna2, 4 

and 5 were significantly upregulated in Elk1/4-/- BMDMs compared to WT cells 

(Figure 70). FOS deficiency had the greatest impact on Ifna genes with expression 

of Ifna1, 2, 4, 5, 6, 9, 11, 14, 16 and b significantly upregulated compared to LysM-

Cre controls (Figure 71).  
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Figure 69: Ifna genes are not regulated by TPL-2 in LPS-stimulated 
macrophages. BMDMs were generated from WT (C57BL/6J) and Tpl2D270A/D270A mice 

(n = 6). Cells were stimulated with 100 ng/ml LPS over a 2 h time course. Total RNA 

was extracted and analysed by RNA sequencing. Normalised expression values for 

Ifna genes detected in the RNAseq dataset.  
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Figure 70: Ifna2/4/5 are negatively regulated by TCFs. BMDMs were generated from 

at least three mice of both WT (C57BL/6J) and Elk1/4-/- genotypes. Cells were stimulated 

with 100ng/ml LPS over a 2 h time course. Total RNA was extracted and analysed by 

RNA sequencing. Normalised expression values for Ifna genes detected in the RNAseq 

dataset. P adjusted (Padj) values from log2 fold change calculations from RNAseq 

dataset shown:  *, Padj < 0.05, **. 
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Figure 71: Ifna genes are negatively regulated by FOS. BMDMs were generated 

from LysM-Cre and FosKO mice (n = 3). Cells were stimulated with 100ng/ml LPS 

over a 2 h time course. Total RNA was extracted and analysed via RNA sequencing. 

Normalised expression values, for Ifna genes detected in the RNAseq dataset. P 

adjusted (Padj) values from log2 fold change calculations from RNAseq dataset 

shown:  ***, Padj < 0.001, ****, Padj < 0.0001. 
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5.6 Expression of ISGs and IFN pathway associated genes are 
regulated by TPL-2, TCF and FOS proteins  

The Metacore programme was used to determine whether other genes associated 

with Ifnb1-regulated pathways were statistically enriched by Tpl2D270A mutation, 

ELK1/4 deficiency and/or FOS deficiency. After 2 h LPS stimulation, RNAseq data 

showed that genes involved in type I IFN related pathways were statistically enriched 

in gene lists regulated by TPL-2, TCF and FOS proteins. In addition, type I IFN-

related pathways were identified within the top 10 regulated pathways in all datasets 

(Figure 72, 73 and 74).  

 

Genes involved in the immune response with IFN-α/β signalling via MAPKs are 

statistically enriched in genes upregulated by Tpl2D270A mutation at 2 h LPS 

stimulation (Figure 72).  

 

Figure 72: Genes associated with IFNα/β signalling via MAPKs in the immune 
response are enriched in the TPL-2-regulated genes. Metacore analysis of TPL-2-

regulated genes at 2 h LPS stimulation in RNAseq data. The top 10 most enriched 

pathways are presented ranked by -log10(P adjusted (Padj)) values (-log10 (Padj) values).  

Size and colour of data points are also proportional to -log10(Padj). Pathways associated 

with IFN signalling are highlighted in red.  
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Figure 73: Genes associated with IFNα/β signalling in the immune response are 
enriched in TCF-regulated genes.  Metacore analysis of TCF-regulated genes at 2 h 

LPS stimulation in RNAseq data. The top 10 most enriched pathways are presented 

ranked by -log10(P adjusted) values (-log10 (Padj) values). Pathways associated with IFN 

signalling are highlighted in red. Padj value cut off (= 0.05) indicated by grey dashed line. 
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Figure 74: Genes associated with IFNα/β signalling in the immune response and 
attenuation of IFN signalling in melanomas are enriched in the FOS regulated 
genes.  Metacore analysis of FOS-regulated genes at 2 h LPS stimulation in RNAseq 

data. The top 10 most enriched pathways are presented ranked by -log10(P adjusted) 

values (-log10 (Padj) values). Size and colour of data points are also proportional to -

log10(Padj). Pathways associated with IFN signalling are highlighted in red.   
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Genes involved in IFN-α/β signalling via the JAK/STAT pathway are the most 

enriched category of genes upregulated by ELK1/4-deficency (Figure 73); this is also 

the case for analysis at 0.5 h and 1 h LPS stimulation. Furthermore, 3 of the top 4 

pathways upregulated in the absence of FOS expression following 2 h LPS 

stimulation are related to IFN signalling (Figure 74). Additionally, at 0.5 h and 1 h 

LPS stimulation, these are the top three regulated pathways.  

 

As other cytokines, such as IL-1 and IL-10, have been shown to negatively regulate 

IFN-β, the pathways downregulated by Tpl2D270A mutation, TCF and FOS deficiency 

were analysed to determine if there was common enrichment of IL-10 or IL-1 

signalling pathways in these cells. Although, IL-10 and IL-1 signalling pathways were 

enriched in genes downregulated in cells with Tpl2D270A mutation and TCF-deficiency, 

respectively, theses pathways did not appear in the most highly enriched pathways 

in FOS-deficient cells (Figures 75, 76 and 77).  

 

 

Figure 75: Pathways downregulated by Tpl2D270A mutation. Metacore analysis of 

genes downregulated by Tpl2D270A mutation at 2 h LPS stimulation in RNAseq data. The 

top 10 most enriched pathways are presented ranked by -log10(P adjusted) values (-log10 

(Padj) values). Size and colour of data points are also proportional to -log10(Padj).   
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Figure 76: Downregulated pathways in TCF-deficient cells. Metacore analysis of 

genes downregulated in cells deficient in ELK1/4 2 h LPS stimulation in RNAseq data. 

The top 10 most enriched pathways are presented ranked by -log10(P adjusted) values 

(-log10 (Padj) values). Size and colour of data points are also proportional to -log10(Padj). 

 



Chapter 5. Results 

 

189 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 77: Downregulated pathways in FosKO cells. Metacore analysis of genes 

downregulated in the absence of FOS at 2 h LPS stimulation in RNAseq data. The top 

10 most enriched pathways are presented ranked by -log10(P adjusted) values (-log10 

(Padj) values). Size and colour of data points are also proportional to -log10(Padj). 
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In addition to analyses using Metacore software, it was investigated whether IFN-

stimulated genes (ISGs) were regulated by TPL-2, TCF and FOS. Tong et al. (2016), 

generated a list of 64 ISGs that are expressed following stimulation of BMDMs with 

lipid-A (a component of LPS) by analysing expression of nascent transcripts from 

IFNAR-deficient BMDMs: genes that were expressed less than 30% compared to 

WT were classified as ISGs. This list was used to investigate whether ISGs were 

regulated at any time point by TPL-2, TCF or FOS proteins following LPS stimulation 

of BMDMs. As Ifnb1 was not regulated until at least the 0.5 h or 1 h time point, it was 

only expected that these genes would be regulated after this length of stimulation.  

 

13 of the 64 ISGs were regulated by TPL-2 catalytic activity (Figure 78). 11 ISGs 

were upregulated by the absence of TPL-2 kinase activity following 2 h LPS 

stimulation; Cxcl9 was also regulated at the 1 h time point. AA467197 and Ccnd2 

were significantly downregulated after 1 h and 2 h LPS stimulation, respectively, in 

Tpl2D270A/D270A BMDMs compared to WT cells.  

 

The regulation of Ifnb1 gene expression occurs earlier in Elk1/4-/- BMDMs and so 

does the induction of ISGs. 54 ISGs were upregulated by 0.5 h LPS stimulation in 

the absence of ELK1/4. The number of ISGs upregulated by ELK1/4-deficiency 

increases to 57 following 1 h LPS stimulation. Similar to the trend in Ifnb1 expression 

in TCF-deficient cells, fewer ISGs (48/64) are regulated at the 2 h time point (Figure 

79). None of the 64 ISGs were significantly downregulated in ELK1/4-deficient cells 

compared to WT over the time course.  

 

All of the 64 ISGs were regulated by FOS. The majority (62/64) of ISGs were 

upregulated in FosKO cells compared to LysM-Cre at least one time point over the 

LPS time course (Figure 80). In addition, Bst1 was downregulated at all stimulated 

time points in FosKO cells and Gnb4 was downregulated at 1 h in FosKO compared 

to LysM-Cre BMDMs. FOS deficiency in BMDMs had the greatest impact on ISGs 

over the time course (Figure 81). Fold changes between genotypes in unstimulated 

samples were not statistically significant. 
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Figure 78: TPL-2 kinase activity regulates expression of ISGs. Heatmap showing 

row normalised expression for ISGs (as defined in Tong et al. (2016)) in WT (C57BL/6J) 

and Tpl2D270A/D270A macrophages (n = 6) stimulated with 100 ng/ml LPS and analysed by 

RNAseq. ISGs regulated by TPL-2 at any time point over a 2 h time course LPS 

stimulation are indicated in bold.  
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Figure 79: TCF proteins regulate expression of ISGs. Heatmap showing row 

normalised expression for ISGs (as defined in Tong et al. (2016)) in WT (C57BL/6J) and 

Elk1/4-/- macrophages  (n = 3) stimulated with 100 ng/ml LPS and analysed by RNAseq. 

ISGs regulated by TCF proteins at any time point over a 2 h time course LPS stimulation 

are indicated in bold. 
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Figure 80: Regulation of ISGs by FOS. Heatmap showing row normalised expression 

for ISGs (as defined in Tong et al. (2016)) in LysM-Cre and FosKO macrophages 

stimulated with 100 ng/ml LPS and analysed by RNAseq. ISGs regulated by FOS at any 

time point over a 2 h time course LPS stimulation are indicated in bold. 
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Figure 81: ISG expression following 2 h stimulation. Heatmap showing row 

normalised expression for the 64 ISGs (as defined in Tong et al. (2016)) following 2 h LPS 

stimulation of WT (C57BL/6J), Elk1/4-/-, LysM-Cre and FosKO macrophages analysed by 

RNAseq.  
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5.7 Expression of Ifnar1/2 genes are regulated by TPL-2 
catalytic activity, TCF and FOS  

Type I IFNs signal via the IFNAR receptor, which is composed of two subunits: 

IFNAR1 and IFNAR2. Expression of Ifnar1 and Ifnar2 mRNA was positively regulated 

by TPL-2 kinase activity, ELK1/4 and FOS following 2 h LPS stimulation (Figures 82 

and 82). This suggests that TPL-2 catalytic activity, TCFs and FOS regulate type I 

IFN signalling, in part, by increasing IFNAR1/2 expression.  

 

 

Figure 82: TPL-2 regulates Ifnar1/2 expression. BMDMs were generated from mice of 

WT (C57BL/6J) and Tpl2D270A/D270A mice (n = 6). Cells were stimulated with LPS over a 2 

h time course. Total RNA was extracted and analysed by RNA sequencing. Normalised 

expression values for Ifnar genes, shown to be regulated at any time point. P adjusted 

(Padj) values from log2 fold change calculations from RNAseq dataset shown:  ****, Padj 

< 0.0001. 
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Figure 83: Ifnar1/2 expression is regulated by TCF and FOS proteins. BMDMs were 

generated from C57BL/6J, Elk1/4-/-, LysM-Cre and FosKO mice (n ³ 3). Cells were 

stimulated with LPS over a 2 h time course. Total RNA was extracted and analysed by 

RNAseq. Normalised expression values for Ifnar genes, shown. P adjusted (Padj) values 

from log2 fold change calculations from RNAseq dataset shown:  ***, Padj < 0.001, ****, 

Padj < 0.0001. 
 
 



Chapter 5. Results 

 

197 

 

5.8 FOS regulates IFN-β production by macrophages following 
PRR activation  

In order to validate gene expression data for Ifnb1 from RNAseq experiments in 

Elk1/4-/- and FosKO macrophages, RT-qPCR analysis of Ifnb1 mRNA levels from 

LPS-stimulated BMDMs could be conducted, along with ELISA experiments to 

determine whether these proteins affect IFN-β production.  As Elk1/4-/- mice were no 

longer available, this analysis was restricted to FosKO cells.  

 

RNAseq data analysis of FOS-deficient BMDMs indicated that FOS regulated 

expression of Ifnb1 mRNA and ISGs in LPS-stimulated macrophages. In this section, 

the effects of FOS deficiency on Ifnb1 mRNA expression in LPS-stimulated BMDMs 

were checked by RT-qPCR. RNA was extracted from LysM-Cre and FosKO BMDMs 

that had been stimulated with LPS over a 2 h time course. This analysis validated 

the RNAseq data and confirmed that Ifnb1 mRNA expression was significantly 

increased in the FosKO compared to LysM-Cre cells (Figure 84). Consistent with this, 

culture supernatants collected at the 2 h time point and assayed by ELISA 

demonstrated a significant increase in the concentration of IFN-β in the FosKO 

compared to LysM-Cre.  

 

To determine whether the increase of IFN-β secretion in Tpl2D270A/D270A BMDMs was 

restricted to TLR4 stimulation, the effects of Pam3CSK4, CpG and TNF stimulation 

were also tested. Ifnb1 mRNA and IFN-β protein levels were increased following 

stimulation of TLR1/2, TLR9 and TNFR1 (Figure 85). However, levels of IFN-β 

secreted following stimulation of these receptors were much lower than secretion 

levels detected with TLR4 stimulation of FOS-deficient BMDMs. 
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Figure 84: FOS negatively regulates expression of IFN-β upon LPS stimulation. 
BMDMs were generated from LysM-Cre and FosKO mice (n = 4) and stimulated with 

100 ng/ml LPS for 2 h. (Left panel) Total RNA was extracted and Ifnb1 mRNA 

expression was measured by RT-qPCR (normalised to Hprt mRNA). (Right panel) IFN-

β secretion into culture supernatants following 2 h LPS stimulation was determined by 

ELISA. Both graphs of qPCR and ELISA data show the mean of individual cell cultures 

± SEM.). *, P < 0.05; ****, P<0.0001; two-way ANOVA. Results are representative of at 

least three independent experiments with similar results. 
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Figure 85: FOS negatively regulates IFN-β downstream of TLR1/2, TLR9 and TNFR. 
BMDMs were generated from LysM-Cre and FosKO mice (n = 4) and stimulated over a 

8 h time course with 500 mM CpG, 1 ng/ml Pam3CSK4 or 1 μg/μl of TNF. (Left panel) 
Total RNA was extracted and Ifnb1 mRNA expression was measured by RT-qPCR 

(normalised to Hprt mRNA). (Right panel) IFN-β secretion into culture supernatants 

following 8 h of stimulation was determined by ELISA. Graphs show the mean of 

individual cell cultures ± SEM.). *, P < 0.05; **, P < 0.01; ***, P < 0.001, ****, P<0.0001; 

two-way ANOVA. Results are representative of at least three independent experiments 

with similar results. 
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5.9   TPL-2 regulates the binding activity of FOS to an AP-1 
binding motif 

In chapter 3 of this thesis, TPL-2 signalling was shown to regulate Fos transcription 

and FOS phosphorylation (via ERK1/2 activation). Together these data suggested 

that TPL-2 signalling promoted FOS-mediated transcription in TLR-stimulated 

BMDMs. Within the Ifnb1 enhancer region, there is an AP-1 binding motif to which 

AP-1 dimers bind to contribute to regulation of Ifnb1 transcription. This raised the 

possibility that TPL-2 kinase activity may regulate Ifnb1 expression via modulating 

binding of FOS to the AP-1 binding motif within the Ifnb1 enhancer. 

 

To directly assess whether TPL-2 kinase activity affected the binding activity of FOS 

to an AP-1 binding motif, nuclear lysates from Tpl2D270A/D270A and WT BMDMs were 

tested for FOS binding activity using a TransAM® binding assay. The ELISA-based 

TransAM® assay has multiple copies of immobilised oligonucleotides containing the 

AP-1 binding motif on a 96-well plate; when nuclear or whole cell lysates are added, 

the activated TFs will bind to its specific binding motif within the oligonucleotide and 

this is quantified using an antibody that recognises the active form of the TF. Active 

AP-1 heterodimers bind to a SRE with the 5´-TGA(C/G)TCA-3´ sequence within the 

immobilised oligonucleotides. 

 

The binding activity of FOS was equal in unstimulated BMDMs from both genotypes. 

LPS stimulation increased FOS binding activity in WT BMDMs. However, Tpl2D270A 

mutation significantly reduced the AP-1 binding activity induced by LPS stimulation. 

Thus, TPL-2 catalytic activity induces FOS binding to an AP-1 motif (Figure 86). This 

assay measures binding to a generic AP-1 motif in vitro. In future studies, ChIP 

analysis of AP-1 binding to the Ifnb1 enhanceosome will be adopted to determine 

whether TPL-2 kinase activity promotes FOS binding to this specific gene. 

 

Due to time constraints, it was not feasible to assay FOS binding to the Ifnb1 

enhancer. However, analysis of ChIP-seq data published by Tong et al. (2016) 

suggests that FOS binding to the Ifnb1 enhancer is induced in WT macrophages 

following Lipid-A stimulation (Figure 87). Repeating this FOS ChIP experiment to 

compare WT macrophages 
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Figure 86: FOS binds to the Ifnb1 enhancer region in WT macrophages. ChIP-Seq 

data from Tong et al. (2016) of FOS binding within samples of macrophage lysates 

stimulated over a 2 h time course was visualised by IGV. The figure is an annotated 

screenshot of the IGV output at the Ifnb1 gene location within the mm10 genome. 

Figure 87: TPL-2 kinase activity affects FOS binding activity. Nuclear extracts from 

WT and Tpl2D270A/D270A BMDMs stimulated with LPS were assayed for activity of Fos. 

Each antibody was tested with 5 µg/well of nuclear extract using the TransAM® AP-1 

Family Kit. Mean of separate cultures from four biological replicates shown ± SEM. ****, 

P < 0.0001.  Two-way ANOVA. Representative of at least three experiments with 

similar results. 
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with Tpl2D270A/D270A macrophages would contribute to determining whether TPL-2 

affected this binding activity. From the TransAM® data, it is predicted that FOS 

binding to the Ifnb1 enhancer is reduced by Tpl2D270A mutation.  

 

Activation of TPL-2 – ERK1/2 MAPK signalling is dependent on phosphorylation of 

NF-κB1 p105 by IKK, which also regulates NF-κB TF activation. To determine 

whether Tpl2D270A mutation altered NF-κB activation in LPS-stimulated macrophages, 

a p65 TransAM® binding assay kit was used to assess NF-κB p65 (RelA) binding in 

extracts of Tpl2D270A/D270A and WT BMDMs upon LPS stimulation. LPS activated RelA 

binding activity in WT cells, and this was not altered by Tpl2D270A mutation (Figure 

88). These results suggest that TPL-2 kinase activity does not inhibit Ifnb1 

transcription by modulating NF-κB binding to PRDII of the Ifnb1 enhancer.  

 

 

Figure 88: TPL-2 does not regulate p65 binding activity. Nuclear extracts from WT 

and Tpl2D270A/D270A BMDMs stimulated with LPS were assayed for p65 activity. Each 

antibody was tested with 5 µg/well of nuclear extract using the TransAM® NF-κB Family 

Kit.  Mean of separate cultures from four biological replicates shown ± SEM. ****, P < 

0.0001.  Two-way ANOVA. Representative of at least two experiments with similar 

results. 
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5.10  Expression of FOS in myeloid cells negatively regulates 
IFN-β production in a model of LPS-induced endotoxic 
shock 

Experiments in this chapter have so far shown that there is significant regulation of 

IFN-β in vitro. However, it was unknown whether this regulation also occurred in vivo. 

Therefore, in order to determine whether TPL-2 and FOS also regulate IFN-β 

production in vivo, Tpl2D270A/D270A, FosKO, LysM-Cre and C57BL/6J control mice 

were injected with LPS, an in vivo model of endotoxic shock. The IFN-β concentration 

in the serum was then analysed. There was a significant increase in IFN-β 

concentration in FosKO mice compared to the LysM-Cre controls (Figure 89a). In 

contrast, IFN-β production was reduced by Tpl2D270A mutation following LPS injection 

A B 

Figure 89: The effect of FOS and TPL-2 on IFN-β production in vivo. (A) FOS 
negatively regulates IFN-β serum levels. 13 LysM-Cre and 14 FosKO mice were 

injected with 5 mg/kg LPS and monitored for 4 h. Serum was collected and IFN-β 

concentration measured by ELISA. Data is pooled from three independent experiments. 

Mean shown ± SEM. ***, P < 0.001.  One-way ANOVA. (B) TPL-2 does not regulate 
IFN-β serum levels. 10 C57BL/6J and 12 Tpl2D270A/D270A mice were injected with 5 mg/kg 

LPS and monitored for 4 h. Serum was collected and IFN-β concentration measured by 

ELISA. Data is pooled from three independent experiments. Mean shown ± SEM. 
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(Figure 89b). Furthermore, FosKO mice displayed more symptoms in reaction to the 

LPS induced endotoxic shock; for example, increased cases of piloerection of fur 

and the animals were less active compared to WT controls and the Tpl2D270A/D270A 

mice. Suggesting that the WT, LysM-Cre and Tpl2D270A/D270A mice were protected 

from this treatment. Earlier time points may also be needed to analyse the 

differences between genotypes. 

 

5.11  Summary  

- Ifnb1 mRNA expression is negatively regulated by TPL-2 kinase activity 

downstream of LPS stimulation in BMDCs and BMDMs 

 

- TPL-2 also regulates Ifnb1 expression following activation of TLR1/2, TLR9 

and TNFR and infection with S. Typhimurium in BMDMs. In addition, TPL-2 

regulates IFN-β production downstream of TLR1/2, TLR9 and TNFR 

activation in BMDMs. 

 

- Ifnb1 expression is negatively regulated by de novo protein synthesis-

dependent and -independent mechanisms 

 

- TCF and FOS proteins regulate Ifnb1 mRNA levels in macrophages following 

LPS stimulation in vitro.  

 

- The expression of FOS inhibits Ifnb1 mRNA and IFN-β protein production 

following stimulation of TLR1/2, TLR9 and TNFR in BMDMs. 

 

- Experiments assessing the binding of FOS to an AP-1 motif within an 

oligonucleotide suggests that FOS binding activity is decreased in 

Tpl2D270A/D270A BMDMs. 

 

- In vivo experiments showed that FOS negatively regulates IFN-β levels in the 

serum following LPS injection. 
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- Tpl2D270A mutation had no effect on IFN-β levels detected in the serum 

compared to WT controls following LPS injection.  
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Chapter 6. Discussion 

6.1 TPL-2 regulates the expression of innate immune genes  

Bioinformatic analysis of TPL-2 regulated genes, identified by RNAseq, highlighted 

the role of TPL-2 in regulating the innate immune response due to particularly high 

enrichment of pathways involved in the regulation of cytokines via MAPK, NF-κB and 

JAK-STAT signalling and regulation of immune cell function, such as chemotaxis.  

 

In addition, pathways related to the autoimmune condition systemic lupus 

erythematosus (SLE) and the related kidney disease lupus nephritis were enriched 

in TPL-2 regulated genes. TPL-2 has previously been proposed as a therapeutic 

target for SLE due to its involvement in regulating FcγR signalling (Kyrmizi et al., 

2013). The potential link between TPL-2 signalling and SLE suggests that it will be 

important to directly test the requirement for TPL-2 signalling in mouse models of 

SLE and to determine whether TPL-2 expression levels correlate with the 

development of SLE in patients. The combination of RNAseq analyses and 

bioinformatics are therefore useful to suggest novel areas of TPL-2 research for the 

future. 

 

Clustering TPL-2 regulated genes by their kinetic profiles allowed for identification of 

the most rapidly induced genes, identified to be those in Clusters 1, 3 and 4, which 

are most likely direct targets of TPL-2 signalling. These clusters included several key 

TFs and IEGs, notably EGR1, EGR3, NR4A1, FOS and IER3, which are likely to 

have wide-ranging effects on macrophage function. For example, NR4A1 regulates 

inflammation in the central nervous system (Rothe et al., 2017) and IER3 is known 

to play a role in the development of IBD and RA (Sina et al., 2010; Zhi et al., 2012). 

In addition, several genes encoding cytokines were identified in these clusters 

including Cxcl2, Il10, Il1a, Il1b, Il23a, Ifnb1, suggesting TPL-2 signalling has 

immediate effects on cytokine transcription. 

 

Ptgs2 (the gene encoding COX2) was also identified as a rapidly induced gene that 

was downregulated by Tpl2D270A mutation following LPS stimulation and S. 

Typhimurium infection of BMDMs. This confirmed previous work with Tpl2-/- mice, 



Chapter 6. Discussion 

 

207 

 

that TPL-2 signalling is important in the production of prostaglandins (Eliopoulos et 

al., 2002), which have been shown to be important in regulating the immune 

response (Na et al., 2015).  

 

The metalloprotease (Mmp) genes Mmp10 and Mmp13 were identified as rapidly 

induced genes regulated by TPL-2 kinase activity. MMPs enable leucocyte 

recruitment, processing of cytokines and chemokines, defensin activation and matrix 

remodelling (Lee et al., 2005). In addition, it has been suggested that TPL-2 

regulates Mmp expression in keratinocytes. TPL-2-deficient keratinocytes have 

upregulated levels of MMPs, suggesting that these cells are more likely to be 

invasive and metastatic (DeCicco-Skinner et al., 2013). This observation suggests 

that it will interesting to determine whether TPL-2 regulation of MMPs is important in 

any inflammatory disease models. 

 

Following LPS stimulation and S. Typhimurium infection, TPL-2 also controlled the 

expression of DUSP genes, which have key roles in controlling inflammation via 

negative feedback regulation of MAPK signalling (Caunt & Keyse, 2013; Lang & Raffi, 

2019). Dusp1, Dusp2, Dusp4 and Dusp5 were present in Clusters 1 and 3. DUSP1 

deficient mice have increased levels of TNF, IL-6, IL-1, and IL-10 in infections with 

E. coli and S. aureus which leads to organ damage and subsequently increased 

lethality. In addition, DUSP-1 and DUSP-4 deficient mice increased bacterial loads 

with infection of C. pneumoniae and T. gondii, respectively (Lang & Raffi, 2019). 

These studies highlight the importance of tight regulation of the immune response by 

DUSPs and that overexpression of cytokines is detrimental to the host. Therefore, 

upregulation of DUSPs may be important in limiting TPL-2 signalling in innate 

immune responses. 

 

Although only 25% of highly regulated genes (³2-fold up or down) were regulated by 

TPL-2 following 2 h of both LPS stimulation and S. Typhimurium infection of 

macrophages, the genes regulated by both agonists included the IEGs, TF, cytokines, 

DUSPs and enzymes described above. This highlights that TPL-2 has an important 

role in the regulation of these genes in live bacterial infections. Differences in gene 

expression in LPS-stimulated BMDMs compared to S. Typhimurium-infected 

BMDMs is likely to be due to crosstalk between signalling pathways, for example the 
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activation of inhibitors downstream of certain receptors that prevents the activation 

of genes that are regulated downstream of TLR4 activation and vice versa. 

Furthermore, the bacterium has been shown to directly modulate the host response 

via the translocation of effector proteins into the host cell via its type III secretion 

systems (Jennings et al., 2017). For example, S. Typhimurium has been shown to 

translocate SspH2, a E3 ubiquitin ligase that monoubiquitinates NOD1, into the host 

cell modulating NOD1 signalling (Bhavsar et al., 2013).  

 

6.2 Co-regulation of NF-κB genes by IKK and TPL-2 signalling  

TLR activation of TPL-2 signalling to MAPKs in macrophages is completely 

dependent on IKK phosphorylation of NF-κB1 p105 and TPL-2 itself (Yang et al., 

2012), yet, the consequence of this regulation in innate immune responses has 

remained unclear. Therefore, it was interesting that NF-κB TF binding sites were 

enriched in the promoters of rapidly induced TPL-2 regulated genes. In addition, 

there was significant overlap between RelA bound genes and TPL-2 regulated genes, 

including Il1a, Il1b, Il23a and Cxcl2. Several genes have been previously been 

identified to require concomitant activation of AP-1 and NF-κB TFs, including several 

cytokines such as IL-6, CXCL8 and IFN-β (Garces de los Fayos Alonso et al., 2018). 

Although, TPL-2 is not involved in the regulation of NF-κB TFs directly, maximal 

transcription of many genes may depend on the coordinate activation of NF-κB and 

TPL-2 regulated MAPK pathways to regulate members of cooperative TFs, such as 

AP-1.  

 

6.3 TCFs are regulated by TPL-2 

Bioinformatic analysis of Cluster 1 genes, suggested that the TCF family members, 

ELK1, ELK3 and ELK4, were involved in their transcriptional regulation. TCFs are 

regulated by the RAS-RAF-ERK1/2 MAPK pathway following growth factor 

stimulation (Buchwalter et al., 2004; Gille et al., 1992; Marais et al., 1993) and in 

fibroblasts much of the immediate transcriptional response to ERK1/2 activation is 

TCF-dependent (Gualdrini et al., 2016). The transcription of the TCF target genes 

Egr1, Egr3, Nr4a1 and Fos, have previously been shown to be dependent on MAPK 
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activation (Tong et al., 2016). There is similar regulation of TCF phosphorylation, on 

a known ERK1/2 target site (Marais et al., 1993), and target gene expression by the 

TPL-2-ERK1/2 MAPK pathway following both LPS stimulation and S. Typhimurium 

infection of macrophages. 

 

Work carried out in collaboration with Michael Pattison identified TCFs as a major 

mediator of TPL-2 transcriptional output by bioinformatic analysis of RNAseq data. 

Of the genes that were regulated (up or down) in Tpl2D270A/D270A macrophages, 

approximately half were similarly regulated in Elk1/4-/- macrophages, demonstrating 

that TCFs mediate a substantial fraction of TPL-2-dependent transcriptional output, 

either by direct transcriptional activation or indirectly via upregulation of other TFs. 

 

6.4 ERF family members are regulated by TPL-2 

The ETS TF family consists of 12 sub-groups, including the TCF and ERF 

subfamilies. Analysis of the TPL-2 phosphoproteome (Pattison et al., 2016) identified 

three ETS proteins that had phosphosites regulated by TPL-2: ETV3, ERF and ELF4. 

Immunoblotting confirmed TPL-2 activation of ERK1/2 regulated the phosphorylation 

on the ERF subfamily members at S250 of ETV3 and T529 of ERF downstream of 

TLR4 activation of BMDMs. This raises the possibility that several ETS proteins 

mediate TPL-2-dependent transcription. 

 

In unstimulated cells, both ERF and ETV3 are bound to the DNA and repress 

transcription of their target genes. Upon phosphorylation by ERK1/2, ERF 

dissociates from DNA and translocates to the cytoplasm, allowing transcriptionally 

active ETS TFs to bind and promote transcription (Le Gallic et al., 2004). ETV3 has 

been shown to undergo similar regulation (Carlson et al., 2011); however, other 

studies suggest that ETV3 retains its repressor activity in macrophages following 

RAF-ERK1/2 activation with TPA (Klappacher et al., 2002; Hester et al., 2007). 

Although the reasons for these discrepancies are not known, these studies identified 

common ETV3 binding sites, including sites in the promoters of the Myc and Cdc2 

genes, which leads to inhibition of cell proliferation. ERF has also been shown to 

regulate cell proliferation by the inhibiting expression of Myc in fibroblasts 
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(Verykokakis et al., 2007). The expression of Cdc2 is not regulated by TPL-2 kinase 

activity, yet the expression of Myc is reduced at 1 h and 2 h LPS stimulation in 

Tpl2D270A/D270A BMDMs compared to WT BMDMs. This reduction could be due to the 

absence of phosphorylation of ERF subfamily members by TPL-2 and therefore the 

continued repression of Myc by these TFs. 

 

ETV3 also represses its own transcription (Carlson et al., 2011). Expression of Etv3 

was downregulated in Tpl2D270A/D270A macrophages. It is possible that activation of 

TPL-2 kinase activity in WT macrophages leads to the phosphorylation of ETV3 

alleviating its repression of its own transcription. ETV3 has also been shown to 

repress metalloprotease promoter activity. As mentioned above, the expression of 

several metalloprotease was regulated by TPL-2, so it would be interesting to 

investigate if this is via regulation of the DNA-binding activity of ETV3.   

 

Phosphorylation of ERF and ETV3 by ERK1/2 following TPL-2 activation may lead 

to decreased DNA binding activity of these ERF family members and therefore allow 

ETS-mediated transcription of derepressed target genes. Work with ETV3- and ERF-

deficient macrophages would help to determine the role of these TFs in innate 

immunity. Furthermore, it is suggested that close ETS family members could have 

redundant function in cells (Hollenhorst et al., 2011). Erf-/- embryos die at day 10.5 

due to severe placental defects (Papadaki et al., 2007), whereas Etv3-/- mice are 

viable (Carlson et al., 2011), which suggest these proteins are not redundant in 

development. Nevertheless, they share target genes downstream of ERK1/2 which 

could suggest some redundancy in function. It may be necessary to generate 

macrophages deficient in both TFs to determine their role in immune cells.  

 

6.5 FOS is regulated by TPL-2: transcriptionally and by PTM 

Analysis of AP-1 family member mRNA expression following LPS-stimulation and S. 

Typhimurium-infection of WT and Tpl2D270A/D270A BMDMs, via RNAseq, revealed that 

transcription of FOS is regulated by TPL-2. In addition, immunoblotting confirmed 

that the expression of FOS and its phosphorylation on S362/S374 is regulated by 

TPL-2. The increase in transcription, as well as the stabilising nature of the 
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phosphorylation site regulated by TPL-2, explain the increase in FOS expression 

detected by immunoblotting. Increasing the levels of FOS in the cell increases the 

availability of FOS for AP-1 dimers and allows for the regulation of transcription of its 

target genes.   

 

FOS mRNA and protein expression were also decreased in Elk1/4-/- macrophages 

compared to WT, suggesting that FOS expression is regulated by a TPL-2-TCF 

signalling axis. The decrease in protein expression is less in Elk1/4-/- macrophages 

than in Tpl2D270A/D270A macrophages compared to WT cells. This could be due to TPL-

2 regulation of FOS levels by both transcription and phosphorylation. The 

phosphorylation of FOS by ERK1/2 following TPL-2 activation increases the stability 

of the protein; this phosphorylation is able to occur normally in TCF-deficient cells.   

 

Global analysis of FOS-regulated genes in LPS-stimulated BMDMs showed that 

FOS is important in the regulation of immune response pathways, in particular type 

I IFN signalling, as well as processes and pathways associated with cell cycle and 

repair. The FOS expression impacted the expression of several hundred genes in 

unstimulated cells, as well as following LPS stimulation. Although it has previously 

been shown that FOS does not affect macrophage development (Ray et al., 2010), 

more analysis is needed to understand the difference in gene expression in the 

absence of stimulation. 

 

Of the genes that were regulated (up or down) in Tpl2D270A/D270A macrophages, 

approximately a quarter of genes were similarly regulated in FosKO macrophages. 

This demonstrated that FOS mediates a considerable fraction of TPL-2-dependent 

transcriptional output, either by direct transcriptional activation or indirectly via 

upregulation of other TFs. For example, both TPL-2 and FOS regulated Fra1, Fosb, 

Myc, Egr2 and Egr3, which may subsequently regulate gene expression. In addition, 

20% of TPL-2-regulated genes were regulated by both TCFs and FOS, suggesting 

that a fifth of the transcriptional output of TPL-2 kinase signalling may be regulated 

by a TPL-2-TCF-FOS pathway. 
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6.6 Other potential TPL-2 regulated TFs  

The bioinformatic analysis which identified significant enrichment of NF-κB, AP-1 and 

TCF binding sites in the promoters of TPL-2 regulated genes also highlighted 

enrichment for other TFs that could regulate genes downstream of TLR activation of 

TPL-2. It could be interesting to investigate their role downstream of TPL-2 activation 

and identify the genes regulated by these pathways. Of particular note, LPS-induced 

TNF-α factor (LITAF) binding sites were highly enriched in the promoters of Cluster 

3 genes. LITAF has been shown to modulate cytokine expression, such as IL-6 and 

TNF-α, following LPS stimulation of macrophages via p38α signalling (Tang et al., 

2006). TPL-2 also regulates MKK3/6 activation of p38α (Pattison et al., 2016). 

Therefore, a future direction of research could be determination of the regulation of 

LITAF by TPL-2 and the genes regulated by this pathway.  

 

6.7 TPL-2 regulates IFN-β expression following TLR activation and bacterial 
infection of macrophages  

RT-qPCR experiments showed that Ifnb1 mRNA expression was negatively 

regulated by TPL-2 kinase activity downstream of LPS stimulation in BMDCs and 

BMDMs. Moreover, TPL-2 also regulated Ifnb1 expression following activation of 

TLR1/2, TLR9 and TNFR and infection with S. Typhimurium in BMDMs.  

 

Earlier work by the Ley lab has highlighted the importance of TPL-2 regulation of 

IFN-β following bacterial infection; mice deficient in TPL-2 exhibit increased IFN-β 

expression, increased bacterial loads and exacerbated disease following in infection 

with Mtb or L. monocytogenes. Additionally, mice deficient in both TPL-2 and IFNAR 

genes (Ifnar-/-) had reduced IFN-β and ISG expression as well as reduced bacterial 

loads, comparable levels to WT cells, following infection with Mtb and L. 

monocytogenes. This confirms that the impaired immune response of Tpl2-/- mice to 

infection with these bacteria was due to overproduction of IFN-β (McNab et al. 2013). 

 

RNAseq analysis of genes regulated by TPL-2 following S. Typhimurium infection 

again highlighted the importance of TPL-2 kinase activity in the negative regulation 

of type I IFN expression. Increased IFN-β expression has been shown to exacerbate 
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infection with S. Typhimurium (N. Robinson et al., 2012) and therefore TPL-2 kinase 

activity may help to promote an effective immune response to S. Typhimurium by 

suppressing type I IFN production. Furthermore, research carried out by Felix Breyer 

(Ley lab) has also shown that type I IFN expression is increased in Tpl2D270A/D270A 

macrophages compared to WT cells, and type I IFN signalling pathways increased 

amongst TPL-2 regulated genes, following S. aureus infection of macrophages. 

Experiments with Ifnar-/- mice, show that these mice were protected against lethal S. 

aureus pneumonia compared with WT control mice, suggesting that the suppression 

of IFN-β by TPL-2 kinase activity may be beneficial to the survival of mice in response 

to S. aureus (Martin et al., 2009). All of these studies suggest that TPL-2 kinase 

activity plays an important role in the negative regulation of IFN-β expression 

following bacterial infections. Analysis of WT and Tpl2D270A/D270A mice, as well as 

those genotypes on an Ifnar-/- background, infected with S. Typhimurium and S. 

aureus would be needed to confirm the importance of TPL-2 in the regulation of the 

immune response to these pathogen and in particular the role it plays in regulating 

IFN-β and if that regulation is important for host survival.  

 

6.8 TPL-2 regulates Ifnb1 via possible TCF-FOS pathway 

Similar to Tpl2D270A/D270A macrophages, ELK1/4-deficient and FOS-deficient 

macrophages have elevated levels of Ifnb1 mRNA compared to WT macrophages 

following TLR4 stimulation. In addition, pathway enrichment analysis from RNAseq 

datasets, comparing differential gene expression in Tpl2D270A/D270A, Elk1/4-/- and 

FosKO macrophages to their relative WT cells, showed that type I IFNs pathways 

were highly enriched. Previous studies in the lab have shown that FOS 

overexpression reduces TLR induction of Ifnb1 mRNA in Tpl2-/- DCs (Kaiser et al., 

2009). The enrichment of type I IFN pathways in genes regulated by FOS from 0.5 

to 2 h LPS stimulation highlights that FOS is critical at regulating Ifnb1 expression at 

early time points. Furthermore, qPCR and ELISA experiments show that FOS 

regulates Ifnb1 mRNA expression and IFN-β protein secretion downstream of 

several receptors, including TLR4, TLR1/2, TLR9 and TNFR. 
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6.9 Direct regulation of Ifnb1 expression by TPL-2 signalling 

TPL-2 signalling may regulate Ifnb1 expression by the phosphorylation of TFs. For 

example, activation of TPL-2 signalling leads to the phosphorylation of FOS. It has 

been suggested that phosphorylation of FOS on S362 and S374 modulate the 

repressive function applied by FOS on its target genes (Bakiri et al., 2011). 

Therefore, the regulation of FOS phosphorylation by TPL-2 may lead to activation of 

the repressive function of FOS bound to the Ifnb1 enhanceosome.  

 

Experiments assessing the binding of FOS to AP-1 motifs in an oligonucleotide in a 

TransAM® binding assay indicate that FOS binding is decreased in Tpl2D270A/D270A 

BMDMs compared to WT controls, suggesting that TPL-2 may regulate FOS binding 

activity to the AP-1 binding site in the Ifnb1 enhanceosome. In addition, published 

ChIP experiments have suggested that FOS is able to bind to the Ifnb1 

enhanceosome following Lipid-A stimulation of WT macrophages (Tong et al., 2016). 

However, this would need to be repeated with Tpl2D270A/D270A BMDMs to confirm that 

FOS binding activity to the Ifnb1 enhanceosome is dependent on TPL-2 kinase 

activity and further investigation into whether this is due to phosphorylation of FOS 

by TPL-2 or the modulation of its expression levels alone. In addition to the regulation 

of FOS, TPL-2 may play a role in the regulation of other TFs bound to other PRDs in 

the Ifnb1 enhanceosome, such as IRF proteins.  

 

6.10 Indirect regulation of Ifnb1 expression by TPL-2  

Experiments analysing the effect of de novo protein synthesis using CHX treatment 

of macrophages suggests that TPL-2 also regulates Ifnb1 by protein synthesis-

dependent mechanisms; however, the increase in Ifnb1 transcription following CHX 

treatment may also be due to the activation of stress-MAPK signalling and 

subsequently the activation of ATF2 and JUN (Cargnello & Roux, 2010).  

 

The reduction of FOS binding activity in LPS-stimulated Tpl2D270A/D270A BMDMs 

compared to WT, observed in the TransAM® binding assay, could be partly due to 

the decreased expression of FOS within the cell. TPL-2 kinase activity increases the 

expression and stability of FOS, therefore increasing its availability to form an AP-1 
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dimer and allowing it to outcompete other AP-1 proteins that may promote 

transcription (Eferl & Wagner, 2003). The outcome is that decreased FOS expression 

in Tpl2D270A/D270A BMDMs ameliorates the repression of Ifnb1 transcription by FOS. 

ChIP experiments that immunoprecipitate FOS from LPS-stimulated WT and 

Tpl2D270A/D270A BMDMs would be needed to directly investigate this hypothesis.  

 

IL-10 inhibits Ifnb1 and ISG expression in LPS-stimulation of macrophages 

(Conaway et al., 2017). Rapid induction of Il10 expression following LPS stimulation 

could lead to initial suppression of Ifnb1 transcription. Reduced induction of IL-10 in 

Tpl2D270A/D270A and FosKO BMDMs could therefore lead to increased IFN-β 

production in these cells.  Experiments using pre-treatment of BMDM cultures with 

IL-10 or anti-IL-10 may provide insight into this regulation. 

 

During Mtb infection, transcription and translation of IFN-β is potently antagonised 

by IL-1 via induction of PGE2 (Mayer-Barber et al. 2014). Il1 and Ptgs2 (gene name 

for COX-2, the enzyme that produces PGE2) expression is reduced in Tpl2D270A/D270A 

macrophages, suggesting that TPL-2 could regulate PGE2 expression via IL-1, 

which in turn could suppress IFN-β production in WT cells. However, expression of 

Il1 and Ptgs2 are upregulated in FosKO cells suggesting that this mechanism of 

suppressing IFN-β production is not occurring in FosKO cells.  

 

Nevertheless, the interplay between IL-1 and IFN-β is not straight forward. IFN-β can 

also suppress IL-1 production (Mayer-Barber et al., 2011; Howes et al., 2016). 

Increased IFN-β in Tpl2D270A/D270A macrophages may also reduce IL-1 expression in 

these cells. However, this negative regulation of IL-1 by IFN-β is not observed in 

FosKO cells. Nevertheless, FosKO cells do exhibit increased IL-1 receptor agonist 

(IL-1RA) gene expression, whereas this is downregulated in Tpl2D270A/D270A cells. IL-

1RA prevents IL-1 signalling via its receptor and regulating target genes, including 

Ifnb1 (Mayer-Barber et al., 2011). Therefore, even though there is increased IL-1 

expression in FosKO cells it may not be able to elicit its regulatory effects on target 

genes, such as Ifnb1.  

 

Additionally, TPL-2 could also indirectly regulate IFN-β via the activation of other 

signalling pathways. For example, ERK1/2 and p38α activation downstream of TPL-
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2 signalling leads to MSK1/2 activation, which has been shown to negatively regulate 

IFN-β via induction of Dusp1 (McGuire et al., 2016). As Dusp1 expression was also 

found to be regulated by TPL-2 it is likely that regulation of IFN-β expression could 

be in part via its regulation of DUSP1.   

 

6.11 Regulation of IFN-β in vivo  

LPS injections of mice were performed to see if the results from in vitro experiments 

were mimicked in vivo. Although, LPS injections of FosKO mice confirmed that FOS 

negatively regulates IFN-β production in vivo, Tpl2D270A/D270A mice did not have 

increased levels of IFN-β in the serum.  

 

It has previously shown that pDCs from TPL-2-deficient mice have significantly 

reduced levels IFN-β when exposed to CpG (Kaiser et al., 2009); in vitro experiments 

with pDCs would be needed to confirm if this was also the case with LPS stimulation. 

However, this suggests that the role of TPL-2 in the regulation of IFN-β varies with 

cells type. The upregulation of IFN-β in certain immune cells and the decreased 

production in others may mean there is not an overall increase in IFN-β in the serum 

in vivo. Additionally, the regulation of IFN-β in pDCs may be FOS-independent and 

therefore account for the difference observed between genotypes in vivo.  

 

FosKO mice displayed more severe symptoms to the LPS-induced endotoxic shock 

compared to WT controls and Tpl2D270A/D270A mice. In addition, Tpl2-/- have previously 

been shown to be resistant to LPS-induced endotoxin shock (Dumitru et al., 2000). 

Although this comparison is between mice where only myeloid cells are deficient in 

FOS, whereas Tpl2D270A mutation (or Tpl2-/- genotype) is present in all cells, it has 

previously been shown that total FosKO mice have a more severe reaction to LPS-

induced endotoxin shock, ruling out the possibility that it is cell type dependent (Ray 

et al., 2006).  

 

The difference in response to LPS injection is likely to be due to differing levels of 

TNF-α. Increased levels of TNF-α in total FosKO mice correlated with exacerbated 

disease (Ray et al. 2006). In contrast, decreased production of TNF-α protects Tpl2-



Chapter 6. Discussion 

 

217 

 

/- mice from LPS-induced endotoxic shock (Dumitru et al., 2000). RNAseq data 

concurs with this, showing that Tnf expression is upregulated in FOS-deficient cells 

compared to WT cells, whereas Tnf expression is reduced in BMDMs by Tpl2D270A 

mutation. Therefore, the regulation of TNF-α could play a greater role in the LPS-

induced endotoxic shock model.   

 

Experiments analysing IFN-β production in FosKO and Tpl2D270A/D270A mice would be 

more appropriate to determine whether increased IFN-β production is similar in 

bacterial infection. As although Tpl2-/- are protected against LPS-induced endotoxic 

shock, they have been shown to have increased IFN-β production in bacterial 

infection. Furthermore, one particular difference between the studies with Mtb 

infection and LPS injections was the expression of TNF-α; differences in TNF-α 

protein levels in serum were not observed in Mtb infected mice (McNab et al., 2013, 

but Tpl2-/- mice had reduced levels of TNF-α in LPS-induced endotoxic shock 

(Dumitru et al. 2000). It is therefore possible that in the LPS-endotoxic shock model, 

TNF-α has a greater impact on the severity of reaction to LPS-injection and may not 

play a role in bacterial infections. Due to limited time and reagents it was not possible 

to investigate the levels of TNF-α in LPS-injected mice or the impact bacterial 

infections in FosKO and Tpl2D270A/D270A mice had on serum IFN-β levels. 

Nevertheless, these experiments may provide insight into the differences in vivo and 

in vitro IFN-β levels and the interplay between TNF-α and IFN-β regulation. 

 

6.12 Concluding remarks 

Research within this thesis highlights the importance of TPL-2 kinase activity in the 

regulation of innate immune mediators, either directly through regulation of TFs, or 

via induction of genes that modulate other signalling pathways. This includes 

modulation of phosphatases that remove phosphorylation of kinases to prevent 

downstream signalling or via cytokines that bind in an autocrine or paracrine manner 

to initiate signalling pathways.  

 

Identification of TCF and FOS proteins as major mediators of TPL-2 transcriptional 

output, and the identification that they regulate genes involved in several innate 
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immune pathways, strongly suggests important roles for TCF and FOS in controlling 

the innate immune response of macrophages. Furthermore, regulation of Ifnb1 

expression by a TPL-2-TCF-FOS mechanism may be of general importance in 

immune responses due to the critical importance of regulating type I IFN signalling 

in viral and bacterial infections.  
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Supplementary Figures 

 
 
 

Supp. Figure 1: Comparison of unstained and stained BMDMs and BMDCs. BMDCs 

and BMDMs were generated from C57BL/6J mice (n = 2). Samples were stained with 

antibodies against CD45.2, F4/80, CD64, CD86, MHC II, CD24, CD11b, CD11c and 

CD115. Single cells were analysed for expression levels of cell surface markers by flow 

cytometry. Representative of at least two independent experiments with similar results. 

Populations shown (single cells) had first been gated as follows: all cells, single cells. 
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