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Abstract   
 

A fundamental role of the innate immune response involves the killing of 

phagocytosed pathogens, such as bacteria, by macrophages. During phagocytosis, 

bacteria are internalised into membrane-bound vacuoles called phagosomes. The 

nascent phagosome undergoes a complex maturation process, which involves 

sequential membrane fusion and fission events with the endosomal compartment 

and ultimately with lysosomes to form a phagolysosome. The mature 

phagolysosome is an acidic, hydrolytic and highly oxidative organelle, which 

efficiently degrades internalised bacteria.  

 

Toll-like receptor (TLR) activation of mitogen-activated protein (MAP) kinases in 

macrophages is mediated by tumour progression locus 2 (TPL-2), a MAP 3 kinase 

that is critical for inflammatory immune responses to bacteria, viruses, and fungi. In 

unstimulated macrophages, TPL-2 forms a ternary complex with NF-kB1 p105 and 

A20-binding inhibitor of NF-kB-2 (ABIN-2). TLR-induced activation of the IkB kinase 

(IKK) complex leads to p105 phosphorylation and its proteasomal degradation. This 

liberates TPL-2 to activate MAP kinase signalling, which results in gene expression 

of numerous inflammatory mediators. ABIN-2 is also released, however, its 

physiological function in innate immune responses has remained unclear.  

 

I discovered that the TPL-2 complex promotes bead phagosome maturation in 

macrophages. Genetic inactivation of TPL-2 catalytic activity or ABIN-2 ubiquitin 

binding substantially altered the composition of the phagosome proteome in primary 

mouse macrophages. Further, I found that TPL-2 catalytic activity induced 

phagosome proteolytic activity and phagosome acidification, while ABIN-2 ubiquitin 

binding promoted phagosome proteolysis without affecting phagosome acidification. 

My genetic and pharmacological experiments indicated that TPL-2 regulates 

phagosome function independently of its known ability to activate MAP kinases. I 

demonstrated that induction of phagosome maturation was mediated by TPL-2-

dependent regulation of V-ATPase function via serine 1903 phosphorylation of 

DMXL1, a V-ATPase-interacting regulatory protein. Importantly, I showed that TPL-

2 catalytic activity also induced phagosome maturation independently of MAP kinase 
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signalling in primary human macrophages, establishing the clinical relevance of my 

findings. Furthermore, my results revealed that ubiquitin binding to ABIN-2 promotes 

phagosome proteolytic activity independently of TPL-2 regulation of MAP kinase 

signalling.  

 

Consistent with these findings analysing bead phagosomes, I discovered that TPL-

2 catalytic activity and ABIN-2 ubiquitin binding are required for efficient killing of 

internalised Staphylococcus aureus by macrophages. Genetic inactivation of TPL-2 

catalytic activity or ABIN-2 ubiquitin binding impaired maturation of S. aureus 

phagosomes. I also found that TPL-2 catalytic activity was required for optimal killing 

of phagocytosed Citrobacter rodentium by inducing phagosomal acidification. 

Moreover, I demonstrated that ABIN-2 ubiquitin binding was essential for efficient 

killing of Salmonella typhimurium. Together, these discoveries demonstrated that 

both TPL-2 catalytic activity and ABIN-2 ubiquitin binding are important for the killing 

of several bacterial species, Gram-negative and Gram-positive as well as 

extracellular and intracellular microbes.  

 

In conclusion, my research identified novel signalling pathways that promote 

phagosome maturation and pathogenic bacterial killing by macrophages. This work 

increases our understanding of a critical process in innate immune responses and 

may lead to development of novel therapeutic approaches for acute bacterial 

infections.  
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Impact Statement 
 

Diseases caused by bacteria are a global threat to human health and treatment of 

bacterial diseases represents a major unmet medical need. Effective vaccines for 

many bacterial diseases do not exist. Antimicrobials, including antibiotics, are widely 

used medicines to treat bacterial infections in the clinic and have, historically, proven 

very successful in fighting bacteria-causing diseases. However, antimicrobial 

resistance, a phenomenon that occurs when bacteria are no longer susceptible to 

antibiotics, has become widespread and has given rise to so-called ‘superbugs’, 

which are bacterial infections that are resistant to traditional antibiotic therapies. The 

World Health Organization has declared antibiotic-resistant bacteria as one of the 

major threats to global public health. To develop novel therapeutic approaches for 

the treatment of bacterial infections, it is critical to better understand the molecular 

pathways underlying host immunity. A key early step in the innate immune response 

is the killing of phagocytosed bacteria by macrophages. This killing mechanism 

involves a process called phagosome maturation, in which phagocytosed bacteria 

are trafficked into a series of increasingly microbicidal membrane-bound vacuoles 

and then degraded. The molecular understanding of host immune signalling 

pathways that regulate phagosome maturation has remained limited. My research 

identified novel signalling pathways that induce phagosome maturation and 

pathogenic bacterial killing by macrophages. I discovered that two key components 

of the TPL-2 complex, namely TPL-2 and ABIN-2, stimulate macrophage phagosome 

maturation independently of their established functions in the innate immune system. 

Besides, I consolidated that one of these signalling pathways is conserved in human 

immune cells, which raises the possibility that further elucidation of this signalling 

network may identify potential drug targets that could possibly be exploited to 

develop a novel class of antimicrobial agents for the treatment of bacterial infections. 

Of particular relevance is my discovery that the pathways identified are important in 

promoting the killing of Staphylococcus aureus, a bacterial species that frequently 

develops antimicrobial resistance. Methicillin-resistant Staphylococcus aureus 

(MRSA) causes severe infections, with poor clinical prognosis and MRSA ‘superbug’ 

infections put significant burden on patients and healthcare systems across the world. 
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Chapter 1. Introduction 

1.1 The immune system 

Throughout lifetime, humans and other mammals are continuously exposed to a 

plethora of invading pathogens, which pose a threat to health. The host organism 

has to closely monitor for the presence of pathogenic microbes, including bacteria, 

viruses and fungi, to maintain tissue integrity and organ function (Akira et al, 2006). 

Upon microbial infection, the immune system has to rapidly respond to minimise 

replication and spread of pathogens within the host. The innate immune system is 

the first line of defence against pathogenic invasion. Germline encoded receptors 

recognise invariant pathogen molecules, which then trigger the expression of genes 

encoding cytokines and chemokines. Together, cytokines and chemokines promote 

immune cell recruitment to the site of infection to rapidly clear invading pathogenic 

microbes. 

 

In vertebrate organisms, innate immune responses are a prerequisite for activation 

of the adaptive immune system (Mogensen, 2009). Adaptive immune responses take 

several days to mount and involve highly specific receptors for pathogens on T and 

B lymphocytes, encoded by genes that undergo complex somatic rearrangements of 

germline gene elements. In addition, the adaptive immune system provides 

immunological memory, which allows for more rapid clearance of pathogens on 

reinfection. The body’s ability to rapidly induce production of high-affinity antibodies 

by B lymphocytes upon secondary infection with the same pathogen is integral to 

acquired immunity (Chaplin, 2010).  

 

A coherent synergy between both arms of the immune system, innate and adaptive, 

is critical for healthy development of all vertebrates. Defective responses may lead 

to immunodeficiencies, which result in susceptibility to infection and possibly life-

threatening conditions (Etzioni, 2003). However, sustained activation of the immune 

response may cause autoimmune disorders, chronic immune diseases and sepsis 

(Chang, 2014; Straub & Schradin, 2016). Therefore, tight regulation of immune 

responses is vital to ensure a balance in the immune response and to maintain tissue 

homeostasis.  
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1.1.1 The innate immune response 

The innate immune system is activated either by recognition of non-self molecules 

or by mechanical stress experienced by host cells of the epithelium. Epithelial cells 

form a physical barrier (e.g. keratinocytes of the skin) protecting the body from 

continuous exposure to microbes present in the host’s environment. In the event of 

tissue damage during microbial invasion, epithelial cells release chemokines to 

rapidly recruit innate immune cells (Chaplin, 2010). In addition, innate immune cells, 

in particular tissue-resident macrophages and dendritic cells,  express a plethora of 

pathogen receptors, which recognise microbes during initial stages of infection and 

activate other immune cells upon sensing of non-self material in the extracellular 

environment (Takeuchi & Akira, 2010; Davies et al, 2013). A complex network of 

signalling pathways is triggered to clear pathogenic infection, resulting in 

inflammation. Inflammation is a condition, which is characterised by common 

symptoms, including fever, swelling, pain and redness of skin (Chen et al, 2018). 

These clinical symptoms result from pro-inflammatory mediators, which are released 

by innate immune cells. Inflammatory mediators promote vasodilation, immune cell 

infiltration at sites of infection, and fever (Iwasaki & Medzhitov, 2015). The lipid-

based second messenger prostaglandin E2 (PGE2), which is released by activated 

immune cells, acts upon the endothelium of the hypothalamus to cause fever 

(Dinarello et al, 1999). Elevated temperature is a protective response of the host as 

a temperature rise causes microbes to be more susceptible to immune cell 

cytotoxicity (Netea et al, 2000). Inflammation is essential to prevent pathogen spread 

and to trigger the adaptive immune response, however, an excessive inflammatory 

response may lead to chronic inflammatory diseases.   

 

1.1.2 Immune cells of the innate and adaptive response 

Cells of the immune system are highly specialised white blood cells, referred to as 

leukocytes. Immune cell lineages involved in both the innate and adaptive response 

originate from pluripotent hematopoietic stem cells in the bone marrow, except for 

tissue-resident macrophages, which are derived from the yolk sac during early 

embryonic development (Varol et al, 2015). Hematopoietic stem cells either 
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differentiate into common myeloid progenitors (myeloid stem cells) or common 

lymphoid progenitors (Kondo, 2010).  

Cell populations derived from myeloid stem cells orchestrate the innate immune 

response. Progenitors of the myeloid lineage differentiate into mast cells, 

granulocytes, comprising basophils, eosinophils and neutrophils, as well as 

monocytes (Chaplin, 2010). The monocyte lineage includes macrophages and 

dendritic cells (DCs). Neutrophils and monocytes are among the first immune cells 

to accumulate at sites of microbial invasion and play an important role in bacterial 

killing, either by phagocytosis or by releasing anti-microbial products into the 

extracellular milieu (Kolaczkowska & Kubes, 2013).  

 

Phagocytosis involves the engulfment of an invading microbe and subsequent 

destruction of the microorganism within an intracellular vacuole called the 

phagosome. A combination of proteases, reactive oxygen species and microbicidal 

peptides in the phagosome lead to effective killing of engulfed pathogens (Flannagan 

et al, 2012). In addition, neutrophils and monocytes switch on gene expression to 

encode and release pro-inflammatory mediators, which include cytokines and 

chemokines. Both cytokines and chemokines initiate activation and infiltration of 

additional granulocytes at sites of infection (Vieira et al, 2009; Kolaczkowska & 

Kubes, 2013). Following binding to microbes, granulocytes promote pathogenic 

clearance by releasing proteolytic granules into the extracellular environment. In 

addition, basophils release histamines to induce vasodilation, thus aiding in the 

process of immune cell recruitment to sites of infection (White, 1990).  

 

DCs are important to initiate the adaptive stage of the immune response. DCs 

present small fragments of digested pathogens as antigenic peptides in a complex 

with major histocompatibility (MHC) molecules on their cell surface. Proteolytic 

digestion of microbial proteins following phagocytosis is critical for antigen 

presentation on MHC molecules (Joffre et al, 2012; Roche & Furuta, 2015). Microbial 

antigens presented on MHC molecules are recognised by T lymphocytes, which 

belong to the lymphoid lineage (Jakubzick et al, 2017). Common lymphoid 

progenitors in the bone marrow differentiate into mature lymphocytes, including B 

and T lymphocytes as well as natural killer (NK) cells, all of which drive the adaptive 

immune response (Lai & Kondo, 2008). Interaction between the antigen-MHC 
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complex on DCs and a unique antigen-specific T cell receptor (TCR) on T 

lymphocytes results in T lymphocyte activation (Smith-Garvin et al, 2009). Besides 

the TCR, T lymphocytes express CD4 or CD8 co-receptors, which define the T 

lymphocyte lineage (Taniuchi, 2018). Activated CD8+ T lymphocytes, also referred 

to as cytotoxic T cells, have the cytotoxic ability to clear infected and cancerous cells 

(Hukelmann et al, 2016; Chaplin, 2010). Activated CD4+ T lymphocytes, also known 

as T helper (TH) cells, undergo rapid proliferation and induce isotype switching in 

naïve B cells, which involves the rearrangement of antibody-encoding gene elements 

in B lymphocytes (Chaplin, 2010; Cantrell, 1996; Lebman et al, 1988; Parker, 1993). 

As a result, B lymphocytes are able to synthesise antibodies of different isotypes, 

however with identical antigenic specificity against the invading pathogen (Lebman 

et al, 1988; Parker, 1993). The immunoglobulin G (IgG) isotype, which is the most 

abundant isotype in blood and extracellular fluids, has the highest antigen affinity 

among isotype classes (Janeway et al, 2001). B lymphocytes produce highly 

pathogen-specific antibodies, which bind to target sites on the microbe. As a result, 

immune cells, including phagocytes, are recruited to antibody-coated pathogens to 

initiate their engulfment and clearance. The interplay between innate and adaptive 

immune systems orchestrates an effective immune response to clear infection. 

 

1.1.3 Hallmarks of macrophages 

Macrophages belong to the mononuclear phagocytic system, which originates from 

hematopoietic stem cells in the bone marrow. Besides macrophages, the 

mononuclear phagocytic system comprises monocytes and DCs (Geissmann et al, 

2010). Macrophages, monocytes, DCs and neutrophils are highly phagocytic cells 

and are thus termed ‘professional’ phagocytes (Mantovani et al, 1972). In addition, 

cells belonging to the mononuclear phagocytic pool are critical for cytokine secretion 

and antigen presentation during infection. Monocytes are macrophage precursors, 

which enter the circulatory system following release from the bone marrow. 

Differentiation of monocytes into monocyte-derived macrophages in the circulatory 

system is initiated upon infection (Murray & Wynn, 2011). During steady-state, 

monocytes migrate through the circulatory system, extravasate through the 

endothelial layer into local tissues, and differentiate into tissue-resident 
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macrophages. Monocytes are vital for constantly replenishing the macrophage pool 

to maintain tissue homeostasis (Bain et al, 2014).  

 

Tissue-resident macrophages with specialised functions include microglia (brain), 

Kupffer cells (liver), osteoclasts (bone) and alveolar macrophages (lung). In addition, 

secondary lymphoid organs, including the spleen and lymph nodes, are populated 

by tissue-resident macrophages (Wynn et al, 2013). More specifically, splenic 

marginal zone macrophages and subcapsular sinus macrophages in lymph nodes 

promote immune suppression and antiviral humoral immunity, respectively (McGaha 

et al, 2011; Iannacone et al, 2010; Junt et al, 2007). Regardless of tissue specificity, 

tissue-resident macrophages promote pathogenic clearance and antigen 

presentation. During inflammation, tissue-resident macrophages attract high levels 

of monocyte-derived macrophages from the circulatory system to clear infection 

(Murray & Wynn, 2011). 

 

1.1.4 Macrophage polarisation  

Following differentiation, macrophages can either polarise into classically activated 

(M1) macrophages or alternatively activated (M2) macrophages (Figure 1). Plasticity 

enables macrophages to dynamically switch between polarisation phenotypes 

(Shapouri-Moghaddam et al, 2018). M1 macrophages are pro-inflammatory, 

responsible for pathogen clearance and strengthen anti-tumour immunity (Lee, 

2019). Stimuli including interferon g (IFNg), lipopolysaccharide (LPS) and 

granulocyte-macrophage colony stimulation factor (GM-CSF) mediate macrophage 

polarisation into the M1 subset (Martinez & Gordon, 2014). Priming of macrophages 

by IFNg results in increased responsiveness to inflammatory signals, in particular 

LPS and type I interferons, while inducing resistance to anti-inflammatory signals 

such as glucocorticoids, interleukin (IL)-4 and IL-10 (Martinez & Gordon, 2014). IFNg, 

the only type II class interferon, is a cytokine predominantly released by NK cells, 

innate lymphoid cells and T helper 1 (TH1) cells of the adaptive immune lineage 

(Schroder et al, 2004).  
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M1 polarised macrophages produce a variety of pro-inflammatory mediators, 

including IL-1, IL-6, IL-12, IL-23 and tumour necrosis factor a (TNFa) (Duque & 

Descoteaux, 2014). Moreover, M1 macrophages actively produce anti-microbial and 

anti-tumourigenic products, in particular nitric oxides (NO) and reactive oxygen 

species (ROS) (Mantovani et al, 2004). Despite the importance of M1 macrophages 

in clearing pathogens, sustained activation of pro-inflammatory M1 macrophages 

may lead to tissue damage. In contrast, M2 macrophages are anti-inflammatory, 

mediate wound healing and possess tumourigenic characteristics (Ley, 2017). There 

are multiple subsets of M2 macrophages, including IL-10-secreting regulatory 

macrophages, tumour associated macrophages (TAMs) and myeloid-derived 

suppressor cells (MDSCs) (Roszer, 2015; Mantovani et al, 2002). Both IL-4 and IL-

13, released by T helper 2 (TH2) cells, basophils and eosinophils, mediate 

macrophage polarisation into the M2 subset (Van Dyken & Locksley, 2013). In 

response to polarisation, M2 macrophages share high expression profiles of anti-

inflammatory IL-10 and transforming growth factor b (TGFb), while only expressing 

low levels of pro-inflammatory IL-12 (Gong et al, 2012; Mantovani et al, 2004). In 

addition, M2 macrophages express high levels of arginase-1, a metabolic enzyme 

converting L-arginine into L-ornithine to promote collagen synthesis for tissue repair 

(Campbell et al, 2013). L-arginine is required by nitric oxide synthase (iNOS) to 

generate NO and thus, increased arginase-1 expression reduces NO production, 

thereby limiting cytotoxicity of M2 macrophages (Rath et al, 2014).  
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Figure 1 Macrophage polarisation 
Stimulation of monocytes triggers polarisation of macrophages into either a pro-
inflammatory M1 phenotype, or an anti-inflammatory M2 phenotype. Signals that 
lead to M1 polarisation include IFNg, LPS or GM-CSF. Once in an M1 state, 
macrophages induce expression of pro-inflammatory cytokines, including IL-1, IL-6, 
IL-12, IL-23 and TNFa. Alternatively, priming of macrophages with IL-4 or IL-13 leads 
to polarisation into an M2 state. Resolving macrophages induce expression of anti-
inflammatory mediators, including IL-10 and TGFb. Macrophage polarisation is 
highly dynamic and macrophages are able to reversibly switch between M1 and M2 
phenotypes.  
 

 

1.2 Regulation of innate immune signalling by post-
translational modifications 

A prerequisite for a potent innate immune response is the ability of immune cells to 

rapidly respond to signals in the extracellular environment and to convert these 

stimuli into a cellular response. Signal transduction describes the process by which 

extracellular signals induce a complex network of intracellular signalling pathways to 
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elicit a response at the cellular level. Following engagement of a receptor in the 

plasma membrane, adaptor proteins and signalling molecules with enzymatic activity 

are recruited and activated to amplify the extracellular signal (Ferrell, 1996). Signal 

transduction orchestrates intracellular signalling to convert receptor activation into a 

physiological response. The underlying mechanism by which all signalling pathways 

remain balanced is the regulation of post-translational modifications (PTMs). PTMs 

regulate activity, stability and folding of proteins, thereby controlling all aspects of 

protein function. PTM involves the covalent attachment of a new functional group to 

a protein. Examples of PTMs include phosphorylation, ubiquitylation, methylation, 

glycosylation, and acetylation. The covalent addition or removal of a PTM can 

significantly alter physical interactions and cellular localisation of the target protein. 

The tight regulation of PTMs is critical to prevent the development of inflammatory 

diseases.  

 

1.2.1 Protein phosphorylation  

Protein phosphorylation involves the transfer of a g-phosphate group from adenosine 

triphosphate (ATP) to the hydroxyl group of serine, threonine or tyrosine amino acid 

residues in the target protein. More specifically, ATP and substrate bind to the active 

site of a protein kinase, which catalyses g-phosphate transfer to the target residue, 

after which adenosine diphosphate (ADP) and substrate are released from the 

protein kinase (Fischer & Krebs, 1955; Cohen, 2002; Hanks et al, 1988). The reverse 

reaction, substrate dephosphorylation, is catalysed by protein phosphatases 

(Ingebritsen & Cohen, 1983). Attachment or removal of a phosphate group alters the 

surface charge, which may induce a conformational change, thus regulating protein-

protein interactions, substrate stability, localisation or enzymatic activity. In 

eukaryotes, protein kinases are one of the largest gene families encoding for more 

than 530 protein kinases (Wilson et al, 2018). In addition, more than 160 protein 

phosphatases have been identified (Wilson et al, 2018).  

 

Substrate specificity is critical to ensure that protein kinases phosphorylate their 

physiological target sites. Molecular mechanisms to ensure substrate specificity are 

multifaceted (Ubersax & Ferrell, 2007). Firstly, structural confirmation, 
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hydrophobicity and surface charge of the active site are features that determine 

substrate complementarity. Secondly, distal docking sites on the substrate interact 

with domains spatially separated from the active site on the kinase to increase the 

binding affinity of kinases for particular substrates (Holland & Cooper, 1999; Biondi 

& Nebreda, 2003). Thirdly, some protein kinases, such as cyclin-dependent kinases, 

utilise modular binding partners containing docking domains, which allows for a 

single kinase to target multiple substrates in a context-dependent manner (Jeffrey et 

al, 1995; Schulman et al, 1998). Fourthly, conditional docking sites allow for high-

affinity recruitment of kinases to substrates. More specifically, this involves substrate 

priming by phosphorylation adjacent or distant from the secondary phosphorylation 

site (Pinna & Ruzzene, 1996). In addition, localisation of kinases to subcellular 

compartments can locally increase kinase concentration in distinct parts of the cell 

to facilitate the rate of phosphorylation. Lastly, scaffolding proteins provide signalling 

platforms for protein kinases and substrates to be recruited to close proximity. 

Scaffolds share some similarity with modular binding partners, however, while 

modular binding partners interact stably with the protein kinase, scaffolds provide a 

more dynamic signalling platform for kinases (Pawson & Scott, 1997; Bhattacharyya 

et al, 2006). Due to high substrate specificities, clinical application of kinase inhibitors 

for the treatment of inflammatory diseases and cancer has been extensively 

investigated by the pharmaceutical industry over the past two decades (Cohen & 

Alessi, 2013; Bain et al, 2007, 2003).  

 

1.2.2 Protein ubiquitylation 

Protein ubiquitylation involves the transfer of a ubiquitin moiety onto a target protein. 

Ubiquitin is a highly conserved protein comprising 76 amino acids (Goldstein et al, 

1975). It is covalently attached via its C-terminus, to either another ubiquitin molecule 

or to a lysine (Lys, K) residue of a substrate protein (Goldknopf & Busch, 1977). 

Ubiquitylation involves the enzymatic activity of three distinct protein families: E1 

ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin-

ligating enzymes (Swatek & Komander, 2016). The E1 ubiquitin-activating enzyme 

catalyses the formation of a thioester bond between a cysteine residue present in its 

active site and the C-terminal glycine residue of a ubiquitin molecule. Thioester bond 
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formation is an ATP-dependent process. Subsequently, ubiquitin is transferred to the 

cysteine residue in the active site of an E2 ubiquitin-conjugating enzyme. E3 ubiquitin 

ligases associate with both the protein substrate and the ubiquitin-bound E2 

ubiquitin-conjugating enzyme. More specifically, E3 ubiquitin ligases transfer the 

ubiquitin on E2 enzymes to the e-amino group of a lysine residue on the protein 

substrate (Li et al, 2016).  

 

In humans, two E1s, more than 35 E2s, and approximately 600 E3s have been 

identified (Jin et al, 2007; Wijk & Timmers, 2010; Moulder et al, 2016; Li et al, 2008). 

The large number of E3 ubiquitin ligases provides specificity and ensures that 

substrates are appropriately ubiquitylated. Ubiquitylation was originally discovered 

as a degradation signal to target proteins for proteolysis by the 26S proteasome 

(Ciechanover et al, 1978; Hershko et al, 1979). However, over the past decade the 

importance of ubiquitylation as a PTM, to regulate a plethora of cellular processes, 

has been established. In particular, ubiquitylation plays an essential role in regulating 

signalling pathways underlying innate immune responses (Schwartz & Hochstrasser, 

2003; Hu & Sun, 2016). The reverse reaction, substrate deubiquitylation, is catalysed 

by deubiquitylating enzymes (DUBs). To date, approximately 100 distinct DUBs have 

been identified (Clague et al, 2019; Hutchins et al, 2013). Enzymatic activity of E3 

ligases relative to DUBs determines the ubiquitylation state of substrates (Heride et 

al, 2014). Importantly, DUBs constitutively replenish the cellular pool of free ubiquitin 

by processing ubiquitin chains from proteins destined for proteasomal degradation. 

 

1.2.3 Linkage-specific functions of ubiquitin chains 

In mammalian cells, more than half of ubiquitylation events comprise the covalent 

attachment of a single ubiquitin molecule to a lysine residue in the substrate. This is 

referred to as monoubiquitylation (Figure 2). Approximately 20% of total ubiquitin is 

present in polyubiquitin structures, where multiple ubiquitin molecules are attached 

to form polyubiquitin chains (Swatek & Komander, 2016). Ubiquitin contains seven 

lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63), which are all able 

to serve as a substrate for another ubiquitin molecule, thus leading to the formation 

of polyubiquitin chains (Akutsu et al, 2016). In addition, ubiquitin contains an N-
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terminal methionine (Met, M) residue, which is able to form a stable isopeptide bond 

with the glycine residue at the C-terminus of another ubiquitin molecule. This results 

in the formation of linear, or Met1 (M1)-linked polyubiquitin chains (Kirisako et al, 

2006; Ikeda & Dikic, 2008). Ubiquitin chains of different linkage specificities display 

significant structural diversity and regulate distinct cellular processes.  

 

 
Figure 2 Different types of ubiquitylation and chain-specific biological functions 
Protein substrates can be ubiquitylated with a single ubiquitin moiety to a single 
lysine residue, which is known as monoubiquitylation. Alternatively, a substrate can 
be ubiquitylated with a single ubiquitin at several different lysine residues, which is 
referred to as multi-monoubiquitylation. Polyubiquitylation refers to the attachment of 
multiple ubiquitin moieties to a single lysine residue. Polyubiquitin chains may be 
homogeneous (identical chain linkages) or hybrid (different chain linkages). K48-
linked polyubiquitin marks substrates for proteasomal degradation. In contrast, K63-
linked polyubiquitin chains regulate DNA repair and immune signalling. Similarly, 
hybrid K63/M1-linked polyubiquitin chains regulate NF-kB activation and innate 
immune signalling.  
 

K48-linked ubiquitin chains are the most abundant linkage type in cells as K48-linked 

chains target proteins for proteasomal degradation (Chau et al, 1989). K63-linked 

ubiquitin chains are the second most abundant chain linkage type and are involved 

in non-degradative processes, including DNA repair and cell signalling (Hu & Sun, 

2016; Spence et al, 1995). In contrast to the compact structural conformation of K48-

linked ubiquitin chains, K63- and M1-linked polyubiquitin chains adopt a more 

elongated and accessible conformation for signalling molecules to bind (Tenno et al, 

2004; Varadan et al, 2004; Komander et al, 2009). In recent years, both K63-linked 
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and M1-linked polyubiquitin chains have been extensively studied in the context of 

nuclear factor kB (NF-kB) signalling (Haas et al, 2009; Gerlach et al, 2011). 

Formation of both linkage types is required for NF-kB activation and elicitation of an 

inflammatory response during infection (Li et al, 2016). In recent years, the formation 

of ‘hybrid’ ubiquitin chains has also been described, where polyubiquitin chains are 

composed of multiple linkage types (Figure 2). More specifically, K63/M1-linked as 

well as K48/K63-linked hybrid ubiquitin chains have been shown to regulate innate 

immune signalling, particularly NF-kB activation (Emmerich et al, 2013, 2016; 

Ohtake et al, 2016). Every linkage type has a highly specific set of ‘writers’ (E3 

ubiquitin ligases), ‘readers’ (ubiquitin-binding proteins), and ‘erasers’ (DUBs), which 

all contribute to the ubiquitin code that translates ubiquitylation into a biological 

response (Komander & Rape, 2012).  

 

1.2.4 Ubiquitin-binding proteins 

Ubiquitylation is recognised by ‘reader’ proteins containing ubiquitin-binding domains 

(UBDs). Ubiquitin-binding proteins, or ubiquitin receptors, contain at least one UBD 

and based on their modes of interaction with ubiquitin, UBDs have been classified 

into more than 20 distinct families comprising more than 200 proteins (Dikic et al, 

2009). While UBDs are structurally different, the majority of UBDs bind non-

covalently to the hydrophobic patch adjacent to the Ile44 of ubiquitin (Husnjak & Dikic, 

2012). Ubiquitin-binding proteins commonly contain multiple signalling domains, 

which are involved in regulating localisation, enzymatic activity or adaptor 

recruitment.  

 

Decoding of M1-linked ubiquitin signals is mediated by the ubiquitin binding in ABIN 

and NEMO (UBAN) domain. The UBAN domain was originally discovered in A20-

binding inhibitor of NF-kB-1 (ABIN-1), ABIN-2, ABIN-3, NF-kB essential modulator 

(NEMO) and optineurin (Wagner et al, 2008; Agou et al, 2004; Ea et al, 2006; Zhu et 

al, 2007; Heyninck et al, 2003). Structural studies into the UBAN domain of NEMO 

revealed that the UBAN domain interacts with the Ile44-adjacent hydrophobic patch 

in the proximal ubiquitin. In addition, strong interactions are formed between the 

UBAN domain and the linker residues between two M1-linked ubiquitin molecules 
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(Husnjak & Dikic, 2012). UBAN domains are able to interact with K63-linked ubiquitin 

chains, however, studies have shown that the UBAN domain binds M1-linked 

ubiquitin chains with a 100-fold stronger affinity (Lo et al, 2009; Rahighi et al, 2009). 

The ability of NEMO to interact with M1-linked ubiquitin via its UBAN domain is 

required for the regulation NF-kB activation in response to TNFa, IL-1 and Toll-like 

receptor (TLR) agonists (Emmerich et al, 2013; Chen & Chen, 2013; Clark et al, 

2013). Human point mutations in NEMO, which disrupt polyubiquitin binding to its 

UBAN domain, have been shown to lead to the development of anhidrotic ectodermal 

dysplasia with immunodeficiency (EDA-ID) (Hubeau et al, 2011). EDA-ID is a 

syndrome that causes developmental abnormalities and severe susceptibility to 

bacterial as well as viral pathogens. Moreover, mice harbouring a point mutation in 

the Abin1 gene, which abrogates ubiquitin binding, develop hallmarks of 

autoimmunity since ABIN-1 is critical for negatively regulating NF-kB activation 

downstream of TLRs (Nanda et al, 2011).  

 

 

1.3 Pathogen recognition by innate immune receptors 

During infection of the host, germline-encoded innate immune receptors, also known 

as pattern recognition receptors (PRRs), sense the presence of pathogens (Akira et 

al, 2006). PRRs are highly expressed on macrophages, neutrophils and DCs, but 

also found on non-professional immune cells. PRRs bind to pathogen-associated 

molecular patterns (PAMPs), which are strongly conserved structures expressed by 

microbial species (Takeuchi & Akira, 2010). Importantly, PAMPs are exclusively 

expressed by invading pathogens, thus allowing the host to distinguish between ‘self’ 

and ‘non-self’ (Mogensen, 2009). In addition to PAMPs, PRRs also recognise 

damage-associated molecular patterns (DAMPs). DAMPs are stress signals, which 

are released by damaged or apoptotic host cells during cellular stress or tissue injury. 

DAMPs are endogenous danger signals, including extracellular matrix (ECM) 

components, histones, heat-shock proteins (HSPs), all of which are very potent to 

induce inflammation when recognised by PRRs (Roh & Sohn, 2018). 
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Four distinct PRR families have been identified: TLRs, NOD-like receptors (NLRs), 

C-type lectin receptors (CLRs) and retinoic acid-inducible gene (RIG)-I-like receptors 

(RLRs) (Takeuchi & Akira, 2010). Stimulation of PRRs by PAMPs and DAMPs leads 

to induction of genes regulating the inflammatory response (Figure 3). These include 

chemokines, cytokines, type I interferons, microbicidal proteins and regulators of 

PRR signalling (Kawai & Akira, 2010). 

 

 

 
Figure 3 Pattern recognition receptors in innate immunity 
A diverse repertoire of PRRs responds to the presence of PAMPs and DAMPs. Four 
PRR families have been identified, including Toll-like receptors (TLRs), NOD-like 
receptors (NLRs), C-type lectin receptors (CLRs) and retinoic acid-inducible gene 
(RIG)-I-like receptors (RLRs). PRRs are found in the plasma membrane, on 
endosomal membranes and in the cytosol. Upon activation, PRRs mediate a 
complex network of signalling pathways, which lead to the production of inflammatory 
mediators. These include chemokines, cytokines, interferons as well as microbicidal 
proteins. PRR, pattern recognition receptor; PAMP, pathogen-associated molecular 
pattern; DAMP, damage-associated molecular pattern.  
 

TLRs were originally discovered in Drosophila melanogaster and have also been 

described in plant species including Arabidopsis thaliana, which demonstrates the 

evolutionary importance of TLRs in innate immunity across biological kingdoms 

(Lemaitre et al, 1996; Chan et al, 2010). TLRs are located on the outer plasma 



Chapter 1. Introduction 

40 

 

membrane as well as on membranes of cytosolic vesicles to sense extracellular and 

intracellular pathogens, respectively (Kawasaki & Kawai, 2014). TLRs are type I 

transmembrane glycoproteins comprising an N-terminal extracellular, central 

transmembrane, and C-terminal intracellular domain (Botos et al, 2011). Receptors 

of the TLR family share N-terminal recognition leucine-rich repeat (LRR) motifs, a 

central transmembrane helix and a C-terminal signalling Toll/IL-1 receptor (TIR) 

domain (O’Neill & Bowie, 2007). Tandem repeats of LRRs are involved in antigen 

binding and while repeating leucine residues in LRRs are conserved, other residues 

are variable to ensure a broad ligand specificity among the TLR family. Therefore, 

LRR motifs among the TLR family are highly diverse and vary significantly between 

different TLRs (Botos et al, 2011). In contrast, transmembrane and TIR domains are 

highly conserved among the TLR family. The intracellular TIR domain is also 

conserved in some interleukin receptors, including the IL-1 receptor (O’Neill & Bowie, 

2007). Unlike some other receptors, such as receptor tyrosine kinases, which 

possess catalytic C-termini, the TIR domain of TLRs has no catalytic activity. Instead, 

TLR-mediated signal transduction is induced when TIR domain-containing adaptor 

proteins are recruited to TLRs upon activation (Kawasaki & Kawai, 2014). 

 

In humans, ten distinct TLRs have been characterised, while in mice 12 TLRs have 

been identified. Different TLRs recognise distinct molecular structures and differ in 

cellular localisation. TLRs located on the plasma membrane include TLR1, 2, 4, 5, 6 

and 11, while intracellular TLRs include TLR3, 7, 8, 9 and 10 (Beutler, 2004). 

Importantly, TLRs respond to a broad spectrum of microbial ligands, including 

lipoproteins (TLR1, 2 and 6), double-stranded RNA (TLR3), LPS (TLR4), flagellin 

(TLR5), single-stranded RNA (TLR7 and 8) and viral DNA (TLR9) (Zhang et al, 2007; 

Andersen-Nissen et al, 2005; Barton et al, 2006; Alexopoulou et al, 2001; Hoebe et 

al, 2003; Campos et al, 2001). Ligand binding to N-terminal LRR motifs promotes 

dimerisation of two TLRs to form either homo- or heterodimers (Botos et al, 2011). 

Dimerisation of antigen-bound ectodomains brings C-terminal TIR domains of two 

adjacent TLRs in close proximity. Dimerisation induces adaptor recruitment to initiate 

downstream signalling cascades. While the TLR family is subdivided into plasma 

membrane and endosomal TLRs, a number of studies have shown that plasma 

membrane TLRs have the ability to also signal from endosomal compartments 

(Zanoni et al, 2011; Kagan et al, 2008a; Stuart et al, 2005; Stack et al, 2014). 
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Historically, it was believed that localisation of TLRs from the plasma membrane to 

endosomal compartments downregulates TLR-mediated signalling to dampen the 

innate immune response (Latz et al, 2003; Husebye et al, 2006; Tan et al, 2015). 

However, for some TLRs endocytic uptake has been shown to be essential for 

downstream signalling. LPS-induced endocytosis of TLR4 is a prerequisite for 

activation of the type I interferon pathway (Kagan et al, 2008a; Zanoni et al, 2011). 

Similarly, localisation of cell surface TLR2 to endosomes is required for type I 

interferon induction following infection of macrophages with herpes viruses or the 

bacterium Staphylococcus aureus (Stack et al, 2014).  

 

1.3.1 TLR4 signalling 

TLR4 binds to LPS and endogenous DAMPs, including HSPs, b-defensin 2 and 

hyaluronic acid. LPS is a major structural component of the outer membrane of 

Gram-negative bacteria, consisting of an O side chain, an oligosaccharide core and 

lipid A. Lipid A is the conserved PAMP, which is recognised by TLR4 (Poltorak et al, 

1998a, 1998b). LPS binding protein (LBP), a soluble shuttle glycoprotein, mediates 

the interaction between LPS and CD14, a glycosylphosphatidylinositol (GPI)-

anchored protein in the plasma membrane (Tobias et al, 1986; Wright et al, 1989; 

Pugin et al, 1993). Cell surface TLR4 is in a complex with myeloid differentiation 

factor 2 (MD-2), which has an LPS-binding motif and facilitates PAMP recognition 

when LPS is transferred from CD14 to the TLR4/MD-2 complex (Pugin et al, 1994; 

Da Silva Correia et al, 2001; Da Silva Correia & Ulevitch, 2002). Upon LPS binding, 

two TLR4/MD-2 complexes oligomerise to form a homodimer. This brings C-terminal 

TIR domains of two adjacent TLR4 molecules in close proximity, thus enabling 

recruitment of TIR domain-containing adaptor proteins to induce signal transduction 

(Park & Lee, 2013).  

 

The five distinct TIR domain-containing signalling adaptors in mammalian cells 

include myeloid differentiation primary response gene 88 (MyD88), TIR domain-

containing adaptor protein (TIRAP, also known as Mal), TIR domain-containing 

adaptor inducing IFNb (TRIF), TRIF-related adaptor molecule (TRAM) and sterile a 

and HEAT-Armadillo motifs-containing protein (SARM) (O’Neill & Bowie, 2007). 
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While different TLRs recruit specific TIR domain-containing adaptor proteins, TLR4 

has been shown to recruit all five adaptor proteins in a context-dependent manner 

(Lu et al, 2008). MyD88 was originally identified as a signalling adaptor for the TIR 

domain-containing IL-1 receptor (Burns et al, 1998). The importance of MyD88 was 

demonstrated using MyD88 knockout mice, which are resistant to LPS-induced 

sepsis (Roger et al, 2009; Muzio et al, 1997). In addition, knockout of MyD88 in 

macrophages prevents the expression of pro-inflammatory cytokines in response to 

LPS stimulation, while NF-kB activation is delayed and type I interferon expression 

remains unaffected (Kawai et al, 2001; Adachi et al, 1998; Kawai & Adachi, 1999). 

These findings suggested distinct TLR4-mediated signalling cascades induced by 

different TIR domain-containing adaptor proteins. TIRAP contains a 

phosphatidylinositol 4,5-bisphosphate (PIP2) binding domain, which facilitates its 

recruitment to TLR4 in the plasma membrane (Kagan & Medzhitov, 2006). In addition, 

TIRAP mediates the recruitment of MyD88 to trigger the MyD88-dependent pathway, 

which leads to pro-inflammatory cytokine expression (Horng et al, 2001). The 

MyD88-independent pathway is initiated when TRAM binds to TLR4, which promotes 

the recruitment of TRIF to the receptor. The MyD88-independent, or TRIF-dependent, 

pathway leads to expression of type I interferons and interferon-stimulated genes 

(ISGs) (Rowe et al, 2006; Yamamoto et al, 2003b, 2003a).  

 

1.3.2 The MyD88-dependent signalling pathway 

The MyD88-dependent signalling pathway is not exclusively utilised by TLR4, but 

also by other TLRs, including TLR2 (Kawasaki & Kawai, 2014; Kawai & Akira, 2011). 

In addition to a TIR domain, MyD88 also contains a death domain (DD), which 

mediates recruitment of DD-containing signalling proteins via homotypic interactions 

to TLR4 upon LPS stimulation (Ohnishi et al, 2009). Following recruitment to TIRAP, 

MyD88 binds and activates DD-containing IL-1 receptor-associated kinase 4 (IRAK4). 

Subsequently, IRAK4 promotes association of IRAK1, IRAK2 and/or IRAK3 with the 

receptor to form a signalling complex known as the Myddosome (Figure 4). Kinase 

activity of IRAK4 is critical for TLR4 signalling and similarly to MyD88 deficiency, 

IRAK4 deficiency or inactivation of IRAK4 kinase activity by knock-in mutations 

protects from septic shock and abrogates expression of pro-inflammatory cytokines 
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(Cheng et al, 2007; Motshwene et al, 2009; Lin et al, 2010; Tae et al, 2007). IRAK1 

catalytic activity is not essential for TLR-induced signal transduction, however, it 

promotes caspase-1 activation (Pauls et al, 2013; Lin et al, 2014). IRAK2 and 3 in 

turn lack conserved amino acid residues required for catalytic activity, and thus 

IRAK2 and 3 are known as pseudokinases (Wesche et al, 1999). Although kinase 

activity of IRAK1, 2 and 3 are redundant for TLR signalling, they are structurally 

important for the formation of the Myddosome.  

 

IRAK1, 2 and 3 contain a C-terminal motif, which recruits TNF receptor-associated 

factor 6 (TRAF6), an E3 ubiquitin ligase, to the Myddosome (Ye et al, 2002; Lin et al, 

2010). In the presence of the UBE2V1-Ubc13 heterodimer, an E2 ubiquitin-

conjugating enzyme, TRAF6 catalyses the formation of K63-linked polyubiquitin 

chains (Deng et al, 2000). K63-linked chains are attached to the Myddosome, in 

particular to IRAK1, as well as to TRAF6 itself (Lamothe et al, 2007; Walsh et al, 

2008; Cohen, 2014). Besides TRAF6, E3 ubiquitin ligases belonging to the Pellino 

family have also been shown to generate K63-linked ubiquitin chains following 

Myddosome assembly (Ordureau et al, 2008; Butler et al, 2007). The formation of 

K63-linked polyubiquitin is essential for the activation of transforming growth factor 

b-activated kinase-1 (TAK1, also known as MAP3K7) and for the formation of M1-

linked polyubiquitin chains (Kanayama et al, 2004; Wang et al, 2001; Xia et al, 2009).  

 

In mammalian cells, the TAK1 complex consists of TAK1, the catalytic component, 

and TAK1-binding protein 1 (TAB1) and either TAB2 or TAB3. Both TAB2 and TAB3 

contain a ubiquitin-binding zinc finger domain, which specifically interacts with K63-

linked ubiquitin chains (Kulathu et al, 2009). Following K63-linked ubiquitin chain 

formation by TRAF6, the TAK1 complex binds to K63-linked chains either via TAB2 

or TAB3 (Figure 4). Ubiquitin binding to the TAK1 complex induces a conformational 

change in TAK1, which activates its kinase activity (Wang et al, 2001). TAK1 is a 

mitogen-activated protein (MAP) kinase kinase kinase (MAP3K), which initiates 

signalling cascades leading to the activation of MAP kinases, including p38 and c-

Jun N-terminal kinases (JNKs) (Cohen, 2014).  

 

TRAF6-generated K63-linked ubiquitin chains are a prerequisite for the formation of 

M1-linked polyubiquitin chains (Emmerich et al, 2013). The linear ubiquitin assembly 
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complex (LUBAC), an E3 ubiquitin ligase exclusively catalysing M1-linked ubiquitin, 

uses K63-linked ubiquitin chains as a substrate to generate K63/M1-linked hybrid 

ubiquitin chains (Kirisako et al, 2006; Gerlach et al, 2011; Emmerich et al, 2013). 

More specifically, HOIP is the catalytic subunit of LUBAC, which interacts with K63-

linked ubiquitin via its zinc finger domain to covalently attach M1-linked ubiquitin 

moieties to existing K63-linked ubiquitin molecules (Gerlach et al, 2011; Emmerich 

et al, 2013). M1-linked ubiquitin chains activate the inhibitory proteins of kB (IkB) 

kinase (IKK) complex, which comprises the catalytic subunits IKKa and IKKb as well 

as the adaptor protein NEMO, also known as IKKg (Zandi et al, 1997; Yamaoka et 

al, 1998). NEMO interacts with M1-linked ubiquitin chains via its UBAN domain, thus 

localising the canonical IKK complex to ubiquitin (Marienfeld et al, 2006; Rahighi et 

al, 2009). The hybrid nature of K63/M1-linked ubiquitin chains brings the TAK1 and 

IKK complex in close proximity, allowing for TAK1 to phosphorylate and activate IKKb 

(Emmerich et al, 2013; Cohen, 2014) (Figure 4).  
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Figure 4 MyD88-dependent signalling 
Activation of TLRs mediates the localisation of MyD88 to the receptor, which results 
in formation of the Myddosome. The E3 ubiquitin ligases TRAF6 and members of the 
Pellino family generate, together with the E2 conjugating enzyme Ubc13, K63-linked 
polyubiquitin chains. These act as a substrate for the E3 ubiquitin ligase LUBAC, 
which generates M1-linked polyubiquitin chains. Recruitment of the TAK1 complex 
to K63-linked ubiquitin chains induces TAK1 kinase activity, which in turn activates 
IKKb of the IKK complex. The IKK complex binds to M1-linked ubiquitin chains via 
NEMO. Both TAK1 and IKKb activate a plethora of protein kinases and transcription 
factors, which control the expression of inflammatory mediators.  
 

IKKb phosphorylates the cytoplasmic NF-kB inhibitory protein IkBa leading to its 

K48-linked polyubiquitylation by the SKP1-cullin-1-F-box complex-containing bTrCP 

(SCFbTrCP), an E3 ubiquitin ligase complex (Winston et al, 1999; Spencer et al, 1999; 
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Yaron et al, 1998). K48-linked polyubiquitylation of IkBa promotes its degradation by 

the proteasome. This liberates IkBa-associated NF-kB p65-p50 heterodimers to 

translocate into the nucleus and activate expression of NF-kB-dependent genes, 

including pro-inflammatory mediators (Oeckinghaus & Ghosh, 2009). Besides IkBa, 

IKKb also phosphorylates NF-kB1 p105 (p105), a precursor of the p50 subunit of NF-

kB. Similar to IkBa phosphorylation, IKKb-induced phosphorylation of p105 leads to 

K48-linked polyubiquitylation by SCFbTrCP and subsequent proteasomal degradation. 

In addition to proteasomal degradation, SCFbTrCP-independent proteolytic digestion 

cleaves p105 into its mature p50 form, which assembles with p65 to form an active 

NF-kB transcription factor heterodimer (Moorthy et al, 2006). Proteolysis of p105 

releases and activates tumour progression locus 2 (TPL-2), a MAP3K that initiates 

MAP kinase cascades to activate extracellular signal-regulated kinase (ERK) 1 and 

ERK2 (Lang et al, 2003; Waterfield et al, 2004; Dumitru et al, 2000).  

 

Protein kinases activated in the MyD88-dependent pathway phosphorylate hundreds 

of signalling proteins that regulate gene expression, stability, processing and release 

of inflammatory mediators (Cohen, 2014).  

 

1.3.3 The TRIF-dependent signalling pathway 

The localisation and repertoire of signalling adaptors determine which pathways are 

activated downstream of TLRs. TLR2, 4 and 5 recognise PAMPs of bacterial cell 

walls and these receptors are thus present on the cell surface to induce cytokine 

production during microbial infection. In contrast, TLR3, 7 and 9 recognise viral 

nucleic acids and are predominantly found on endosomal vesicles (Kawai & Akira, 

2006). TLR7 and TLR9 signal via MyD88 to promote type I interferon expression 

while TLR3 utilises TRIF to induce the type I interferon response (Kawai & Akira, 

2010, 2011). Type I interferon production is critical for anti-viral responses and 

elevated type I interferon levels are protective during acute viral infection (Teijaro, 

2016). The ability to drive both MyD88-dependent and -independent pathways is 

unique to TLR4 (Kawasaki & Kawai, 2014; Shen et al, 2008). Studies in MyD88-

deficient macrophages revealed that MyD88 is critical for the expression of pro-

inflammatory cytokines downstream of TLR4 (Kawai et al, 2001). However, strikingly 
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TLR4 activation of NF-kB and MAP kinases (MAPKs), as well as expression of type 

I interferons, remains largely unaffected when MyD88 is absent due to activation of 

the TRIF-dependent signal transduction pathway (Kawai et al, 2001).  

 

TLR4 sequentially activates the MyD88-dependent and TRIF-dependent pathway 

from the plasma membrane and endosomal compartments, respectively (Kagan et 

al, 2008a). At the plasma membrane, a PIP2-rich environment promotes TIRAP-

MyD88 binding to TLR4 (Kagan & Medzhitov, 2006). Following initial MyD88-

dependent signalling, TLR4 is internalised by a dynamin-dependent process 

(Husebye et al, 2006). As PIP2 levels decrease during endocytosis, TIRAP-MyD88 

complexes dissociate from TLR4. This allows the TIR domain-containing adaptor 

protein TRAM to bind to TLR4 and recruit TRIF via homotypic TIR domain 

interactions (Horng et al, 2001). A seven amino acid myristoylation motif in TRAM 

ensures localisation to early endosomes (Rowe et al, 2006). Pharmacological 

inhibition of dynamin-mediated endocytosis blocks LPS-induced internalisation of 

TLR from the cell surface and IFN induction (Kagan et al, 2008a).  
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Figure 5 TRIF-dependent signalling pathway 
Following internalisation, TLR4 signalling becomes TRIF-dependent, while TLR3 
exclusively signals via the adaptor protein TRIF. The E3 ubiquitin ligases TRAF3 and 
TRAF6 are recruited to the TLR/TRAM/TRIF signalling complex. Both TRAF3 and 
TRAF6 generate K63-linked polyubiquitin chains. TRAF6 ubiquitylates RIP1, which 
in turn phosphorylates TAK1. TAK1 drives activation of MAP kinases and NF-kB. 
TRAF3 ubiquitylates IKKe and TBK1, which phosphorylate IRF3. Phosphorylation 
induces IRF3 dimerisation and subsequent nuclear translocation to promote 
expression of type I interferon genes.  
 

TRIF promotes recruitment of the E3 ubiquitin ligases TRAF3 and TRAF6 to TLR4. 

TRAF6 recruits and ubiquitylates the receptor-interacting serine/threonine-protein 

kinase 1 (RIP1), which in turn phosphorylates and activates TAK1 to induce MyD88-

independent activation of NF-kB transcription factors and MAP kinases (Kawai & 
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Akira, 2011) (Figure 5). In addition, TRAF3 binds to and ubiquitylates the IKK-related 

kinases IKKe (also known as IKKi) and TANK binding kinase 1 (TBK1, also known 

as NAK) (Hildebrand et al, 2011). Besides TRAF proteins, members of the Pellino 

family of E3 ubiquitin ligases have also been studied in the context of TLR signalling. 

TBK1 and IKKe phosphorylate Pellino-1, thus promoting Pellino-1-mediated 

ubiquitylation of RIP1 to further drive TAK1 activation (Smith et al, 2011). Both TBK1 

and IKKe phosphorylate IFN regulatory factor 3 (IRF3) on C-terminal residues 

(McWhirter et al, 2004; Häcker & Karin, 2006). In unstimulated cells, IRF3 resides 

latently in the cytoplasm, however, upon phosphorylation IRF3 homodimerises. The 

dimeric IRF3/IRF3 transcription factor translocates into the nucleus and binds to 

interferon-stimulated response elements (ISREs), which are upstream consensus 

sequences of IFNa/b genes (Figure 5). IRF3/IRF3 binding to ISREs drives 

expression of type I interferon genes (DeFilippis et al, 2006; Yoneyama et al, 1998). 

 

1.3.4 MAP kinase signalling in innate immunity 

MAP kinase signalling is activated in macrophages and DCs downstream of all four 

PRR classes during the innate immune response. MAP kinase signalling pathways 

describe a cascade of at least three distinct kinases, where a MAP3K phosphorylates 

and activates a MAP2K, which in turn activates a MAPK by dual phosphorylation of 

a conserved Thr-X-Tyr motif (X represents any amino acid residue) in the kinase 

activation loop (Arthur & Ley, 2013). In mammals, a total of 14 MAPKs have been 

identified. In the context of innate immune responses, three MAPK families, including 

the classical ERK MAPKs (ERK1 and ERK2,) p38 MAPKs (p38a, p38b, p38g and 

p38d) and JNK MAPKs (JNK1, JNK2 and JNK3), have been most extensively studied 

(Arthur & Ley, 2013; Morrison, 2012).  

 

In fibroblasts ERK1/2 activation is driven by RAF, an oncogenic serine/threonine 

MAP3K (Schaeffer & Weber, 1999; Moodie et al, 1993). However, in innate immune 

cells, TPL-2 MAP3K drives ERK1/2 activation (Gantke et al, 2012). More specifically, 

TPL-2 phosphorylates MEK kinase 1 (MKK1) and MKK2, which are MAP2Ks that in 

turn activate ERK1/2 (Beinke et al, 2004; Roget et al, 2012). The p38 MAPKs are 

activated by MKK3 and MKK6 downstream of a different set of MAP3Ks, including 
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TAK1, MAP3K1 (also known as MAPK/ERK kinase kinase [MEKK1]) as well as 

MAP3K4 (MEKK4) (Sato et al, 2005; Jiang et al, 1997; Zarubin & Han, 2005). 

Interestingly, p38 and JNK MAPK families share identical upstream MAP3Ks, 

however, JNKs are activated by two different MAP2Ks, namely MKK4 and MKK7 

(Yang et al, 1997; Tournier et al, 2001). Extracellular stimuli determine the relative 

contribution of different protein kinases in MAPK signal transduction. While both 

MKK4 and MKK7 are required for optimal JNK activation in response to ultraviolet 

light, pro-inflammatory stimuli predominately activate JNKs via MKK7 (Tournier et al, 

2001; Zou et al, 2007). Substrate specificity between MAP2Ks and downstream 

MAPKs is ensured by MAPK-specific docking sites in MAP2Ks (Bardwell, 2006). 

Similarly, MAP3Ks phosphorylate respective MAP2Ks in a context-dependent 

manner, which is regulated by signalling adaptors (Symons et al, 2006; Arthur & Ley, 

2013). TAK1 is the MAP3K that initiates protein cascades to activate p38 and JNK 

MAPK pathways (Sato et al, 2005). However, via an indirect activating pathway 

TAK1 phosphorylates the IKK complex, which also leads to activation of TPL-2 

(Beinke et al, 2004; Robinson et al, 2007; Zhang et al, 2014). It is the assembly of 

multiprotein signalling complexes by adaptor proteins, which links distinct tiers of the 

MAPK pathways to achieve substrate specificity and signal propagation (Arthur & 

Ley, 2013).  

 

1.3.5 Functions of MAPKs in innate immune cells 

The JNK family comprises three homologues, however, while JNK3 is predominantly 

expressed in neuronal tissues, JNK1 and JNK2 regulate the JNK signalling axis in 

myeloid cells (Rincón & Davis, 2009). Myeloid-specific deletion of JNKs protects 

against the development of insulin resistance in response to high-fat diet and inhibits 

macrophage polarisation into the M1 subset (Han et al, 2013). JNK1 and JNK2 have 

pro-inflammatory immune functions by mediating the expression of inflammatory 

mediators, including IL-1, IL-12, IL-6 and TNFa (Han et al, 2013; Martinez et al, 2009). 

 

The classical MAPKs, which include ERK1 and ERK2, are involved in both the 

transcriptional and post-transcriptional regulation of cytokine production in innate 

immune cells upon infection. In macrophages, ERK1 and ERK2 promote expression 
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of TNFa, IL-1b and IL-10, while reducing expression of IL-12, IFNb and iNOS 

(Dumitru et al, 2000; Kaiser et al, 2009; Mielke et al, 2009). In TPL-2-deficient mice, 

ERK1/2-driven gene expression of pro- and anti-inflammatory mediators is 

abrogated, which results in increased susceptibility of TPL-2-deficient mice to 

bacterial infection (Mielke et al, 2009; McNab et al, 2013). Besides, TPL-2-induced 

inhibition of IFNb is critical for protecting against bacterial infections (McNab et al, 

2013). 

 

The p38 family of MAPKs has been shown to exhibit both pro- and anti-inflammatory 

functions depending on physiological context (O’Keefe et al, 2007). Macrophage-

specific deletion of p38a significantly reduces TLR-dependent expression of TNFa, 

resulting in increased resistance of mice to endotoxic shock (Kang et al, 2008). In 

macrophages, p38 activation has been shown to promote production of pro-

inflammatory mediators. However, essential cell type-specific functions such as the 

activation of negative feedback loops to suppress inflammation have been attributed 

to p38 signalling (Guma et al, 2012). More specifically, p38a signalling reduces skin 

inflammation induced by ultraviolet light in myeloid cells, whereas ultraviolet light-

induced skin inflammation is exacerbated by p38a in epithelial cells (Kim et al, 2008). 

In myeloid cells, p38 pathways suppress inflammation by promoting transcription of 

anti-inflammatory mediators and by negatively regulating upstream signalling. Firstly, 

p38a phosphorylates TAB1 and/or TAB3 on Ser423/Thr431 and Ser60/Thr404, 

respectively (Cheung et al, 2003). Phosphorylation of the TAB complex by p38a 

inhibits TAK1, thus inhibiting inflammatory signalling (Mendoza et al, 2008). In 

addition, p38a-mediated phosphorylation of mitogen- and stress-activated kinases 

(MSKs) promotes expression of anti-inflammatory IL-10 and induces expression of 

dual-specificity protein phosphatase 1 (DUSP1), which dephosphorylates and 

deactivates p38a itself as well as JNKs to dampen the inflammatory response 

(Ananieva et al, 2008; Kim et al, 2008).  
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1.4 Ternary TPL-2 complex 

1.4.1 TPL-2 protein kinase 

TPL-2 (also known as COT or MAP3K8) is a serine/threonine MAP3K that is 

activated downstream of TNF receptor 1 (TNFR1), IL-1 receptor and TLRs (Gantke 

et al, 2012). TPL-2 is widely expressed, with particularly high expression levels in 

spleen, thymus, lungs and the gut (Patriotis et al, 1993; Makris et al, 1993; Koliaraki 

et al, 2012). In mammalian cells, two isoforms of TPL-2 are expressed, a 58 kDa and 

a 52 kDa protein, respectively. The translational initiation from methionine at either 

position one or position 30 determines whether the high or low molecular weight 

isoform of TPL-2 is expressed (Aoki et al, 1993). Both isoforms are localised in the 

cytosol and the functional difference between both TPL-2 isoforms remains unknown 

(Miyoshi et al, 1991). 

 

1.4.2 Discovery of TPL-2 and its role in cancer 

TPL-2 was discovered by three laboratories in the 1990s. Initially, TPL-2 was 

discovered as an oncogene in a human thyroid carcinoma cell line (cancer Osaka 

thyroid, Cot gene), which has the ability to transform the SHOK hamster embryonic 

cell line (Miyoshi et al, 1991). The murine homolog of the Cot gene, referred to as 

TPL-2, was identified as a target of provirus insertion in Moloney murine leukaemia 

virus-induced T cell lymphomas, a phenomenon later confirmed in two genome-wide 

studies (Patriotis et al, 1993; Mikkers et al, 2002; Lund et al, 2002). In addition, the 

Tpl2 gene was identified as a site of mouse mammary tumour virus proviral 

integration in mammary carcinomas in mice (Erny et al, 1996). For consistency, all 

mammalian homologs in this thesis are referred to as Tpl2. Proviral activation of the 

Tpl2 gene most commonly results in expression of TPL-2 with a C-terminal truncation, 

which provided initial evidence that the C-terminal region is critical for regulation of 

TPL-2 kinase activity (Ceci et al, 1997). Upon expression of C-terminally truncated 

TPL-2 in T lymphocytes, mice develop T cell lymphomas (Ceci et al, 1997). C-

terminal truncation causes TPL-2-induced oncogenic transformation since an intact 

C-terminus exhibits autoinhibition of TPL-2 catalytic activity. Moreover, C-terminal 

truncation eliminates a degron sequence, comprising amino acid residues 435 to 457, 
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thus preventing proteasomal degradation (Gandara et al, 2003). This results in 

aberrantly high expression of catalytically active TPL-2. Furthermore, C-terminal 

truncation of TPL-2 abrogates binding to p105, an inhibitor of TPL-2 signalling 

(Beinke et al, 2003). 

 

A recent study provided the first clinical evidence that C-terminal truncation of TPL-

2 is a driver of human malignancies. More specifically, the study revealed that C-

terminal truncation of TPL-2 promotes oncogenesis in one-third of spitzoid 

melanoma cases (Newman et al, 2019). However, despite the striking oncogenic 

potential of truncated TPL-2 in mouse models, a more general role for TPL-2 kinase 

activity in driving other human cancers has not been demonstrated. Amongst 477 

primary tumour biopsies from human patients, which were analysed by DNA 

sequencing at the Wellcome Trust Sanger Institute, only one tumour biopsy from a 

patient diagnosed with glioblastoma multiforme harboured a point mutation in the 

Tpl2 gene (Parsons et al, 2008). However, whether this mutation contributed to 

tumourigenesis was not determined. One study of a primary human lung 

adenocarcinoma identified a mutation in Tpl2, which leads to C-terminal truncation 

(Clark et al, 2004). In other studies of malignancies, including renal carcinomas, 

anaplastic large-cell lymphoma and multiple myeloma, overexpression of TPL-2 has 

been linked to oncogenesis (Lee et al, 2013; Jeong et al, 2011; Fernández et al, 

2011; Hebron et al, 2013).  

 

Multiple studies have provided evidence that TPL-2 may function as a tumour 

suppressor. More specifically, reduced TPL-2 expression in squamous cell 

carcinomas and lung adenocarcinomas corresponds to reduced survival of lung 

cancer patients (Gkirtzimanaki et al, 2013). In accordance with these findings, TPL-

2-deficient mice develop increased numbers of urethane-induced lung tumours at an 

earlier onset relative to wild type (WT) control mice (Tuveson & Jacks, 1999). 

Furthermore, azoxymethane- and dextran sulphate-induced tumourigenesis in 

colons of mice is suppressed in TPL-2-deficient mice (Koliaraki et al, 2012).  
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1.4.3 Regulation of TPL-2 activity and stability by NF-kB1 p105 

Originally NF-kB1 p105 was identified as a TPL-2-binding protein in a yeast two-

hybrid screen (Belich et al, 1999). Almost all TPL-2 in unstimulated macrophages is 

complexed with p105, while only approximately 5% of total cellular p105 is bound to 

TPL-2 (Belich et al, 1999; Beinke et al, 2004). TPL-2 interacts stoichiometrically with 

the C-terminal region of NF-kB1 p105 via two direct interactions (Figure 6). Firstly, 

the C-terminal 70 amino acids of TPL-2 interact with a domain in p105 adjacent to 

the ankyrin repeat region. This binding region is a highly conserved helical domain 

located within the processing inhibitory domain (PID) (Gantke et al, 2011a). The PID 

mediates p105 dimerisation, thereby preventing proteolytic cleavage of p105 into p50, 

as the p105 dimer is inaccessible to the proteasome (Cohen et al, 2006; Savinova 

et al, 2009). Secondly, the kinase domain of TPL-2 directly interacts with the C-

terminal DD of p105, thus limiting substrate accessibility to the kinase domain of TPL-

2 (Beinke et al, 2003) (Figure 6).  

 

 
Figure 6 Structure of the ternary TPL-2 complex 

In unstimulated cells, TPL-2 forms a complex with ABIN-2 and NF-kB1 p105. The 
kinase domain of TPL-2 directly interacts with the death domain (DD) of NF-kB1 
p105, which regulates TPL-2 MEK kinase activity. The C-terminal region of TPL-2 
interacts with the processing inhibitory domain (PID) of p105, which facilitates p105 
dimerisation. Both interactions ensure a strong association between p105 and TPL-
2. The TPL-2 C-terminus also interacts with ABIN-2, more specifically with the N-
terminal AHD4 of ABIN-2. ABIN-2 association with TPL-2 is required to maintain 
TPL-2 protein stability. RHD, Rel homology domain; PEST, domain rich in proline, 
glutamate, serine and threonine; DD, death domain; PID, processing inhibitory 
domain; AHD, ABIN homology domain; UBAN, ubiquitin binding in ABIN and NEMO. 
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The stoichiometric interaction between p105 and TPL-2 regulates both stability and 

catalytic activity of TPL-2 (Waterfield et al, 2003; Beinke et al, 2003). TPL-2 contains 

a degron sequence, which is blocked by p105 binding thus stabilising TPL-2 

expression. In p105-deficient macrophages from Nfkb1-/- mice, TPL-2 levels are 

substantially reduced resulting in impaired MEK1/2 and ERK1/2 activation when 

BMDMs from these mice are stimulated with LPS (Waterfield et al, 2003). p105 

binding also inhibits MEK1/2 binding to TPL-2, thus preventing MEK1/2-induced 

activation of ERK1/2 MAP kinase signalling (Beinke et al, 2003; Waterfield et al, 

2003; Beinke et al, 2004). Therefore, in unstimulated macrophages, in which the total 

cellular TPL-2 pool is associated with p105, TPL-2 cannot activate MEK1/2 and 

ERK1/2 signalling. 

 

 
Figure 7 TPL-2 signalling pathway 

In unstimulated cells, TPL-2 forms a ternary complex with ABIN-2 and NF-kB1 p105. 
Stimulation of the TNF receptor 1 (TNFR1), IL-1 receptor (IL-1R) and Toll-like 
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receptors (TLRs) activates the IkB kinase (IKK) complex, which phosphorylates 
p105. Phosphorylation of NF-kB1 p105 leads to its proteasomal degradation, which 
liberates TPL-2 and ABIN-2 from the ternary complex. TPL-2 release triggers 
phosphorylation and activation of MEK kinase 1 (MKK1) and MKK2, which in turn 
activate extracellular signal-regulated kinase (ERK) 1 and ERK2. Moreover, TPL-2 
phosphorylates MKK3 and MKK6, which phosphorylate p38a. Together, ERK1/2 and 
p38a regulate gene expression of inflammatory mediators. The physiological 
signalling functions of ABIN-2 remain unknown, however, ABIN-2 has been shown 
to interact with ubiquitin, A20 and the ESCRT-I complex. 
 

As previously mentioned, IKKb-mediated phosphorylation of p105 leads to its 

proteasomal degradation (Figure 7). IKKb phosphorylates Ser930 and Ser935 in the 

proline, glutamic acid, aspartic acid, serine and threonine-rich (PEST) region of 

murine p105 (Ser927 and Ser932 in humans). Dual phosphorylation mediates 

SCFbTrCP E3 ubiquitin ligase recruitment to p105, which adds K48-linked polyubiquitin 

chains to trigger proteasomal degradation of p105 (Lang et al, 2003; Heissmeyer et 

al, 2001; Orian, 2000). In some cell types, including CD4+ T lymphocytes, SCFbTrCP-

induced proteolysis of p105 leads to complete degradation (Lang et al, 2003; 

Heissmeyer et al, 2001). However, in macrophages, SCFbTrCP-induced proteolysis of 

p105 in response to IKK phosphorylation leads to proteolytic processing of p105 into 

p50 (Yang et al, 2012). In contrast, signal-induced cleavage of p105 by an SCFbTrCP-

independent mechanism predominantly mediates proteolytic cleavage of p105 to 

form p50, which interacts with p65 to activate gene expression of NF-kB-dependent 

genes (Gantke et al, 2011a, 2012).  

 

Pharmacological inhibition of the proteasome prevents TPL-2 release from p105 and 

abrogates LPS-induced ERK1/2 activation in macrophages (Waterfield et al, 2004; 

Beinke et al, 2004). Moreover, in macrophages from Nfkb1SSAA/SSAA mice in which 

serine 930 and 935 of p105 are mutated to alanine, p105 is resistant to IKK-mediated 

degradation. In macrophages, Nfkb1SSAA mutation fully blocks p105 phosphorylation, 

its subsequent degradation, and TPL-2-dependent activation of MEK1/2 as well as 

ERK1/2 (Yang et al, 2012; Sriskantharajah et al, 2009). Therefore, the IKK complex 

regulates both NF-kB and ERK1/2 MAP kinase signalling. Importantly, while TPL-2 

is unable to promote ERK1/2 activation when bound to p105, TPL-2 kinase is 

catalytically active and may therefore phosphorylate downstream substrates other 

than MEK when complexed with p105 (Robinson et al, 2007; Babu et al, 2006). 
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Characterisation of Nfkb1SSAA/SSAA mice also led to the discovery that IKKb-mediated 

phosphorylation of p105 is essential for TCR-dependent NF-kB activation in CD4+ T 

lymphocytes and B cell receptor (BCR)-dependent NF-kB activation in B 

lymphocytes (Sriskantharajah et al, 2009; Jacque et al, 2014).  

 

1.4.4 Regulation of TPL-2 activity by phosphorylation  

Deficiency of p105 is insufficient to activate TPL-2. Retroviral expression of TPL-2 

has shown that LPS stimulation is still required to mediate TPL-2-induced activation 

of ERK1/2 in macrophages from Nfkb1-/- mice. These findings imply that a p105-

independent activating pathway for TPL-2 exists. Similar to other protein kinases, 

TPL-2 catalytic activity is regulated by phosphorylation on multiple residues. Two 

sites in TPL-2, Thr290 in the activation loop of the kinase domain and Ser400 in the 

C-terminal domain, are particularly important in regulating catalytic activity of TPL-2. 

Phosphorylation of both T290 and S400 is critical to induce TPL-2 kinase activity 

(Robinson et al, 2007; Luciano et al, 2004; Stafford et al, 2006). TPL-2 

phosphorylation at T290 promotes TPL-2 release from p105 and point mutation of 

threonine 290 to alanine abrogates MEK activation (Cho et al, 2005; Cho & Tsichlis, 

2005). Similarly, point mutation of serine 400 to alanine prevents retrovirally 

expressed mutant TPL-2 to phosphorylate and activate ERK1/2 in macrophages 

from Nfkb1-/- mice upon LPS stimulation (Robinson et al, 2007). Both 

phosphorylation sites in TPL-2, T290 and S400, are predicted to be 

autophosphorylated (Robinson et al, 2007; Xu et al, 2018). In addition, TPL-2 is 

directly phosphorylated by IKKb at S400, which induces 14-3-3 binding to the C-

terminal tail of TPL-2 (Ben-Addi et al, 2014). Association of 14-3-3 with the TPL-2 C-

terminus increases the efficiency of MEK1 phosphorylation by TPL-2 and is thus 

required for ERK1/2 activation (Ben-Addi et al, 2014). 

 

1.4.5 Regulation of TPL-2 stability by ABIN-2  

In the early 2000s, proteomic mapping of the NF-kB pathway and tandem-affinity 

purification identified ABIN-2 as a binding partner of p105 (Bouwmeester et al, 2004; 

Lang et al, 2004). A20-binding inhibitor of NF-kB-2 (ABIN-2) can also associate with 
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free TPL-2 but binds to p105-bound TPL-2 with much higher affinity to form a ternary 

ABIN-2/TPL-2/p105 complex. ABIN-2 was initially discovered in a yeast two-hybrid 

screen as an A20-interacting protein that inhibits NF-kB when overexpressed (Van 

Huffel et al, 2001). siRNA-mediated gene knockdown of Abin2 (also termed Tnip2) 

in HEK293 cells causes a severe loss of TPL-2 protein abundance (Lang et al, 2004; 

Symons et al, 2006). Furthermore, endogenous TPL-2 levels are dramatically 

reduced in primary cells, including macrophages and DCs, from Abin2-/- mice 

(Papoutsopoulou et al, 2006). Therefore, ABIN-2 is essential to maintain protein 

stability of TPL-2. Importantly, TPL-2 is also vital to stabilise ABIN-2 and thus Tpl2-/- 

mice are also deficient in both TPL-2 and ABIN-2 (Sriskantharajah et al, 2014). 

 

In macrophages from Abin2-/- mice, LPS-induced ERK1/2 activation is significantly 

reduced, but not abrogated, due to minimal TPL-2 expression (Papoutsopoulou et al, 

2006). Since phosphorylation of ERK1/2 is solely dependent on TPL-2 activity in 

primary macrophages, this implies that minimally expressed TPL-2 in Abin2-/- 

macrophages is thus catalytically active (Dumitru et al, 2000). Consistent with this, 

retrovirally expressed TPL-2 in macrophages from Abin2-/- mice rescues ERK1/2 

phosphorylation upon LPS stimulation (Papoutsopoulou et al, 2006). While ABIN-2 

is important to stabilise TPL-2, ABIN-2 is not required to activate TPL-2 kinase. 

Moreover, ABIN-2 does not interact with free TPL-2, which phosphorylates and 

activates MEK1/2 (Lang et al, 2004). Upon IKKb-mediated phosphorylation of p105 

on Ser930 and Ser935 in response to LPS stimulation, proteasomal degradation of 

p105 induces the release of TPL-2 and ABIN-2 from the ternary complex (Gantke et 

al, 2011a; Xu et al, 2018). While free TPL-2 activates the ERK MAP kinase pathway, 

the physiological role of ABIN-2 in innate immunity remains unknown.  

 

1.4.6 Regulation of innate signalling pathways by TPL-2 

Initial experiments on TPL-2 involved overexpression in cell lines and suggested that 

TPL-2 activated multiple MAP kinase pathways, NF-kB and nuclear factor of 

activated T cells (NFAT). The physiological relevance of some of these studies is 

questionable. Analyses of Tpl2-/- mice have been essential to establish the 

physiological functions of endogenous TPL-2. TPL-2-deficient mice are healthy 
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under pathogen-free conditions and develop normally compared to WT control mice 

(Dumitru et al, 2000). Furthermore, immune cell development of both innate immune 

cells and B as well as T lymphocytes is normal in Tpl2-/- mice (Dumitru et al, 2000; 

Sriskantharajah et al, 2009). Analyses of Tpl2-/- mice have indicated important 

signalling functions for TPL-2 in several cell types involved in innate immune 

responses. 

 

1.4.6.1 Macrophages 

TPL-2 function has been most extensively studied in macrophages, in which ERK1/2 

phosphorylation is completely dependent on TPL-2 following TLR stimulation 

(Gantke et al, 2012). In contrast, TLR activation of p38a and JNK are largely 

independent of TPL-2 expression. TPL-2 is also essential for ERK1/2 activation in 

macrophages downstream of TNF receptor 1, TLR2 and TLR9 (Dumitru et al, 2000; 

Pattison et al, 2016; Bandow et al, 2012; Eliopoulos et al, 2003).  

 

TPL-2 deficiency in macrophages reduces TLR-induced expression of essential 

inflammatory mediators, including IL-1b, TNFa, IL-6, IL-10, chemokine C-C motif 

ligand 7 (CCL7), CCL3, chemokine C-X-C motif ligand 2 (CXCL2) and monocyte 

chemoattractant protein-1 (MCP-1) (Xu et al, 2018; Kaiser et al, 2009; Mielke et al, 

2009; Dasi et al, 2005). Strikingly, macrophages are the major cell type secreting 

TNF during bacterial infection, which consolidates the fundamental role of TPL-2 in 

innate immune response to bacteria (Dumitru et al, 2000; Mielke et al, 2009). 

However, PRR induction of TNF secretion in macrophages is not always TPL-2-

dependent. For example, dectin-1 activation by curdlan leads to TNF secretion via a 

TPL-2-independent pathway (Mielke et al, 2009; Gringhuis et al, 2009).  

 

TPL-2 promotes mRNA abundance of many inflammatory mediators in macrophages, 

primarily via direct ERK1/2 modulation of transcription factors (Yang et al, 2019). 

However, TPL-2 also regulates TNF expression via a post-translational mechanism. 

TPL-2 has been proposed to induce the processing of pre-TNF into soluble TNF by 

promoting ERK1/2-mediated phosphorylation and activation of TNFa-converting 

enzyme (TACE) on T735 (Soond et al, 2005). In contrast, TPL-2 also inhibits mRNA 
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expression of inflammatory mediators in macrophages, including IL-12 and IFNb 

(Kaiser et al, 2009; Tomczak et al, 2006). TPL-2 signalling, therefore, exhibits 

complex pro- and anti-inflammatory roles.  

 

1.4.6.2 Neutrophils 

TPL-2 also regulates MAP kinase activation in neutrophils and DCs. Neutrophils are 

the most abundant circulating leukocyte and have key roles in innate immune 

responses, including phagocytosing and killing microbes as well as removing 

apoptotic cells. Neutrophils from Tpl2-/- mice secrete reduced levels of TNF in 

response to LPS stimulation, similar to macrophages (Acuff et al, 2017b). 

Pharmacological inhibition of TPL-2 in neutrophils blocks expression of other pro-

inflammatory mediators, including IL-8, CCL3 and CCL4, in response to TLR4 

activation (Senger et al, 2017). In addition, superoxide generation in Tpl2-/- 

neutrophils is impaired upon stimulation with N-formylmethionyl-leucyl-phenylalanine 

(fMLP), a chemotactic peptide, while WT neutrophils produce high levels of 

superoxide upon activation of the formyl peptide receptor 1 in response to fMLP 

stimulation (Acuff et al, 2017b). Superoxide is an important class of ROS, which 

promotes neutrophil cytotoxicity to clear bacterial infection. Consistent with this, 

neutrophils from Tpl2-/- mice are unable to effectively kill internalised C. rodentium 

compared to WT neutrophils (Acuff et al, 2017b). 

 

1.4.6.3 Fibroblasts 

In embryonic fibroblasts, TPL-2 promotes ERK1/2 and JNK phosphorylation in 

response to TNFa and IL-1b stimulation. TPL-2 activation also contributes to NF-kB 

activation (Dasi et al, 2005; Xu et al, 2018). The ability of TPL-2 to directly 

phosphorylate the upstream activators of all three distinct MAP kinase pathways, 

namely MKK1, MKK4 and MKK6, makes TPL-2 a critical regulatory node of innate 

immune responses. It is not clear why TPL-2 makes differential contributions to 

activation of specific MAP kinases in different cell types. A possible explanation is 

that cell type-specific expression of other MAP3Ks that function redundantly with 

TPL-2 differentially contribute to MAP kinase activation. 
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1.4.7 Regulation of inflammatory and innate immune responses by TPL-2 

Analyses of Tpl2-/- mice have demonstrated important roles for TPL-2 in the 

regulation of inflammation and immune responses to multiple pathogens. 

 

1.4.7.1 Inflammation 

TPL-2 deficiency has been shown to reduce inflammation in a variety of mouse 

models mimicking human diseases (Watford et al, 2010; Gantke et al, 2011b; 

Kuriakose et al, 2015; Xu et al, 2018). Tpl2-/- mice produce very low levels of TNF 

and IL-1b after intraperitoneal LPS injection and are resistant to endotoxic shock 

(Mielke et al, 2009). Furthermore, TPL-2 is required for the development of TNF-

induced Crohn’s-like inflammatory bowel disease (Kontoyiannis et al, 2002, 1999). 

In addition, Tpl2-/- mice are protected in drug-induced models of liver fibrosis, 

thrombocytopenia, pancreatitis, and experimental autoimmune encephalomyelitis 

(EAE), a mouse model for multiple sclerosis (Sriskantharajah et al, 2014; Van Acker 

et al, 2007; Perugorria et al, 2013; Kyrmizi et al, 2013). Such studies have suggested 

that TPL-2 would be a good anti-inflammatory drug target (George & Salmeron, 

2009). 

 

1.4.7.2 Citrobacter rodentium 

TPL-2 is required for optimal clearance of the Gram-negative extracellular bacterium 

C. rodentium (Acuff et al, 2017b, 2017a). Tpl2-/- mice infected with C. rodentium 

experience increased bacterial burden and elevated systemic dissemination of C. 

rodentium to both spleen and liver (Acuff et al, 2017a). In addition, C. rodentium-

infected Tpl2-/- mice recruit decreased numbers of neutrophils and monocytes to the 

colon, which contributes to increased bacterial infection in Tpl2-/- mice compared to 

WT controls (Acuff et al, 2017a).  
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1.4.7.3 Listeria monocytogenes 

Tpl2-/- mice are more susceptible to infection with the intracellular Gram-positive 

bacterium Listeria monocytogenes (Mielke et al, 2009; McNab et al, 2013). Tpl2-/- 

mice produce significantly reduced levels of IL-1b and increased type I IFNs. McNab 

et al. showed using double knockout mice, which are deficient in both TPL-2 and the 

IFN receptor, that increased bacterial burden resulting from the loss of TPL-2 is 

indeed due to elevated type I IFN induction in TPL-2-deficient mice (McNab et al, 

2013).  

 

1.4.7.4 Mycobacterium tuberculosis 

Tpl2-/- mice are more susceptible to the intracellular bacterium Mycobacterium 

tuberculosis (McNab et al, 2013). Further investigations into the transcriptomic 

landscape of M. tuberculosis-infected macrophages have demonstrated that 

negative regulation of type I IFN production by TPL-2 via ERK1/2 signalling, which 

is impaired in Tpl2-/- mice, contributes to clearance of M. tuberculosis infection 

(McNab et al, 2013). Importantly, Tpl2-/- Rag1-/- mice, which lack adaptive immune 

cells, have a greater bacterial burden following M. tuberculosis and L. 

monocytogenes infection compared to WT controls. Thus, a defective innate immune 

response in Tpl2-/- mice results in susceptibility to bacterial infection. 

 

1.4.7.5 Influenza 

TPL-2 is critical for reducing morbidity as well as mortality in response to influenza 

virus infection. Notably, Tpl2-/- mice are more susceptible to infection with influenza 

virus and TPL-2 expression is essential for optimal production of IFNg upon viral 

infection in vitro and in vivo (Kuriakose et al, 2015). Loss of TPL-2 reduces antigen-

specific CD8+ T lymphocyte responses, thereby enhancing influenza infection. 

Interestingly, TPL-2 has been shown to differentially regulate interferon induction in 

response to viral ligands in a cell type-specific manner (Kuriakose et al, 2015). More 

specifically, TPL-2 promotes IFNa/b and IFNg induction in DCs following stimulation 
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with viral ligands, whereas TPL-2 inhibits IFNb production in macrophages 

(Kuriakose et al, 2015). 

 

1.4.7.6 Toxoplasma gondii 

TPL-2 signalling has also been implicated in the host defence against parasitic 

pathogens. Tpl2-/- mice mount an impaired immune response upon infection with 

Toxoplasma gondii, a single-celled protozoan parasite (Watford et al, 2008). TPL-2-

deficient mice are unable to efficiently clear T. gondii infection and produce reduced 

levels of IFNg (Watford et al, 2008). Importantly, Watford et al. showed that the 

weakened host immune response in Tpl2-/- mice in response to T. gondii results from 

a T lymphocyte-intrinsic defect (Watford et al, 2008). Therefore, TPL-2 is an 

important regulator of T-lymphocyte-mediated immune responses to parasites in vivo.  

 

1.4.8 TPL-2 kinase as a drug target to treat inflammatory diseases 

Disease aetiology of many inflammatory and autoimmune disorders, including 

Crohn’s disease and rheumatoid arthritis, is frequently driven by pro-inflammatory 

cytokines such as TNF, IL-1b and IL-6 (Zhang & An, 2007; Sanchez-Muñoz et al, 

2008). In the clinic, however, not all patients respond well to anti-TNF antibodies and 

other anti-cytokine therapies (Gantke et al, 2011a). In addition, antibody therapies 

are very expensive and require injection. Consequently, there is an unmet clinical 

need for low-cost and orally administered medicines. In order to limit production of 

TNF and other pro-inflammatory cytokines, pharmacological inhibition of signalling 

pathways that promote expression of pro-inflammatory mediators is a potential 

avenue to treat inflammatory and autoimmune diseases (Cohen, 2009; Cohen & 

Alessi, 2013).  

 

As previously described, TPL-2 is required for TLR-mediated production of TNF and 

other pro-inflammatory cytokines in innate immune cells (Dumitru et al, 2000; Mielke 

et al, 2009). In addition, analyses of Tpl2-/- mice have shown that TPL-2 promotes 

inflammation in a number of disease models and TPL-2 has become an attractive 

drug target (Dumitru et al, 2000). Since TPL-2 activates the MEK-ERK signalling axis 
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exclusively in innate immune responses, targeting TPL-2 with specific inhibitors may 

have reduced adverse effects than blocking ERK1/2 directly, which would also block 

RAF activation of ERK1/2 (Gantke et al, 2011a; Wellbrock et al, 2004). Moreover, 

the kinase domain of TPL-2 has low sequence homology to other members of the 

mammalian kinome. More specifically, a unique proline residue at position 145 in the 

human sequence instead of a conserved glycine residue is exclusive to the kinase 

domain of TPL-2 among the human kinase family (Luciano et al, 2004). The unique 

structural feature of the TPL-2 kinase domain may provide an opportunity to develop 

very selective TPL-2 inhibitors with high clinical potency and low off-target effects. 

 

Initially, the pharmaceutical company Wyeth Research (Pfizer) developed a number 

of selective TPL-2 inhibitors, which potently block LPS- and IL-1b-induced production 

of TNFa in primary human monocytes and in mice following intraperitoneal injection. 

In addition, these TPL-2 inhibitors block ERK-mediated expression of IL-6, IL-8, 

PGE2 and matrix metalloproteinases 1 (MMP-1) and MMP-3 (Hall et al, 2007; Hu et 

al, 2006). In 2009, Abbott Laboratories identified thieno[2,3-c]pyridines as a novel 

class of TPL-2 kinase inhibitors, which inhibit TPL-2-induced ERK1/2 activation in 

vitro (George et al, 2008). At a similar time, Wyeth Research (Pfizer) identified 8-

halo-4-(3-chloro-4-flu- oro-phenylamino)-6-[(1H-[1,2,3]triazol-4-ylmethyl)-amino]-

quinoline-3-carbonitriles (C4) as potent inhibitors of TPL-2 kinase activity. Further 

structural substitutions and modifications of the triazole moiety within candidate 

compounds identified the addition of a cyclic amine group to the triazole moiety as 

beneficial. Structural optimisation of cyclic amine groups led to the development of 

8-chloro-4-(3-chloro-4-fluorophenylamino)-6-((1-(1-ethylpiperidin-4-yl)-1H-1,2,3-

triazol-4-yl)methylamino) quinoline-3-carbonitrile (C34). C34 is a highly selective and 

potent TPL-2 inhibitor, which blocks LPS-induced TNFa production in a rat 

inflammation model in vivo (Wu et al, 2009).  

 

Despite the discovery of TPL-2 inhibitors for in vitro and in vivo studies, limited 

structural insight into TPL-2 has hindered the development of chemical candidates 

for clinical applications (George & Salmeron, 2009). A study by Novartis identified 

the X-ray crystal structure of human TPL-2, which revealed that the kinase domain 

of TPL-2 exists in two distinct conformations, which are unique to TPL-2 compared 

to other protein kinases (Gutmann et al, 2015). More specifically, a 15 amino acid 
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sequence precedes the active site P-loop. This short amino acid insert in the catalytic 

domain regulates folding of the active site, thus enabling the kinase domain of TPL-

2 to be more structurally dynamic. This in-depth structural insight may provide a 

critical understanding of TPL-2 structure to design highly selective TPL-2 kinase 

inhibitors for future clinical studies.  

 

1.5 The ABIN-2 adaptor protein  

Originally, ABIN-2 was identified as an A20-binding protein in a yeast two-hybrid 

screen (Van Huffel et al, 2001; Heyninck et al, 1999) (Figure 8). A20 (TNFa-induced 

protein 3; TNFAIP3) is a ubiquitin-binding protein, which is a key regulator of 

inflammation, apoptosis and autophagy (Catrysse et al, 2014). Besides ABIN-2, the 

yeast-two hybrid screen identified ABIN-1, a structurally related protein (Heyninck et 

al, 1999). Bioinformatic analysis led to the discovery of ABIN-3, which shares 

sequence homology with both ABIN-1 and ABIN-2 (Wullaert et al, 2007). ABIN family 

members share the ability to interact with A20, negatively regulate NF-kB activation 

when overexpressed, and contain homologous short amino acid motifs called ABIN 

homology domains (AHDs) (Kumar et al, 2004; Hoffmann et al, 2006; Gilmore, 2006). 

 

 
Figure 8 ABIN-2 domain structure 
ABIN-2 comprises three ABIN homology domains (AHDs), namely AHD1, AHD2 and 
AHD4. While AHD4 is located at the amino-, or N-terminus, AHD1 is centrally located 
within the ABIN-2 peptide sequence. Tyrosine at position 231 interacts with TSG101 
and ALIX of the ESCRT-I complex, whereas glutamic acid at position 256 interacts 
with A20. The ubiquitin binding in ABIN and NEMO (UBAN) domain at the carboxyl, 
or C-terminus of ABIN-2 comprises AHD2. Aspartic acid at position 310 within the 
UBAN domain interacts with ubiquitin. 
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All members of the ABIN family share AHD1, 2 and 4, however, ABIN-2 lacks AHD3 

(Wullaert et al, 2007; Heyninck et al, 2003). Moreover, among the murine ABIN family, 

ABIN-3 lacks AHD2. As previously outlined, ABIN family members contain a UBAN 

domain, which specifically interacts with M1-linked ubiquitin and to a lesser extent 

with K63-linked ubiquitin (Wagner et al, 2008). The UBAN domain plays an important 

role in signal transduction pathways and is also present in NEMO, which mediates 

NF-kB activation in response to PRR activation. The C-terminal UBAN domain 

comprises AHD2, while the central AHD1 interacts with the zinc finger domain in the 

C-terminus of A20 (Wagner et al, 2008; Verstrepen et al, 2009). Importantly, ABIN-2 

does not exert enzymatic activity and thus its biological function is dependent on 

molecular interactions and localisation (Verstrepen et al, 2009). ABIN-2 is a cytosolic 

49 kDa protein, which shares 78% sequence homology between human and mouse 

(Van Huffel et al, 2001; Liu et al, 2003; Hughes et al, 2003). Deletion of the N-terminal 

195 amino acid residues mediates nuclear translocation, which indicates that the N-

terminus of ABIN-2 is critical to maintain its cytosolic localisation (Liu et al, 2003).  

 

1.5.1 ABIN-2 regulation of inflammation  

Originally, biochemical studies in HEK293 cells indicated that transiently 

overexpressed ABIN-2 negatively regulates TNFa- and IL-1-induced NF-kB 

activation downstream of RIP1, TRAF2 and TRAF6 as well as IRAK1 (Huang et al, 

2008; Van Huffel et al, 2001). In contrast, overexpression of ABIN-2 does not inhibit 

NF-kB activation resulting from overexpression of IKKb, which suggests that ABIN-

2 regulates NF-kB upstream of the IKK complex (Van Huffel et al, 2001). Moreover, 

ABIN-2 contains a NEMO-binding motif, which shares high homology with the 

NEMO-binding domain in RIP1 (Ye et al, 2000). Overexpression studies suggest that 

ABIN-2 negatively regulates NF-kB activation by directly competing with RIP1 for 

NEMO binding, thus interfering with NEMO-RIP1 complex formation, which is a 

prerequisite for TNFa-induced NF-kB signalling (Liu et al, 2004). Furthermore, it was 

proposed that ubiquitin binding to the UBAN domain of ABIN-2 is required for NF-kB 

inhibition (Wagner et al, 2008). However, subsequent studies have shown that 

endogenous ABIN-2 does not regulate NF-kB activation in primary cells. 

Macrophages from Abin2-/- mice activate NF-kB similarly to macrophages from WT 
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control mice in response to LPS and TNFa stimulation (Papoutsopoulou et al, 2006). 

Similarly, ABIN-2 does not regulate NF-kB activation downstream of TLR4 and 

antigen receptors in B lymphocytes or upon antigen receptor- and CD28-mediated 

NF-kB activation in T lymphocytes. 

 

Analyses of ABIN-2-deficient cells have demonstrated that ABIN-2 maintains TPL-2 

stability and consequently, ABIN-2 positively regulates ERK1/2 MAP kinase 

signalling mediated by TPL-2 kinase (Papoutsopoulou et al, 2006). For example, 

LPS activation of ERK1/2 is impaired in Abin2-/- macrophages due to TPL-2 

deficiency. The specific functions of ABIN-2 in inflammation have been elucidated 

using knock-in mice with specific mutations in ABIN-2, which block ABIN-2 signalling 

function without affecting TPL-2 protein expression or signalling. 

 

1.5.1.1 ABIN-2 binding to A20 inhibits allergic airway inflammation 

Studies using Tpl2-/- mice have shown that TPL-2 deficiency exacerbates allergic 

airway inflammation induced by house dust mite (HDM). TPL-2 expression in lung 

DCs is critical to negatively regulate expression of pro-inflammatory C-C motif 

chemokine ligand 24 (CCL24), which promotes the recruitment of eosinophils and T 

lymphocytes to inflamed lungs following HDM challenge. However, HDM-induced 

allergic responses are normal in Tpl2D270A/D270A mice expressing catalytically inactive 

TPL-2, indicating that blocked TPL-2 signalling does not explain the phenotype of 

Tpl2-/- mice. Rather, the absence of TPL-2 reduces expression of ABIN-2 and 

consequently the formation of a complex between ABIN-2 and the key negative 

regulator of inflammation, A20, which is genetically linked to the development of 

asthma (Schuijs et al, 2015). The molecular mechanism by which the formation of 

ABIN-2/A20 complexes reduces HDM-induced airway inflammation remains to be 

fully understood. 

 

1.5.1.2 ABIN-2 binding to ubiquitin inhibits DSS-induced colitis 

Tpl2-/- mice are hypersensitive to dextran sulphate sodium (DSS)-induced colitis, 

due to TPL-2 deficiency in intestinal sub-epithelial myofibroblasts (IMFs) (Roulis et 
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al, 2014). A recent study has demonstrated that Abin2D310N mutation, which blocks 

ABIN-2 binding to M1/K63-linked polyubiquitin chains, phenocopies the effect of Tpl2 

null mutation in DSS-induced colitis (Nanda et al, 2018), but does not affect TPL-2 

activation of ERK1/2. Biochemical analyses of IMFs suggest that the hypersensitivity 

of Tpl2-/- mice to DSS-induced colitis is caused by the absence of ABIN-2 ubiquitin 

binding, which reduces IL-1b upregulation of PGE2 production in IMFs by a TPL-2-

independent pathway.  

 

1.5.2 ABIN-2 interaction with ESCRT-I 

In 2016, Banks et al. discovered that a central motif in ABIN-2 mediates its interaction 

with endosomal sorting complex required for transport (ESCRT)-I (Banks et al, 2016). 

This ESCRT and ALIX binding region (EABR), which was originally identified in CEP-

55 that regulates cytokinesis, is not present in ABIN-1 or NEMO, suggesting that 

ESCRT-associated functions may be exclusive to ABIN-2 within the UBAN protein 

family. The EABR in ABIN-2 mediates a direct interaction with tumour susceptibility 

gene 101 (TSG101, also called VPS23), a core complex component of ESCRT-I. 

Previous studies have shown that tyrosine 187 in CEP55 is critical for ESCRT-I 

binding (Hyung et al, 2008). Mutation of the equivalent residue in the EABR of human 

ABIN-2 (tyrosine 230 to alanine) abrogates ESCRT-I binding (Banks et al, 2016). 

 

Functioning sequentially, ESCRT-I, ESCRT-II and ESCRT-III complexes remodel 

membranes, regulating a number of membrane fission processes. These include the 

formation of multivesicular bodies (MVBs) in late endosomes (Lefebvre et al, 2018a) 

and the fusion of late endosomes and autophagosomes with lysosomes (Metcalf & 

Isaacs, 2010). The interaction of ABIN-2 with ESCRT-I raised the possibility that 

ABIN-2 may regulate ESCRT-I functions during innate immune responses. 

 

In mammalian cells, four distinct ESCRT complexes, ESCRT-0, I, II and III, 

orchestrate MVB biogenesis. MVBs are late endosomal vesicles, which are involved 

in the degradation of endocytosed particles, including cell surface receptors. As 

endosomes mature into MVBs, intraluminal vesicles (ILVs) form within the MVB by 

inward budding and scission of the endosomal membrane (Lefebvre et al, 2018a). A 
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critical role of ESCRT complexes is the delivery of endocytosed particles to ILVs 

within MVBs. Moreover, ESCRT complexes also mediate topologically comparable 

membrane-budding events, including viral budding and abscission of cells to 

complete cytokinesis (Stuchell et al, 2004). Ubiquitylated cargo on endosomal 

membranes is sequestered by ESCRT-0, which contains membrane- and ubiquitin-

binding domains. More specifically, ESCRT-0 consists of two subunits, namely Hrs 

and STAM1/2. The Hrs subunit contains a Fab1, YOTB, Vac 1, and EEA1 (FYVE) 

zinc finger domain, which anchors ESCRT-0 to PI(3)P on endosomal membranes 

(Mao et al, 2000; Raiborg et al, 2006). Moreover, Hrs and STAM1/2 associate with 

ubiquitin, which enables ESCRT-0 to bind to cargo-enriched endosomes (Henne et 

al, 2011). Since ESCRT-I only interacts with membranes through weak electrostatic 

interactions, ESCRT-I recruitment to membranes is ESCRT-0-dependent 

(Kostelansky et al, 2007). Here, the E2 variant domain (UEV) on TSG101 of the 

ESCRT-I complex interacts with the PTAP-like motif on Hrs of ESCRT-0 (Katzmann 

et al, 2003). Subsequently, ubiquitylated cargo is transferred from ESCRT-0 to 

ESCRT-I and ESCRT-II, both of which also contain UBDs and mediate inward 

budding of the MVB membrane to engulf cargo proteins (Lefebvre et al, 2018a). 

Deficiency or mutation of several ESCRT complex components, including TSG101, 

has been shown to lead to the accumulation of autophagosomes since downstream 

membrane fission events are impaired (Doyette et al, 2005). 

 

1.6 Phagocytosis 

TPL-2 expression is required for efficient killing of phagocytosed C. rodentium and 

quantitative proteomics showed that TPL-2 catalytic activity may regulate vesicle 

trafficking (Acuff et al, 2017b; Pattison et al, 2016). Furthermore, the ability of ABIN-

2 to interact with ubiquitin and ESCRT-I raised the possibility that ABIN-2 may 

function as an adaptor protein during internalisation of bacteria. Therefore, a major 

aim of this thesis was to investigate the role of TPL-2 and ABIN-2 in phagocytosis. 

 

Phagocytosis, defined as the engulfment of particles ³ 0.5 µm, is a critical process 

of innate immune responses (Gordon, 2016). Phagocytes, including macrophages, 

DCs and neutrophils, are specialised innate immune cells, which internalise and kill 
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bacteria, fungi as well as viruses during infection (Chaplin, 2010). Phagocytosis is 

therefore an essential first line of defence against pathogenic invasion as well as a 

prerequisite for antigen presentation and mounting the adaptive immune response 

(Freeman & Grinstein, 2014). Phagocytosis, which is evolutionarily highly conserved, 

is not exclusively limited to innate immune cells as fibroblasts, epithelial and 

endothelial cells also perform phagocytosis to clear apoptotic cells, thereby 

maintaining tissue integrity and homeostasis (Flannagan et al, 2012; Boulais et al, 

2010).  

 

Following phagocytic engulfment, microorganisms are trapped with extracellular fluid 

in an intracellular vesicle, called the phagosome. Therefore, the lumen of a nascent 

phagosome is innocuous and undergoes dynamic changes, including numerous 

fusion and fission events with distinct compartments of the endocytic pathway, to 

become a highly degradative and microbicidal vacuole (Kinchen & Ravichandran, 

2008). The dynamic conversion of the nascent phagosome into a hydrolytic, acidic 

and oxidative vacuole is referred to as phagosome maturation (Kinchen & 

Ravichandran, 2008; Pauwels et al, 2017). The process of phagocytosis can be 

subdivided into two distinct stages: phagosome formation, or phagocytic uptake, and 

phagosome maturation. 

 

1.6.1 Phagosome formation  

Initiation of phagocytic uptake requires recognition of the microorganism by receptors 

expressed on the surface of phagocytes. PRRs, in particular TLRs, on innate 

immune cells recognise conserved PAMPs such as carbohydrates, peptidoglycans 

or lipoproteins exposed on the surface of microbes (Flannagan et al, 2012). An 

additional class of PRRs recognising non-opsonised PAMPs are scavenger 

receptors (SRs). The class A scavenger receptor (SR-A) is a highly expressed 

phagocytic receptor on macrophages, which mediates internalisation of numerous 

bacterial pathogens, including Staphylococcus aureus and Listeria monocytogenes 

(Flannagan et al, 2009). SR-A, also called macrophage SR 1 (MSR1), recognises 

LPS from Gram-negative bacteria, lipoteichoic acid from the cell wall of Gram-
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positive bacteria and CpG islands in bacterial DNA (Plüddemann et al, 2011; Peiser 

et al, 2000). 

 

Phagocytic receptors on macrophages and other phagocytes also recognise 

opsonins, which are host factors that coat invading pathogens and mediate immune 

cell activation. Opsonins include IgG and numerous components of the complement 

system. IgG-coated microbes are recognised by Fcg receptors (FcgRs), whereby the 

constant (Fc) region of antibodies binds to the extracellular domain of the FcgR 

(Rosales & Uribe-Querol, 2017; Anderson et al, 1990). Murine FcgR classes include 

FcgRI, FcgRII, FcgRIII, FcgRIV and FcgRIIB, which differ in receptor affinity towards 

IgG (Anderson et al, 1990). Alternatively, PRRs recognise PAMPs and initiate the 

complement system via the classical, lectin or alternative pathway (Flannagan et al, 

2012; Vachon et al, 2007). Despite molecular differences between these 

complement pathways, all three cascades result in the formation of the complement 

protein fragment C3b, which binds and activates complement receptor 1 (CR1) on 

phagocytes. Moreover, C3b can be further cleaved into the opsonin C3bi, which 

activates CR3 (also called Mac-1) and CR4 (Ross et al, 1992). 

 

Signalling pathways activated downstream of phagocytic receptors are stimulus- and 

receptor-dependent. The molecular cascades triggered in response to FcgR 

activation have been most extensively studied. IgG-coated pathogens mediate 

receptor clustering at the plasma membrane, which leads to phosphorylation of 

immunoreceptor tyrosine-based activation motifs (ITAMs) within the cytoplasmic tail 

of FcgR receptors (Griffin et al, 1975; Jones et al, 1985; Odin et al, 1991; Holowka et 

al, 2007). ITAM dual phosphorylation is catalysed by tyrosine kinases of the Src 

family (Hck, Lyn and Fgr), which triggers recruitment and activation of spleen tyrosine 

kinase (SYK) (Hamada et al, 1993; Gulle et al, 1998; Ghazizadeh et al, 1994). Two 

Src homology 2 (SH2) domains in SYK bind to the dually phosphorylated ITAMs in 

FcgRs, which facilitates SYK activation (Ghazizadeh et al, 1995; Johnson et al, 1995).  

 

Linker of activated T cells (LAT), a transmembrane adaptor protein, is 

phosphorylated by SYK, which triggers recruitment of growth factor receptor-bound 

protein 2 (Grb2), an additional adaptor protein (Tridandapani et al, 2000; Zhang et 
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al, 1998). Grb2 in turn mediates the recruitment of the Grb2-associated binder 

(Gab2) (Yu et al, 2006). Gab2 is phosphorylated by Lyn and associates with p85, the 

regulatory subunit of class IA phosphoinositide 3-kinase (PI3K) (Gu et al, 2003). 

Gab2 mediates localisation of PI3K to its substrate phosphatidylinositol-4,5-

bisphosphate [PI(4,5)P2] at the membrane of the phagocytic cup. Subsequently, 

class IA PI3Ks generate phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3] from 

PI(4,5)P2 (Gu et al, 2003). In addition, PI3K activation induces protein kinase B (PKB, 

also called AKT) signalling.  

 

Increased levels of PI(3,4,5)P3 lead to activation of Ras-related C3 botulinum toxin 

substrate (Rac) GTPases. SYK-mediated PI(3,4,5)P3 signalling leads to pseudopod 

extension accompanied by actin polymerisation, a process driven by Rho family 

GTPases Rac1, Rac2 and the cell division control protein 42 (Cdc42) (Hoppe & 

Swanson, 2004; Caron & Hall, 1998). This involves Rho GTPase signalling activation 

of the multiprotein actin-related protein 2/3 (Arp2/3) complex, a major component of 

the actin cytoskeleton and mediator of actin polymerisation (Higgs & Pollard, 2000; 

May et al, 2000). PI(3,4,5)P3 also contributes to phagosome formation by activating 

the actin-associated contractile protein myosin X. Myosin X facilitates pseudopod 

extension and closure of the phagosomal membrane to form the nascent phagosome 

(Cox et al, 2002; Mansfield et al, 2000). Upon FcgR clustering, phospholipase D 

(PLD) is recruited to the phagocytic cup and catalyses the formation of phosphatidic 

acid (PA), a lipid that mediates negative curvature of the phagosomal membrane to 

promote membrane fission during internalisation (Iyer et al, 2004; Corrotte et al, 

2006).  

 

1.6.2 Phagosome maturation 

Following scission and sealing of the phagosome from the surface membrane, the 

nascent phagosome undergoes a highly orchestrated series of sequential fusions 

with early and late endosomes and ultimately with lysosomes to acquire microbicidal 

properties (Pauwels et al, 2017). Maturation of the phagosome causes the 

phagosomal lumen to become highly oxidative, hydrolytic and acidic, a milieu that 

drives effective bacterial degradation following internalisation (Kinchen & 
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Ravichandran, 2008) (Figure 9). The sequential maturation process from nascent 

phagosome to the terminal phagolysosome comprises three distinct stages, 

including the early phagosome, the late phagosome and the phagolysosome 

(Flannagan et al, 2009).  

 

 
Figure 9 Phagosome maturation 
Following internalisation of a bacterium, phagosomes undergo a sequential 
maturation process, which includes an early, intermediate and late maturation stage 
as well as the mature phagolysosome. As maturation proceeds, phagosomes 
interact with sub-components of the endocytic pathway, including multivesicular 
bodies, late endosomes and lysosomes. Early phagosomes acquire the early 
endosome antigen 1 (EEA1) and RAB5 GTPases. Multiprotein proton pumps, so 
called V-ATPases, are gradually acquired by phagosomes to decrease phagosomal 
pH, thereby restricting bacterial replication and activating pH-sensitive cathepsin 
proteases. ESCRT complexes are present during the intermediate maturation stage 
to facilitate multivesicular body formation and phagolysosomal fusion. Membranes 
of the late phagosome are characterised by the presence of lysosomal-associated 
membrane protein 1 (LAMP1) and RAB7 GTPases, both of which promote the 
formation of the highly acidic and hydrolytic phagolysosome.  
 

1.6.2.1 Early phagosome 

The early phagosome fuses with sorting and recycling endosomes, maintains a 

mildly acidic pH of 6.1 to 6.5 and its hydrolytic potential within the lumen remains low 

(Mukherjee et al, 1997). Composition of phagosomal membranes and its lumen is 

orchestrated by Rab GTPases (Stenmark, 2009), which switch between two states, 

an active GTP-bound state and an inactive GDP-bound state. Guanine nucleotide 

exchange factor (GEF) proteins promote GTP loading of Rab GTPases, thus 

facilitating formation of the active GTP-bound state. In contrast, GTPase-activating 
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proteins (GAPs) induce Rab GTPase activity, which leads to GTP hydrolysis and 

switching to the inactive GDP-bound state (Stenmark, 2009).  

 

The Rab GTPase family comprises almost 70 related proteins. More than 20 Rab 

GTPases have been shown to localise to phagosomes, however, their respective 

molecular functions remain, in most cases, to be fully understood (Hu et al, 2019; 

Freeman & Grinstein, 2014). Fusion of phagosomes with early (sorting) endosomes 

involves acquisition of RAB5, a critical mediator of early phagosome trafficking and 

biogenesis (Zeigerer et al, 2012; Nielsen et al, 1999; Vieira et al, 2003a). Following 

phagocytic uptake of apoptotic cells, RAB5 is activated by the GEF proteins GAP 

and VPS9 domain-containing protein 1 (GAPVD1) as well as by rabaptin-5-

associated exchange factor for RAB5 (Rabex-5) (Kitano et al, 2008). RAB22A 

GTPase facilitates recruitment of Rabex-5 to early phagosomes, thereby promoting 

RAB5 activation (Zhu et al, 2009). RAB10 localisation to phagosomes has been 

shown to precede RAB5 recruitment (Gutierrez, 2013; Cardoso et al, 2010). 

Moreover, RAB10-mediated re-shuttling of GPI-anchored proteins to the cell surface 

is required for effective phagosome remodelling (Cardoso et al, 2010). 

 

Once recruited, RAB5 activity is essential for phagosome maturation as deficiency 

leads to maturation arrest and a constitutively active GTP-bound RAB5 mutant 

mediates formation of enlarged phagosomes (Duclos et al, 2000; Flannagan et al, 

2012; Vieira et al, 2003a). RAB5 promotes maturation by interacting with the p150-

vacuolar protein sorting 34 (VPS34) PI3K complex (Flannagan et al, 2009). p150 is 

a serine/threonine kinase, which associates with VPS34, a class III PI3K driving the 

production of phosphatidylinositol-3-phosphate [PI(3)P] from phosphatidylinositol on 

the phagosomal membrane (Vieira et al, 2001; Araki et al, 1996). PI(3)P anchors 

proteins containing a FYVE zinc finger domain to the cytosolic face of the 

phagosomal membrane (Fratti et al, 2001; Williams & Urbé, 2007). One such effector 

protein includes the early endosome antigen 1 (EEA1) (Christoforidis et al, 1999; 

Simonsen et al, 1998). Besides PI(3)P-mediated binding of EEA1 to the phagosome, 

EEA1 is also recruited to early phagosome via direct interactions with RAB5 (Mishra 

et al, 2010).  
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EEA1 mediates docking and fusion events with early endosomes and recruits 

syntaxin 13 (STX13), which is a soluble N-ethylmaleimide-sensitive fusion protein 

attachment protein receptor (SNARE) protein (McBride et al, 1999; Collins et al, 

2002). STX13 is required for membrane fusion events with endosomes (Collins et al, 

2002). SNARE proteins are important drivers of membrane fusion events, where a 

v-SNARE on the donating early endosomal membrane interacts with a t-SNARE on 

the recipient membrane of the nascent phagosome. Hairpin-like complexes between 

SNARE proteins bring fusing membranes into close proximity to facilitate vesicle 

maturation (Flannagan et al, 2012).  

 

The dynamic maturation process of the early phagosome also involves the retrieval 

of phagosomal proteins to the plasma membrane (Driskell et al, 2007; Traer et al, 

2007). Both RAB4 and RAB11 are involved in promoting the recycling pathway to 

the plasma membrane (Damiani et al, 2004; Lindsay et al, 2002; Cox et al, 2000). 

To shuttle membrane-associated cargo from the phagosome to other sites, inwards 

budding and pinching of the limiting phagosomal membrane results in the formation 

of an MVB-like compartment, which mediates cargo retrieval. 

 

1.6.2.2 Late phagosome  

As the early phagosome matures into the late phagosome, the luminal pH decreases 

to 5.5 to 6.0 (Flannagan et al, 2012). Phagosomal acidification is mediated by 

vacuolar ATPases (V-ATPases), which accumulate on the phagosomal membrane 

to pump protons from the cytosol into the lumen of the phagosome. V-ATPases are 

multimeric protein complexes, which hydrolyse ATP to transport H+ ions across the 

phagosomal membrane (Kinchen & Ravichandran, 2008; Flannagan et al, 2009). V-

ATPases are trafficked from the trans-Golgi to phagosomes and delivered by fusion 

with V-ATPase-containing endosomes (Vergne et al, 2004; Sturgill-Koszycki et al, 

1994). 

 

The vacuolar fusion protein Mon1 is recruited to early phagosomes and is 

responsible for recruitment of the key regulator RAB7 (Poteryaev et al, 2010; 

Kinchen & Ravichandran, 2010). Firstly, Mon1 localises the vacuolar fusion protein 
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CCZ1 to the phagosomal membrane, forming a Mon1/CCZ1 complex (Kinchen & 

Ravichandran, 2010). Mon1 disrupts binding of the RAB5 GEF protein Rabex-5 to 

the phagosomal membrane. This results in RAB5 inactivation and suppression of 

RAB5-mediated early maturation signalling events (Poteryaev et al, 2010). Moreover, 

CCZ1 interacts with RAB7 and disrupts binding of the GDP dissociation inhibitor 

(GDI) to RAB7, thereby facilitating RAB7 activation (Kinchen & Ravichandran, 2010).  

 

Besides the Mon1/CCZ1 complex, the homotypic fusion and protein sorting (HOPS) 

complex contributes to RAB7 activation (Rink et al, 2005). The HOPS complex, 

comprising VPS21, VPS16, VPS18 and VPS33 subunits, associates with VPS41 and 

VPS39 at the phagosomal membrane. VPS39 is a GEF protein involved in RAB7 

activation (Wurmser et al, 2000). Significantly, Mon1 directly interacts with HOPS 

subunits, thus mediating an interplay between Mon1/CCZ1 and HOPS complexes to 

drive RAB7 activation (Poteryaev et al, 2010).  

 

Defects in RAB7 activation inhibit fusion of phagosomes with lysosomes and prevent 

phagosomal acidification (Harrison et al, 2003). RAB7 concentrates effector proteins, 

including RAB7-interacting lysosomal protein (RILP) and oxysterol-binding protein-

related protein 1 (ORPL1), at the membrane of late phagosomes (Johansson et al, 

2007; Cantalupo et al, 2001). Both RILP and ORPL1 promote dynein-driven 

microtubule-mediated transport (Johansson et al, 2007). Transport of phagosomes 

to the perinuclear region is essential for fusion of late phagosomes with lysosomes 

(Vieira et al, 2003a). Besides Mon1/CCZ1 complex-dependent RAB7 recruitment, 

lysosome-associated membrane protein 1 (LAMP1) and LAMP2 are membrane 

proteins of lysosomes, late phagosomes as well as endosomes, which promote 

RAB7 recruitment (Huynh et al, 2007; Binker et al, 2007).  

 

ILV formation during the intermediate to late phagosome maturation stage is critical 

to retrieve and dispose of redundant membrane components. By inward budding, 

ILVs form within the lumen of the late phagosome (Fader & Colombo, 2009; Manil-

Segalén et al, 2015; Flannagan et al, 2012). Lysobisphosphatidic acid (LBPA) is a 

lipid, which is present on late endosomes and phagosomes. The ESCRT-I accessory 

protein ALIX binds to LBPA, thereby linking ESCRT-I, ESCRT-II, and ESCRT-III 

complexes to promote inward budding from the phagosomal membrane (Odorizzi, 
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2006). Moreover, PI(3)P facilitates anchoring of multiple ESCRT proteins to the 

phagosomal membrane, thereby contributing to ILV formation (Schmidt & Teis, 2012). 

Both ESCRT-I and ESCRT-II drive invagination of the phagosomal membrane to 

form ILVs, while ESCRT-III induces membrane scission, which releases ILVs from 

the membrane (Hanson et al, 2008; Muzioł et al, 2006). The FYVE finger-containing 

phosphoinositide kinase PIP5K3 (PIKfyve kinase) binds and phosphorylates PI(3)P 

on the phagosomal membrane, thus converting PI(3)P to phosphatidylinositol-(3,5)-

bisphosphate [PI(3,5)P2] (Zolov et al, 2012). The VPS24 subunit of ESCRT-III 

interacts with PI(3,5)P2, thereby mediating ESCRT-III recruitment to the phagosome 

to drive ILV scission (Whitley et al, 2003).  

 

While RAB7 has important roles in phagosome maturation during the late stages, 

other Rab GTPases have also been implicated in late phagosome maturation. Loss 

of RAB20, RAB22B, RAB32, RAB34, RAB38 or RAB43 activity prevents cathepsin 

D localisation to phagosomes (Seto et al, 2011). Since RAB22B, RAB32, RAB34 and 

RAB38 are Golgi-associated Rab GTPases, it has been hypothesised that these Rab 

GTPases do not only directly promote maturation of late phagosomes, but also 

indirectly by facilitating pro-cathepsin D delivery to lysosomes, which ultimately fuse 

with late phagosomes (Seto et al, 2011; Ng et al, 2007; Wasmeier et al, 2006; Wang 

& Hong, 2002).  

 

1.6.2.3 Phagolysosome  

The phagolysosome refers to the mature phagosome, which results from fusion of 

late phagosomes with lysosomes. The phagolysosome is the highly microbicidal and 

degradative vacuole, which efficiently digests and kills internalised pathogens 

(Kinchen & Ravichandran, 2008; Flannagan et al, 2009). Phagolysosomal fusion is 

mediated by the assembly of the SNARE complex, which comprises syntaxin 7 

(STX7) and vesicle-associated membrane protein 7 (VAMP7) (Griffin et al, 1975; 

Tsai & Discher, 2008). STX7, a t-SNARE, on the phagosomal membrane interacts 

with VAMP7, a v-SNARE, on the lysosomal membrane to induce vesicle fusion. As 

phagosomes mature into phagolysosomes, PI(3)P and LBPA levels decrease 

(Gillooly et al, 2000; Kobayashi et al, 1998). By fusion with lysosomes, the luminal 
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pH of the phagolysosome decreases to 4.5 to 5.0 and becomes highly enriched in 

active cathepsins (Flannagan et al, 2012). Acidification is critical for the optimal 

catalytic activity of lysosomal hydrolases, such as cathepsins. Besides phagosome 

acidification and acquisition of hydrolytic enzymes, the phagolysosome is enriched 

in reactive oxygen and nitrogen species as well as in a diverse repertoire of 

antimicrobial proteins (Flannagan et al, 2009, 2012; Kinchen & Ravichandran, 2008). 

 

1.6.3 Phagosome acidification 

Acidification of the phagosome continuously occurs throughout the maturation 

process by acquisition of V-ATPases and is further driven by membrane fusion with 

highly acidic lysosomes (Lukacs et al, 1990, 1991). Phagosomal acidification is 

mediated V-ATPases, which accumulate on the phagosomal membrane as the 

phagosome matures (Kinchen & Ravichandran, 2008). Since phagosomes have 

minimal passive proton permeability, which prevents H+ ion efflux from the 

phagosomal lumen, V-ATPases can rapidly increase the H+ ion concentration within 

the maturing phagosome.  

 

The V-ATPase is a high molecular weight protein complex, comprising two 

multiprotein V0 and V1 subcomplexes. The V1 complex is located in the cytosol and 

consists of eight distinct proteins, which drive ATP hydrolysis (Marshansky & Futai, 

2008; Flannagan et al, 2012). The V0 complex is located in the phagosomal 

membrane and assembles the pore, which enables proton transport into the 

phagosomal lumen (Marshansky & Futai, 2008). To maintain a physiological ion 

potential across the phagosomal membrane despite rapid H+ ion influx, additional ion 

transporters shuttle chloride anions into the phagolysosome and potassium as well 

as sodium cations into the cytosol (Steinberg et al, 2010; Graves et al, 2008).  

 

Acidification facilitates the microbicidal properties of the phagolysosome in multiple 

ways. Firstly, acidification activates pH-dependent proteolytic enzymes, including 

cathepsin D and cathepsin L (Turk et al, 2000, 1993). Secondly, low pH directly 

blocks pathogen replication by interfering with enzymes and structural components 

of microbes (Flannagan et al, 2009; Kinchen & Ravichandran, 2008). Moreover, 
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phagosome acidification activates natural resistance-associated macrophage 

protein 1 (NRAMP1), which is a divalent metal ion transporter. The electrochemical 

gradient resulting from V-ATPase-mediated proton influx into the phagosome 

provides a source of energy for NRAMP1 to transport metal ions from the lumen into 

the cytosol (Jabado et al, 2000). These metal ions are critical co-factors for the life 

cycle of bacteria, and thus metal deprivation restricts bacterial growth (Flannagan et 

al, 2012). Lastly, acidification also leads to increased production of anti-microbial 

ROS (Winterbourn, 2008; DeCoursey, 2010). Importantly, the degree of phagosomal 

acidification is cell type-specific. While phagosomes in macrophages become 

strongly acidic to maximise pathogen killing, the pH of phagosomes in DCs only 

decreases to approximately 6.0 (Flannagan et al, 2012; Kinchen & Ravichandran, 

2008). This limits phagosomal proteolysis and increases the ability of DCs to present 

antigen fragments on MHC molecules. In addition, phagosomal pH in neutrophils is 

more alkaline than in macrophages as preformed cytoplasmic granules are rapidly 

delivered to form non-acidic phagosomes (Foote et al, 2019; Nordenfelt & Tapper, 

2011).  

 

1.6.4 Reactive oxygen and nitrogen species 

ROS production by the NADPH oxidase (NOX2) in phagolysosomes is critical for 

killing invading microbes. NOX2 is a multiprotein complex, which drives the 

production of superoxide anions (O2-) by transferring electrons from nicotinamide 

adenine dinucleotide phosphate (NADPH) onto molecular oxygen (Babior, 2004). 

NOX2 is located in the phagosomal membrane and comprises transmembrane 

proteins gp91phox and gp22phox, which form the flavocytochrome b558. In addition, 

NOX2 consists of cytosolic proteins p40phox, p47phox and p67phox (Rybicka et al, 2010; 

Savina et al, 2006; Mantegazza et al, 2008). Upon NOX2 activation by pro-

inflammatory stimuli, the cytosolic proteins interact with the small GTPases Rac1 and 

Rac2, thus mediating the assembly with flavocytochrome b558 (Hordijk, 2006). The 

intact NOX2 complex transports electrons across the phagosomal membrane into 

the lumen of the phagolysosome to generate O2-. While the resulting O2- is cytotoxic, 

it is rapidly converted into hydrogen peroxide (H2O2), which is highly microbicidal and 

can lead to further downstream generation of highly toxic hydroxyl radicals 
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(Flannagan et al, 2012; Babior, 2004). In addition, H2O2 can be used by the 

phagolysosomal myeloperoxidase to drive enzymatic conversion of chloride ions into 

hypochlorous acid, which is highly toxic to engulfed microbes (Winterbourn, 2008). 

PI(3)P production by VPS34 class III PI3K is required for p40phox activity at the 

phagosomal membrane (Anderson et al, 2010). 

 

In addition to ROS, reactive nitrogen intermediates (RNI) contribute to the 

microbicidal milieu in phagolysosomes (Serbina et al, 2003). Nitrous oxide synthase 

2, also referred to as iNOS, drives the formation of nitrous oxides (NO), an important 

class of RNI (Förstermann & Sessa, 2012). While ROS production requires the 

assembly of existing protein subunits, RNI production requires expression of iNOS 

(Nos2 gene), which is induced by pro-inflammatory signals downstream of MAP 

kinase, NF-kB and Janus-activated kinase-signal transducer and activator of 

transcription (JAK-STAT) signalling cascades (Pautz et al, 2010; Chen et al, 1999; 

Martin et al, 1994). Functional iNOS exists in a homodimer, which contains an N-

terminal oxygenase domain for substrate interaction with L-arginine and a C-terminal 

domain with reductase activity, which binds to the electron donor NADPH (Tzeng et 

al, 1995; Aktan, 2004). iNOS transfers electrons from NADPH to subsequently 

oxidise L-arginine, thus resulting in NO generation. NO generation occurs at the 

cytosolic side of the phagosomal membrane-bound iNOS (Aktan, 2004). Following 

oxidation, NO diffuses into the phagolysosomal lumen, where it reacts with ROS to 

yield a number of microbicidal RNIs, including peroxynitrite.  

 

The interplay between ROS and RNI is critical to create a highly toxic phagosomal 

lumen for invading pathogens (Flannagan et al, 2012). More specifically, NO and 

ROS frequently interact with metabolic processes, including the respiratory chain of 

many microbes to inhibit ATP synthesis, and induce DNA damage by oxidation to 

cause instability within the microbial genome (Mastroeni et al, 2000; Chakravortty & 

Hensel, 2003).  

 



Chapter 1. Introduction 

81 

 

1.6.5 Antimicrobial peptides and enzymes 

A plethora of antimicrobial factors in mature phagosomes either directly digest 

invading microbes or indirectly interfere with the life cycle and metabolic machinery 

of pathogens (Flannagan et al, 2009). Iron is a metal cofactor critical for bacterial 

DNA replication. Lactoferrin, an iron-binding protein, is present in phagosomes to 

capture iron, thus blocking its acquisition by engulfed bacteria (Molloy & Winterbourn, 

1990; Jenssen & Hancock, 2009). In addition, as previously mentioned, NRAMP1 is 

an ion transporter, which transports zinc and manganese ions into the cytosol 

(Jabado et al, 2000). NRAMP1 is acquired by phagosomes upon fusion with 

endosomes and lysosomes. Zinc and manganese ions are important nutrients for 

bacterial growth and thus metal ion deprivation restricts bacterial replication (Searle 

et al, 1998; Gruenheid et al, 1997). An important digestive enzyme, which directly 

targets microbes for destruction, includes lysozyme. Lysozyme is a glycoside 

hydrolase, which breaks down the peptidoglycan layer in Gram-positive bacteria 

(Ganz, 2004; Miyauchi et al, 1985). While Gram-negative bacteria are protected 

against lysozyme-mediated hydrolysis of the outer peptidoglycan layer, cationic 

antimicrobial peptides (CAPs) in the phagosome provide microbicidal activity against 

these bacterial strains (Risso, 2000). CAPs include defensins, which are cysteine-

rich cationic antimicrobial peptides penetrating the outer membrane of Gram-

negative bacteria (Diamond et al, 2009; Arnett et al, 2011). The cationic properties 

of CAPs induce ion diffusion from the microbe into the phagosomal lumen upon pore 

formation (Zhang et al, 2010).  

 

In a mature phagolysosome, more than 50 lysosomal hydrolases maintain a highly 

microbicidal environment. Antimicrobial lysosomal enzymes broadly include 

phosphatases, glycosidases, lipases, proteases as well as nucleases. Cathepsins 

are lysosomal proteases, which include cysteine proteases (cathepsins B, C, F, H, 

K, L, O, S, V, X and W), aspartate proteases (cathepsins D and E), as well as serine 

proteases (cathepsins A and G) (Flannagan et al, 2009, 2012). Proteolytic activity of 

cathepsins is induced by decreasing pH and as the maturing phagosome fuses with 

endosomes and lysosomes, it continuously acquires increasing levels of cathepsins. 

The NADPH oxidase NOX2 negatively regulates phagosomal proteolysis by 

cathepsins in a pH-independent manner and independently of cathepsin delivery to 
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the phagosome (Rybicka et al, 2012). More specifically, NOX2 oxidises cysteine 

cathepsins, which results in their inactivation. This regulatory mechanism illustrates 

the interplay between local redox states within the phagosomal lumen and hydrolase 

activity (Rybicka et al, 2010).  
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1.7 Thesis Aims 

Prior to this thesis, a study by the Ley laboratory demonstrated that TPL-2 catalytic 

activity promotes phosphorylation of several proteins implicated in endocytosis, 

vesicle trafficking and GTPase signalling (Pattison et al, 2016). Although the 

regulation of gene expression during innate immune responses by TPL-2 had been 

extensively studied, the role of TPL-2 in regulating intracellular trafficking had not 

been investigated (Gantke et al, 2011a; Xu et al, 2018). Despite the discovery that 

ABIN-2 forms a ternary complex with TPL-2 and NF-kB1 p105 almost two decades 

ago, the physiological role of ABIN-2 in innate immune signalling had remained 

uncharacterised (Lang et al, 2004). 

 

In the third chapter, I set out to biochemically characterise point mutations in ABIN-

2, which disrupt the association with its binding partners A20, ubiquitin and TSG101. 

To elucidate the biological roles of ABIN-2, it was a prerequisite to study whether 

individual ABIN-2 point mutations disrupt interactions with its other known binding 

partners. Moreover, I intended to investigate whether ubiquitin or A20 binding to 

ABIN-2 regulate innate immune signalling, in particular TLR4 and TNF receptor-

mediated pathways.  

 

In the fourth chapter, I aimed to explore whether TPL-2 or ABIN-2 regulate 

phagosome maturation in primary macrophages. I used a combination of 

fluorescence-based bead assays, phagosome proteomics, phosphoproteomics and 

confocal microscopy to characterise the regulatory roles of TPL-2 catalytic activity 

and ABIN-2 ubiquitin binding in phagosome maturation.  

 

In the fifth chapter, I focused on the regulation of bacterial killing in macrophages by 

TPL-2 catalytic activity and ABIN-2 ubiquitin binding. I investigated a diverse set of 

bacterial species, including Staphylococcus aureus, Citrobacter rodentium and 

Salmonella typhimurium. I decided to focus on S. aureus to study in detail how TPL-

2 catalytic activity and ABIN-2 ubiquitin binding regulate the maturation of bacteria-

containing phagosomes.  
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Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Chemicals  

Albumin, ammonium bicarbonate, ammonium persulfate (APS), ampicillin, aprotinin, 

b-glycerophosphate, bafilomycin A1, bovine serum albumin (BSA), cyanamide, 

dithiothreitol (DTT), ethanol, Fluoromount™ Aqueous Mounting Medium, foetal 

bovine serum (FBS), formic acid, gelatin from cold water fish skin, gentamicin, 

glycerol, glycine, HPLC Grade water, hydrogen peroxide, hydroxylamine, imidazole, 

iodoacetamide, L-glutamine-penicillin-streptomycin (PSG), leupeptin, M2 Anti-FLAG 

Affinity Gel, N-Ethylmaleimide (NEM), NP-40, okadaic acid, phenylmethylsulfonyl 

fluoride (PMSF), phosphoric acid, potassium chloride, RPMI-1640 medium, sodium 

azide, sodium borate, sodium borohydride, sodium deoxycholate, sodium dodecyl 

sulfate (SDS), sodium fluoride, sodium orthovanadate, sodium pyrophosphate, 

sodium pyruvate, sterile-filtered Ethylenediaminetetraacetic acid (EDTA), sucrose, 

sulphuric acid, super optimal broth with catabolite repression (SOC) medium, 

triethylammonium bicarbonate (TEAB), Triton X-100, trypan blue, trypsin-EDTA 

solution, Tween-20 and urea were obtained from Sigma-Aldrich. 4′,6-diamidino-2-

phenylindole (DAPI) stain, b-mercaptoethanol (b-ME), Bioscience™ IC fixation buffer, 

cytochalasin D, DQ Green BSA, Dulbecco’s Modified Eagle Medium (DMEM), High-

Select Fe-NTA phosphopeptide enrichment kit, High-Select TiO2 phosphopeptide 

enrichment kit, HPLC Grade triethylamine, LC/MS Grade acetic acid, LC/MS Grade 

acetonitrile, LC/MS Grade Optima water, LC/MS Grade trifluoroacetic acid (TFA), 

LysoTracker Red DND-99, Pierce High pH Reversed-Phase Peptide Fractionation 

Kit, Pierce Protease and Phosphatase Inhibitor Mini Tablets, Pierce™ Coomassie 

Protein Assay Kit, Qiagen EndoFree Plasmid Maxi Kit, Qiagen RNase-free DNase 

set and Qiagen RNeasy Mini Kits were purchased from Thermo Fisher Scientific. 

Magic Red cathepsin L substrate, Precision Plus Protein™ Dual Colour marker, 

polyvinylidene difluoride (PVDF) membranes, tetramethylethylenediamine (TEMED) 

and Tris/Glycine/SDS running buffer were from Bio-Rad Laboratories. EDTA solution, 

ethylene glycol tetraacetic acid (EGTA) solution, Luria Bertani (LB) medium, sodium 

chloride solution, Tris/HCl pH 7.5 solution and L929 cell supernatant were provided 
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by the Media Preparation and Cell Services STP at The Francis Crick Institute. 10% 

Bis-Tris NuPAGE gels, 4-12% Bis-Tris NuPAGE gradient gels, 3-(N-

morpholino)propanesulfonic acid (MOPS) SDS running buffer and SuperScript VILO 

cDNA Synthesis Kits were purchased from Invitrogen. ECL Western Blotting 

Detection Reagent, Ficoll Paque Plus and glutathione Sepharose 4B resin were from 

GE Healthcare. BCA Protein Assay Kit, MS-grade porcine trypsin and tris(2-

carboxyethyl)phosphine (TCEP) were obtained from Pierce. Lipopolysaccharides 

(LPS) and purified M1-linked (2, 4, 8) polyubiquitin chains were from Enzo Life 

Sciences. Akti-1/2 inhibitor and reactive oxygen species (ROS) Deep Red dye were 

purchased from Abcam. Mouse GM-CSF and tumour necrosis factor a (TNFa) were 

from Peprotech. Dulbecco’s phosphate-buffered saline (DPBS) and E. coli DH5a 

cells were obtained from Life Technologies. AZD8055 inhibitor and VX-745 inhibitor 

were from Selleckchem. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) was from BioWhittaker. Acrylamide ProtoGel 30% solution was from 

National Diagnostics. Avidin was purchased from Callbiochem. C34 inhibitor was 

synthesised by Medchem Express. Carboxylated silica beads were obtained from 

Kisker Biotech. CD14 MicroBeads were from MACS Miltenyi Biotec. cOmplete Mini 

EDTA-free Protease Inhibitor Cocktail tablets were obtained from Roche. Dimethyl 

sulfoxide (DMSO) was from Fisher Chemical. Dried milk powder was from Marvel. 

Human GM-CSF was purchased from STEMCELL Technologies. Immobilon 

Western Chemiluminescent HRP Substrate was from Millipore. Latex beads were 

obtained from Estapor Merck Chimie SAS. Lysyl endopeptidase (LysC) was from 

FUJIFILM Wako Pure Chemical Corporation. Nuclease-free water was from Ambion. 

Pam3CSK4 was obtained from InvivoGen. PD0325901 inhibitor was synthesised by 

the DSTT. siRNA buffer was from Horizon Discovery. TaqMan Universal PCR Master 

Mix was purchased from Applied Biosystems. Viromer Green was obtained from 

Lipocalyx.  
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2.1.2 Antibodies 

Commercial and custom-made antibodies for immunoblotting that were raised 

against unmodified peptides were diluted in blocking buffer supplemented with 

0.01% (w/v) sodium azide. Antibodies raised against phospho-peptides were diluted 

in 5% (w/v) BSA in PBST (Table 8) containing 0.01% (w/v) sodium azide. 

Membranes were incubated with antibody solutions overnight at 4°C. Secondary 

antibodies for immunoblotting were diluted in blocking buffer (Table 8) and incubated 

with membranes for 1h at room temperature (RT).  

 
Table 1 Commercial primary antibodies for immunoblotting 

Antibody Working dilution Catalogue number Source 
3xFLAG (M2) 1:1000 F1804 Sigma-Aldrich 

A20 (D13H3) 1:1000 5630 
Cell Signaling 
Technology 

Actin (C-11) 1:1000 sc-1615 

Santa Cruz 

Biotechnology 

AKT 1:1000 9272 

Cell Signaling 

Technology 

EEA1 (Clone 14) 1:1000 610457 BD Biosciences 

ERK1/2 1:1000 9102 

Cell Signaling 

Technology 

GSDMD 1:1000 G7422 Sigma-Aldrich 

GST 1:1000 A7340 Sigma-Aldrich 

HA (3F10) 1:1000 11867423001 Roche 

His6 (HIS-1) 1:2000 A7058 Sigma-Aldrich 

HSP90 (H-114) 1:1000 sc-7947 

Santa Cruz 

Biotechnology 

IkB-⍺ (C-21) 1:1000 sc-371 

Santa Cruz 

Biotechnology 

K63 Ubiquitin 

(HWA4C4) 1:1000 05-1313 Merck 

K63 Ubiquitin 

(D7A11) 1:1000 5621 

Cell Signaling 

Technology 

LAMP1 (1D4B) 1:1000 AB_528127 DSHB 

M1 Ubiquitin (LUB9) 1:1000 MABS451 Merck 
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p-4EBP1 (T37/46) 1:1000 9459 

Cell Signaling 

Technology 

p-Akt (S473 site) 1:1000 9271L 

Cell Signaling 

Technology 

p-Akt (T308) (L32A4) 1:1000 5106 

Cell Signaling 

Technology 

p-eIF2A (S52) 1:1000 44-728G Invitrogen 

p-eIF4B (S422) 1:1000 3591 

Cell Signaling 

Technology 

p-ERK1/2 

(T202/Y204) 1:1000 9101 

Cell Signaling 

Technology 

p-FOXO1 (T24)/p-
FOXO3a (T32) 1:1000 9464 

Cell Signaling 
Technology 

p-JNK1/2 

(T183/Y185) 1:1000 44-682G Invitrogen 

p-p105 (S933) 

(18E6) 1:1000 4806 

Cell Signaling 

Technology 

p-p38 (T180/Y182) 

(D3F9) 1:1000 4511 

Cell Signaling 

Technology 

p-p70 S6 kinase 

(T389) (108D2) 1:1000 9234 

Cell Signaling 

Technology 

p-p70S6K 
(T421/S424) 1:1000 9204 

Cell Signaling 
Technology 

p-S6 (S240/244) 1:1000 2215 

Cell Signaling 

Technology 

p-STAT1 (Y701) 

(58D6) 1:1000 9167 

Cell Signaling 

Technology 

p-STAT3 (Y705) 1:1000 9131 

Cell Signaling 

Technology 

p105 1:1000 4717 

Cell Signaling 

Technology 

RAB5 (C8B1) 1:1000 3547 

Cell Signaling 

Technology 

SHIP1 (D1163) 1:1000 2728 
Cell Signaling 
Technology 

STAT1 1:1000 9172 

Cell Signaling 

Technology 
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TPL-2 (M-20) 1:1000 sc-720 

Santa Cruz 

Biotechnology 

TSG101 (C-2) 1:1000 sc-7964 

Santa Cruz 

Biotechnology 

Ubiquitin 1:1000 3933 

Cell Signaling 

Technology 

Vimentin (H5) 1 μg/ml AB_528506 DSHB 

 
Table 2 Custom-made primary antibodies for immunoblotting 

Antibody Working dilution Catalogue number Source 
ABIN-1 1 μg/ml S010C (Bleed 3) DSTT 

ABIN-2 1 μg/ml 4934 Harlan Sprague 
Dawley Inc. 

p-DMXL1 (S1903) 1 μg/ml DA048 (Bleed 2) DSTT 

 
Table 3 Secondary antibodies for immunoblotting 

Antibody Working dilution Catalogue number Source 
Goat anti-rabbit 

IgG(H+L) 

1:5000 4050-05 SouthernBiotech 

Rabbit anti-sheep 

IgG(H+L) 

1:5000 6156-05 SouthernBiotech 

Goat anti-mouse 

IgG(H+L) 

1:5000 1010-05 SouthernBiotech 

Rabbit anti-goat 
IgG(H+L) 

1:5000 6164-05 SouthernBiotech 

Goat anti-rat 

IgG(H+L) 

1:5000 3051-05 SouthernBiotech 

Goat anti-chicken 

IgY(H+L) 

1:5000 6100-05 SouthernBiotech 

 
Table 4 Primary antibodies for immunofluorescence 

Antibody Working dilution Catalogue number Source 
EEA1 (C-14) 1:200 610457 BD Biosciences 

LAMP1 (1D4B) 1:200 AB_528127 DSHB 

 

Ubiquitin 

 

1:200 

 

3933 

Cell Signaling 

Technology 
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Table 5 Secondary antibodies for immunofluorescence 
Antibody Working dilution Catalogue number Source 

Alexa Fluor 594 

anti-rat 

1:1000 A-11007 Thermo Fisher 

Scientific 

Alexa Fluor 647 

anti-rabbit 

1:1000 A-21245 Thermo Fisher 

Scientific 

Alexa Fluor 647 

anti-mouse 

1:1000 A-21235 Thermo Fisher 

Scientific 

 
Table 6 Primary FACS antibodies 

Molecular target & 
conjugate 

Working dilution Catalogue number Source 

CD14 APC 1:200 17-0141-81 eBioscience 

a-human CD14 APC 1:200 561383 BD Biosciences 

F4/80 Pacific Blue 1:200 123124 BioLegend 

 

2.1.3 Proteins 

GST-fusion proteins (Table 7) were expressed and purified by the Division of Signal 

Transduction Therapy (DSTT) Protein Production Team at the University of Dundee, 

led by Dr James C. Hastie. Protein sequences and purity were confirmed by mass 

spectrometry and SDS-PAGE.  

 
Table 7 Proteins 

Protein Species ID Source 
GST-ABIN-2 Human DU3714 DSTT 

 

GST-ABIN-2 Y230A Human DU63999 DSTT 

GST-ABIN-2 E255K Human DU56529 DSTT 

GST-ABIN-2 D309N Human DU8638 DSTT 

3xFLAG-TNF 

 

Human N/A Professor Henning Walczak 

(University College London) 
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2.1.4 Mice 

All mice in this study were bred and maintained under specific pathogen-free 

conditions at The Francis Crick Institute. All experiments were performed in full 

compliance with UK Home Office regulations and under a project license to Professor 

Steven C. Ley (Ley 70/8819). Mouse strains used in this thesis were maintained as 

homozygous lines and were all fully backcrossed on to a C57BL/6Jax background 

(The Jackson Laboratory). C57BL/6Jax mice were used as WT controls throughout 

this study.  

For the purpose of clarity protein rather than gene names of TPL-2 (Map3k8) and 

ABIN-2 (Tnip2) were used for mouse nomenclature throughout this thesis. In addition, 

homozygous Nfkb1S930A,S935A knock-in mice were referred to as Nfkb1SSAA/SSAA mice.  

Tpl2D270A/D270A (Sriskantharajah et al, 2014), Nfkb1SSAA/SSAA (Sriskantharajah et al, 

2009), Abin2-/- (Papoutsopoulou et al, 2006) and Abin2E256K/E256K (Ventura et al, 

2018) mice were generated by the Ley laboratory and have previously been 

described. Tpl2D270A/D270A and Nfkb1SSAA/SSAA mice were crossed and bred to 

homozygosity to generate compound knock-in Nfkb1SSAA/SSAA Tpl2D270A/D270A mice. 

Abin2D310N/D310N mice (Nanda et al, 2018) were generated and kindly provided by 

Professor Sir Philip Cohen (MRC Protein Phosphorylation and Ubiquitylation Unit, 

University of Dundee). Abin2D310N/D310N mice were fully backcrossed on to 

C57BL/6Jax mice at The Francis Crick Institute. Abin2Y231A/Y231A mice were 

generated by the Genetic Modification Service (GeMS) at The Francis Crick Institute. 

Using CRISPR/Cas9 gene editing technology the point mutation was introduced into 

the C57BL/6Jax background via zygote injection. Tpl23xFLAG/3xFLAG mice were 

generated by the Ley laboratory. A gene targeting construct was created by Gene 

Bridges GmbH (Heidelberg, Germany). This construct was used to target the 

endogenous TPL-2, Map3k8, locus to insert a 3xFLAG sequence with an adjacent 

GGGS linker after the ATG start codon in exon 2 and upstream the TPL-2 coding 

sequence. Therefore, Tpl23xFLAG/3xFLAG mice express N-terminally 3xFLAG-tagged 

TPL-2.  
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2.1.5 Buffers  

Table 8 Buffers 
Buffer Composition 

Lysis Buffer Unless otherwise stated this lysis buffer was 

used for lysis of mammalian cells.  

50 mM Tris/HCl pH 7.5, 150 mM sodium 

chloride, 1% (v/v) Triton X-100, 10 mM sodium 

fluoride, 1 mM sodium pyrophosphate, 10 mM 

b-glycerophosphate, 2 mM EDTA, 100 μM 

sodium orthovanadate, 10% (v/v) glycerol, 

supplemented with one EDTA-free protease 

inhibitor cocktail tablet per 10 ml lysis buffer. If 

ubiquitin chains were examined 100 mM 

iodoacetamide was added   

Phosphoproteome lysis buffer 8 M urea, 50 mM HEPES pH 8.2, 10 mM b-

glycerophosphate, 50 mM sodium fluoride, 5 

mM sodium pyrophosphate, 1 mM EDTA, 1 

mM sodium orthovanadate, 1 mM DTT, 1 mM 

phenylmethylsulfonyl fluoride, 1 μg/ml 

aprotinin, 1 μg/ml leupeptin, 100 nM okadaic 

acid 

RIPA lysis buffer 20 mM Tris/HCl pH 7.5, 150 mm sodium 

chloride, 1 mM EDTA, 1 mM EGTA, 1% (v/v) 
NP-40, 0.5% (w/v) sodium deoxycholate, 

0.1% (w/v) SDS, supplemented with one 

EDTA-free protease inhibitor cocktail tablet 

per 10 ml lysis buffer  

MEF lysis buffer 30 mM Tris/HCl pH 7.4, 120 mM sodium 

chloride, 2 mM EDTA, 2 mM potassium 

chloride, 1% (v/v) Triton X-100, supplemented 

with one EDTA-free protease inhibitor cocktail 
tablet per 10 ml lysis buffer 

Separating gel buffer 10% (w/v) acrylamide ProtoGel, 0.1% (w/v) 

ammonium persulfate, 0.1% (v/v) TEMED, 

375 mM Tris/HCl pH 8.8, 0.4% (w/v) SDS. 

Ammonium persulfate and TEMED, which 

initiate gel solidification, were added last  
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Stacking gel buffer 4% (w/v) acrylamide ProtoGel, 0.1% (w/v) 

ammonium persulfate, 0.1% (v/v) TEMED, 

125 mM Tris/HCl pH 6.8, 0.1% (w/v) SDS 

MOPS SDS running buffer 50 mM MOPS, 50 mM Tris base pH 7.7, 0.1% 

(w/v) SDS, 1 mM EDTA  

Tris/Glycine/SDS running buffer 25 mM Tris base pH 8.3, 192 mM glycine, 

0.1% (w/v) SDS  

Phosphate-buffered saline 137 mM NaCl, 8.1 mM Na2HPO4, 2.7 mM KCl, 

1.5 mM KH2PO4, pH 7.4 

Ubiquitin binding buffer 50 mM Tris/HCl pH 7.5, 150 mM NaCl, 5 mM 
DTT, 0.1% (v/v) NP-40  

Bead assay buffer DPBS, 5% (v/v) FBS 

PBST buffer PBS, 0.05% (v/v) Tween-20  

Blocking buffer PBS, 0.05% (v/v) Tween-20, 5% (w/v) dried 

milk powder  

Glycine elution buffer 200 mM glycine, 0.05% (v/v) NP-40, pH 2.5  

Sample buffer (5X) 250 mM Tris/HCl pH 6.8, 32.5% (v/v) glycerol, 

5% (w/v) SDS, 5% (v/v) b-ME 

FACS buffer PBS, 0.1% BSA (w/v) 

Hypotonic buffer 250 mM sucrose, 3 mM imidazole pH 7.4, 
Pierce Protease and Phosphatase Inhibitor 

Mini Tablets (Thermo Fisher Scientific) 

S-Trap binding buffer 90% (v/v) methanol, 100 mM TEAB pH 7.1 

LC-MS/MS infection buffer 3% (v/v) DMSO, 0.1% (v/v) formic acid, in 

HPLC-grade water  

LC-MS/MS elution buffer 80% (v/v) HPLC-grade acetonitrile, 3% (v/v) 

DMSO, 0.1% (v/v) formic acid, in HPLC-grade 

water 

IP-MS buffer A 

 

5% (v/v) DMSO, 0.1% (v/v) formic acid, in 

HPLC-grade water 

IP-MS buffer B 
 

80% (v/v) HPLC-grade acetonitrile, 5% (v/v) 
DMSO, 0.1% (v/v) formic acid, in HPLC-grade 

water 

CD14 selection buffer PBS, 0.5% BSA (w/v), 2 mM EDTA 

 

Lysis buffer components 

Sodium fluoride, sodium pyrophosphate, okadaic acid and b-glycerophosphate 

inhibit serine threonine phosphatases. Sodium orthovanadate was used to inactivate 
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tyrosine phosphatases. EDTA mediates chelation of magnesium and manganese 

ions resulting in inactivation of protein kinases, while EGTA chelates calcium ions to 

inactivate calmodulin-dependent protein kinases. A protease inhibitor cocktail 

(Roche) and phenylmethylsulfonyl fluoride were used to block activity of serine and 

cysteine proteases. Aprotinin inhibits trypsin and closely related proteases, including 

chymotrypsin and plasmin. Leupeptin specifically inactivates lysosomal proteases. If 

ubiquitin chains were studied, iodoacetamide was used to inhibit cysteine peptidases. 

DTT is a reducing agent that prevents formation of disulphide bonds between 

cysteine residues.  

 

2.2 Methods 

2.2.1 Mammalian cell culture 

Mammalian cell culture procedures were performed under aseptic conditions strictly 

following biological safety regulations. Primary cells and immortalised cell lines were 

cultured in the appropriate growth medium (Table 9) at 37°C with 5% CO2 to maintain 

neutral pH. High humidity of 85-95% to prevent evaporation of growth medium was 

maintained by a humidity reservoir.  

 
Table 9 Cell culture growth media 

Culture medium Composition 

BMDM differentiation medium RPMI-1640 medium commercially supplemented with L-

glutamine and sodium bicarbonate, 10% (v/v) FBS, 10 mM 

HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 

μg/ml streptomycin, 2 mM L-glutamine, 50 μM b-ME and 

20% (v/v) L929 cell supernatant containing M-CSF (provided 

by The Francis Crick Institute Cell Services) 

BMDM seeding medium RPMI-1640 medium commercially supplemented with L-

glutamine and sodium bicarbonate, 10% (v/v) FBS, 10 mM 

HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 

μg/ml streptomycin, 2 mM L-glutamine, 50 μM b-ME. Only 

1% (v/v) FBS was added if experiments did not focus on 

phagocytosis. If cells were infected with live bacteria, L-
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glutamine-penicillin-streptomycin solution was excluded to 

maintain an antibiotic-free culture 

BMDM lift medium Magnesium and calcium-free Dulbecco's phosphate-
buffered saline (DPBS) supplemented with 5% (v/v) FBS and 

2.5 mM EDTA 

iBMDM culture medium RPMI-1640 medium commercially supplemented with L-

glutamine and sodium bicarbonate, 10% (v/v) FBS, 10 mM 

HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 

μg/ml streptomycin, 2 mM L-glutamine, 50 μM b- ME and 

10% (v/v) L929 cell supernatant 

HEK293 culture medium 

 

MEF culture medium 

DMEM commercially supplemented with L-glutamine and 

glucose, 10% (v/v) FBS, 1 mM sodium pyruvate, 100 U/ml 

penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine 

Human macrophage medium RPMI-1640 medium commercially supplemented with L-

glutamine and sodium bicarbonate, 10% (v/v) FBS, 10 mM 

HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 

μg/ml streptomycin, 2 mM L-glutamine, 50 ng/ml human GM-
CSF  

 

2.2.2 Primary Cells 

2.2.2.1 Generation of bone marrow-derived macrophages (BMDMs) 

Primary macrophages were cultured from 6 to 12-week-old mice. Mice were culled 

according to Schedule 1 kill (S1K) regulations by the United Kingdom Home Office 

and subsequently sprayed with 70% ethanol. Using a sterile dissection kit both 

femurs were extracted and kept in basal RPMI-1640 for short-term storage. Bones 

were rinsed for 2 min in 70% ethanol before removing residual mouse tissue. Both 

ends of the femur were removed using scissors and the bone cavity was flushed with 

2.5 ml pre-chilled basal RPMI from both ends. Bone marrow cells from one mouse 

were collected in a 15 ml Falcon tube, centrifuged at 1,000 rpm for 5 min at RT and 

subsequently resuspended in 6 ml BMDM differentiation medium. Bone marrow cells 

from one mouse were seeded in six non-treated 140 mm Sterilin petri dishes 

(Thermo Fisher Scientific). On day 4 of the BMDM culture, cells were fed with 10 ml 

BMDM differentiation medium. Differentiated BMDMs were harvested from day 6 to 

8. Non-adherent cells were aspirated and adherent BMDMs were harvested by 
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incubation with 5 ml pre-chilled BMDM lift medium (Table 9) for 10 min at RT. Cells 

were pooled in a 50 ml Falcon tube, centrifuged at 1,000 rpm for 5 min at RT, 

resuspended in BMDM seeding medium (Table 9) and counted. If the role of TPL-2 

and ABIN-2 in phagocytosis was studied, macrophages were seeded in medium 

supplemented with 10% (v/v) FBS. For all other experiments, macrophages were 

seeded in starvation medium supplemented with 1% (v/v) FBS. BMDMs were rested 

overnight at 37°C with 5% CO2 prior to starting the experiment.  

 

2.2.2.2 Human macrophages 

2.2.2.2.1 Isolation of mononuclear cells from human peripheral blood by density 

gradient centrifugation 

Surplus NHS blood donated by healthy volunteers was used for this research, which 

has been approved by NHS Health Research Authority and complied with the Human 

Tissue Act 2004. Human peripheral blood mononuclear cells (PBMCs) were isolated 

from anonymised buffy coat samples (NC07, 50 ml) collected by NHS Blood and 

Transplant Colindale. Human blood from a 50 ml buffy coat was added to ice-cold 2 

mM EDTA in PBS at a final dilution of 1:5 (v/v). In 50 ml Falcon tubes, 35 ml blood 

suspension was gently pipetted onto 15 ml Ficoll Paque Plus (GE Healthcare) and 

centrifuged at 1,000´g for 15 min at RT, with deceleration set to 0. The white-

coloured interphase cell layer between blood plasma and erythrocytes, consisting of 

PBMCs, was carefully transferred to a fresh 50 ml Falcon tube. PBMCs were washed 

with 2 mM EDTA in PBS and centrifuged at 300´g for 10 min at RT. To remove 

platelets, PBMCs were washed twice with 2 mM EDTA in PBS and centrifuged at 

200´g for 15 min at RT. Prior to CD14 selection, cells were resuspended in 2 mM 

EDTA in PBS and counted.  

 

2.2.2.2.2 Selection of CD14+ mononuclear cells 

A total of 1´108 PBMCs were resuspended in 800 µl CD14 selection buffer. To label 

CD14+ mononuclear cells, 200 µl CD14 MicroBeads (130-050-201, MACS Miltenyi 

Biotec) were added and the mixture was incubated for 15 min at 4°C. Cells were 
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washed with 20 ml CD14 selection buffer and centrifuged at 300´g for 10 min at RT. 

The cell pellet was resuspended in 500 µl CD14 selection buffer. The LS column 

(130-042-401, MACS Miltenyi Biotec) was placed in a MiniMACS separator (MACS 

Miltenyi Biotec) attached to a MACS MultiStand (MACS Miltenyi Biotec), thus 

applying a magnetic field to the column. The LS column was calibrated with 3 ml 

CD14 selection buffer. The CD14-labelled cell suspension was subjected to the 

column. Cells passing through the column were collected as unlabelled effluent. The 

column was washed three times with 3 ml CD14 selection buffer. The column was 

removed from the magnetic field and 5 ml CD14 selection buffer was applied. To 

elute CD14+ PBMCs, the plunger was firmly pushed into the column and CD14-

labelled cells were collected as eluate. Efficiency of CD14+ selection was quantified 

by flow cytometry (2.2.6).  

 

2.2.2.2.3 Differentiation of CD14+ mononuclear cells into human macrophages 

CD14+ PBMCs were seeded at 2´107 cells per 140 mm Nunc dish (Sigma-Aldrich) 

in 25 ml human macrophage medium (Table 9). The culture medium was 

supplemented with human recombinant GM-CSF (STEMCELL Technologies) at a 

final concentration of 50 ng/ml to ensure differentiation of monocytes into 

macrophages. On day 4, cells were fed with 10 ml human macrophage medium. 

Differentiated human macrophages were harvested on day 7. Cells were harvested 

similar to BMDMs (2.2.2.1), counted and resuspended in human macrophage 

medium for seeding.  

 

2.2.3 Immortalised cell lines 

2.2.3.1 Generation and passaging of immortalised bone marrow-derived 
macrophages (iBMDM) 

Dr Teresa Thurston (MRC Centre for Molecular Bacteriology and Infection, Imperial 

College London, United Kingdom) kindly generated immortalised macrophage cell 

lines from primary BMDMs that were differentiated from WT, Tpl2D270A/D270A and 

Abin2D310N/D310N mice provided by the Ley laboratory. Briefly, the Thurston laboratory 

infected primary BMDMs with a J2 virus containing both v-raf and v-myc oncogenes, 
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which induced macrophage proliferation to generate immortalised cell lines (Blasi E , 

Radzioch D , Merletti L, 1989; Bone et al, 2018; Gandino & Varesio, 1990). iBMDM 

cell lines were grown to 75-90% confluency in T175 tissue culture flasks (Corning). 

Following removal of media, cells were washed with DPBS and incubated with 3 ml 

trypsin / 0.05% (v/v) EDTA for 5-7 min. Detached cells were centrifuged at 1,000 rpm 

for 5 min at RT and diluted 1/5 in fresh iBMDM culture medium (Table 9). 

 

2.2.3.2 Human embryonic kidney (HEK) 293 cells 

Adherent HEK293 cells were provided by The Francis Crick Institute Cell Services. 

Cells were maintained in HEK293 culture medium and grown to 85-90% confluency 

in T175 tissue culture flasks. Experimental procedures for HEK293 cell passaging 

were identical to iBMDM protocols (2.2.3.1).  

 

2.2.3.3 Mouse embryonic fibroblasts (MEF) 

MEFs were previously generated by Dr Michael Pattison (Ley Laboratory) from 

C57BL/6Jax WT mice. Cells were maintained in MEF culture medium (Table 9) and 

grown to 85-90% confluency in T175 tissue culture flasks. Experimental procedures 

for MEF cell passaging were identical to iBMDM protocols (2.2.3.1).  

 

2.2.3.4 Freezing and thawing of immortalised cell lines 

iBMDMs in a confluent T175 tissue culture flask were trypsinised and detached cells 

were centrifuged at 1,000 rpm for 5 min at RT. The cell pellet was resuspended in 2 

ml FBS containing 10% (v/v) DMSO, split into two 1.8 ml cryogenic vials (Star Lab) 

and stored in a polyethylene freezing container (Corning) for 24 h at -80°C. For short-

term storage, cells were kept at -80°C, while transfer to liquid nitrogen at -196°C was 

ensured for long-term storage. iBMDM or MEF cryogenic vials were warmed in a 

37°C water bath for 1 min and subsequently resuspended in 10 ml iBMDM or MEF 

culture medium (Table 9). Following centrifugation at 1,000 rpm for 5 min at RT, the 

cell pellet was resuspended in 25 ml iBMDM or MEF culture medium and transferred 

to a T175 tissue culture flask.  
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2.2.4 Biochemistry techniques 

2.2.4.1 Inhibitor and agonist treatment 

Inhibitors and agonists used in this thesis are outlined in Table 10 and  

Table 11, respectively. Inhibitors and agonists were resuspended according to 

manufacturer instructions, aliquoted and stored at -20°C. If necessary, stock 

solutions were diluted in the appropriate cell culture medium prior to use. Inhibitors 

and agonists were directly pipetted into the respective wells or dishes, cells were 

gently swirled and incubated at 37°C for the times indicated. Since DMSO was used 

for resuspension of all inhibitors, an equivalent volume of DMSO was used as a 

vehicle control alongside inhibitor treatments.  

 
Table 10 Inhibitors 

Inhibitor Molecular target Working 
concentration 

Pre-treatment 
(min) 

Source 

PD0325901 MEK1 

(Ciuffreda et al, 

2009) 

0.1 μM 10 DSTT 

VX-745 p38 

(Duffy et al, 2011) 

1 μM 60 Selleckchem 

C34 TPL-2 

(Wu et al, 2009) 

10 μM 60 Medchem 

Express 

Akti-1/2 AKT1, AKT2, 

AKT3 

(Lindsley et al, 
2005; Barnett et 

al, 2005) 

10 μM 60 Abcam 

AZD8055 mTOR 

(Chresta et al, 

2010) 

1 μM 60 Selleckchem 

Leupeptin Serine-cysteine 

proteases 

(Libby & 

Goldberg, 1978) 

100 μg/ml 60 Sigma-Aldrich 

Bafilomycin A1 V-ATPase 1 μM 15 Sigma-Aldrich 
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(Yamamoto et al, 

1998) 

Cytochalasin D Actin 

(Schliwa, 1982) 

10 μg/ml 30 Thermo Fisher 

Scientific 

 
Table 11 Agonists 

Agonist Molecular target Working 
concentration 

Source 

LPS 

(from Salmonella 

minnesota R595) 

TLR4 

(Poltorak et al, 1998a) 

100 ng/ml 

 

Enzo Life 

Sciences 

TNFa TNFR1, TNFR2 

(Thoma et al, 1990) 

20 ng/ml Peprotech 

Pam3CSK4 TLR2 

(Tsolmongyn et al, 2013) 

100 ng/ml InvivoGen 

Carboxylated latex 

beads 

Scavenger receptors 

(Palecanda et al, 1999) 

1:50 Estapor, 

Merck 

LPS-coated 

carboxylated latex 

beads 

TLR4  

(Zanoni et al, 2011) 

1:300 Felix Breyer 

(2.2.7.7) 

 

2.2.4.2 Cell lysis 

Following the described treatment, cells were placed on ice and washed once with 

ice-cold PBS. If cells were treated with beads or infected with live bacteria, then cells 

were washed three times. Cells were scraped in lysis buffer, incubated on ice for 15 

min and lysates were cleared by centrifugation at 15,000 rpm for 15 min at 4°C. 

Lysate supernatants were transferred to a new Eppendorf tube.  

 

2.2.4.3 Protein quantification  

Protein concentration was determined using the Pierce™ Coomassie Protein Assay 

Kit following principles of the Bradford protocol (Bradford, 1976). Upon binding of the 

Coomassie reagent to proteins the optimal absorbance shifts to 595 nm, which is 

associated with a colour change to blue. In a 96-well plate, 2 μl of cleared lysate was 
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combined with 200 μl Coomassie reagent, gently shaken and incubated for 2 min at 

RT. Absorbance was measured at 595 nm. A standard curve was generated based 

on absorbance measurements from BSA protein standards (0.125 mg/ml to 2 mg/ml). 

Protein concentrations of samples were calculated using the standard curve.  

 

2.2.4.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Cell lysates were mixed with 5X sample buffer (Table 8) and heated for 10 min at 

90°C. SDS induces a negative charge in proteins relative to their molecular weight. 

While heating of gel samples breaks tertiary and secondary structures, b-ME breaks 

disulphide bridges to linearise peptides. Samples (15-25 μg) were subjected to SDS-

PAGE on a 10% acrylamide gel. Gels were run in Tris/Glycine/SDS running buffer 

(Table 8) at a constant voltage of 150 V until the sample buffer front migrated through 

approximately 90% of the gel. Negatively charged peptides migrate towards the 

positively charged anode proportional to their molecular mass. The Precision Plus 

Protein™ Dual Colour marker (Bio-Rad Laboratories) was used as molecular weight 

ladder. If high-molecular-weight proteins (>150 kDa) or ubiquitin chains were studied, 

samples were subjected to 4-12% Bis-Tris NuPAGE gradient gels (Invitrogen) in 

MOPS running buffer at a constant voltage of 200 V for 45 min.  

 

2.2.4.5 Western blotting 

Proteins were transferred onto PVDF membranes (Bio-Rad Laboratories) using the 

Trans-Blot Turbo Transfer System (Bio-Rad Laboratories), a system based on 

experimental principles developed by Towbin (Towbin et al, 1979). A constant 

electric current of 1 A and voltage of up to 25 V was applied for 0.5 h to transfer 

proteins onto PVDF membranes. Subsequently, membranes were incubated with 

blocking buffer (Table 8) for 1 h at RT to prevent non-specific binding of antibodies 

to PVDF membranes. Membranes were incubated with primary antibodies overnight 

at 4°C (Table 1). On the next day, membranes were washed four times for 15 min in 

PBST buffer (Table 8). Membranes were incubated with horseradish-peroxidase 

(HRP)-conjugated secondary antibodies (Table 3) in blocking buffer at 1:5000 for 1 

h at RT. Afterwards, membranes were washed four times for 15 min in PBST buffer. 
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Membranes were incubated with Amersham ECL Western Blotting Detection 

Reagent (GE Healthcare Life Sciences) for 2 min at RT and visualised with X-ray film 

and an automatic X-ray film processor. Membranes were exposed to X-ray films 

(Scientific Laboratory Supplies) for varying times to obtain optimal exposure. If weak 

signals were observed, membranes were briefly washed in PBST buffer and the 

Immobilon Western Chemiluminescent HRP Substrate (Millipore) was used as 

chemiluminescent detection reagent instead.  

 

2.2.4.6 PEI transfection in HEK293 cells  

Polyethylenimine (PEI, Polysciences, Inc.) was dissolved in 20 mM HEPES pH 7.5 

(Thermo Fisher Scientific) to a final concentration of 1 mg/ml. PEI was subjected to 

a 0.2 μm filter for sterilisation. HEK293 cells were seeded at 2´106 cells per 10 cm 

dish. To ensure a cDNA to PEI ratio of 1:3, 5 μg cDNA and 15 μg PEI were vortexed 

for 15 sec in 1 ml basal DMEM (Thermo Fisher Scientific) and incubated for 15 min 

at RT. The transfection mixture was gently added to a 10 cm dish. After 6 h, basal 

DMEM was replaced with HEK293 culture medium (Table 9). Cells were harvested 

and lysed 24 h post-transfection.  

 

2.2.4.7 Immunoprecipitation 

M2 Anti-FLAG Affinity Gel (Sigma-Aldrich, 15 μg packed beads) was incubated with 

1.5 mg cell lysate for 16 h at 4°C. Beads were washed four times with lysis buffer 

(Table 8) and once with sterile water to remove any buffering capacity. Beads were 

dried with a flat gel-loading tip. Immunoprecipitated proteins were released by glycine 

elution. Briefly, beads were incubated with glycine elution buffer (Table 8) at 1,400 

rpm for 3 min, centrifuged at 13,000 rpm for 1 min at RT and the eluate was 

transferred to a new Eppendorf tube. Elution was repeated three times. To neutralise 

the acidic pH, 1 M Tris base pH 8 was added at a final concentration of 20% (v/v). 

Eluates were mixed with 5X sample buffer and heated for 10 min at 90°C. Samples 

were subjected to SDS-PAGE.  
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2.2.4.8 Immunoprecipitation of the TNF receptor signalling complex 

MEFs were seeded at 3´106 cells per 10 cm dish. After overnight resting, MEFs were 

stimulated with recombinant 3xFLAG-tagged TNF ligand (provided by Professor 

Henning Walczak, University College London) at 0.5 μg/ml for 15 min (Haas et al, 

2009). Cells were lysed in MEF lysis buffer (Table 8) for 0.5 h at 4°C. Lysates were 

centrifuged at 15,000´g for 0.5 h at 4°C. The unstimulated control lysate was mixed 

with 0.5 μg 3xFLAG-tagged TNF ligand. M2 Anti-FLAG Affinity Gel (20 μg packed 

beads) was incubated with 2 mg cell lysate for 16 h at 4°C. Beads were washed five 

times with MEF lysis buffer (Table 8). Proteins were eluted by heating beads in 2X 

sample buffer for 10 min at 90°C. Samples were subjected to SDS-PAGE.  

 

2.2.4.9 GST pulldown of ABIN-2  

Binding proteins of ABIN-2 were transiently overexpressed in HEK293 cells (2.2.4.6). 

HEK293 cell lysates were pre-cleared by incubating 750 μg cell extract with 2 μg 

GST protein and glutathione Sepharose 4B resin (10 μg packed beads, GE 

Healthcare) for 1 h at 4°C. Pre-cleared cell lysates were mixed with 1 μg GST protein 

(negative binding control) or 2.9 μg GST-ABIN-2 fusion protein and glutathione 

Sepharose 4B resin (10 μg packed beads). Pulldowns were performed for 16 h at 

4°C. Beads were washed six times with lysis buffer (Table 8), which was adjusted to 

pH 8. Proteins were eluted by heating beads in 2X sample buffer for 10 min at 90°C. 

Eluates were subjected to SDS-PAGE.  

 

2.2.4.10 GST pulldown of ABIN-2 – Ubiquitin binding 

The respective GST-ABIN-2 fusion protein (2.9 μg) was mixed with glutathione 

Sepharose 4B resin (10 μg packed beads) and M1-linked polyubiquitin at 500 ng/ml 

in 1 ml ubiquitin binding buffer (Table 8). Purified M1-linked (2, 4, 8) polyubiquitin 

(Enzo Life Sciences) was used. Ubiquitin pulldowns were incubated for 3 h at 4°C. 

Beads were washed five times in ubiquitin binding buffer and proteins were eluted 

by heating beads in 2X sample buffer for 10 min at 90°C. Samples were subjected 

to SDS-PAGE.  
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2.2.4.11 siRNA-mediated gene knockdown in iBMDMs 

iBMDMs were seeded in iBMDM culture medium at a density of 5´104 cells per well 

in a 24-well plate or 1´104 cells per well in a 96-well plate (M0562, Greiner 

CELLSTAR®) one day prior to transfection. siRNA was resuspended in siRNA buffer 

(B-002000-UB+100, Horizon Discovery [formerly Dharmacon]) to 20 μM. 

SMARTpool ON-TARGETplus siRNA was used to target genes of interest (Table 12) 

while an ON-TARGETplus non-targeting pool was used as siRNA control (D-001810-

10-20, Horizon Discovery). iBMDMs were transfected using Viromer Green 

(Lipocalyx). Manufacturer instructions according to the basic transfection protocol of 

adherent cells were followed. iBMDMs were transfected with siRNA at a final 

concentration of 50 nM for 48 h at 37°C. After 48 h, 96-well plates were used for 

fluorescence-based bead assays, while 24-well plates were used for Western 

blotting or qRT-PCR analysis to confirm siRNA-mediated knockdown of genes of 

interest.  

 
Table 12 siRNA pools 

Gene target Catalogue number Source 
Akt1 L-040709-00-0005 Horizon Discovery 

Dmxl1 L-055471-01-0005 Horizon Discovery 

Dmxl2 L-061928-01-0005 Horizon Discovery 

Tsg101 L-049922-01-0005 Horizon Discovery 

 

2.2.4.12 Co-transfection of siRNA and 3xFLAG-DMXL1  

Experimental steps for siRNA-mediated gene knockdown of Dmxl1 were performed 

as previously described (2.2.4.11). Additional conditions were prepared where 

Dmxl1-specific siRNA was co-transfected with plasmid vectors expressing either 

3xFLAG-DMXL1WT[1773-2047] or 3xFLAG-DMXL1SSAA[1773-2047], in which serine 

residues 1903 and 1904 were replaced with alanines. The empty pcDNA3-3xFLAG 

plasmid was separately co-transfected with Dmxl1-specific siRNA as control. Each 

individual well in a 24-well and 96-well plate was co-transfected with 125 ng and 50 

ng plasmid cDNA, respectively.  
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2.2.4.13 Cytotoxicity assay  

BMDMs of indicated genotypes were seeded in 24-well plates and infected with S. 

aureus (MOI of 10) and S. typhimurium (MOI of 5) for the indicated times as 

previously described. Quadruplicates were prepared per condition. Supernatants 

were collected, centrifuged at 6,000 rpm for 2 min at RT to remove cell debris, and 

transferred to new Eppendorf tubes. As MAX control, an uninfected 24-well plate was 

transferred to -80°C for complete cell lysis and supernatants were collected as 

outlined above. The Cytotoxicity Detection Kit (11 644 793 001, Roche) was used 

according to manufacturer instructions to quantify lactate dehydrogenase (LDH) 

activity released from the cytosol of pyroptotic BMDMs. Briefly, 100 μl supernatant 

was combined with 100 μl substrate for 5-30 min at RT, protected from light. To 

terminate the assay, 100 μl 0.16 M sulphuric acid was added. LDH activity was 

measured in an Infinite microplate reader (TECAN) at 490 nm (absorbance), with the 

reference wavelength set to 650 nm. MAX control samples corresponded to 

maximum cytotoxicity of 100%.  

 

2.2.5 Microbiology techniques  

2.2.5.1 Bacterial infection 

BMDMs were seeded in antibiotic-free BMDM seeding medium (Table 9) at a density 

of 2´106 cells per well in a 6-well plate or 0.5´106 cells per well in a 24-well plate one 

day prior to infection. Bacteria were cultured in 5 ml Luria Bertani (LB) medium for 

16 h at 37 °C with constant shaking at 200 rpm. LB medium was supplemented with 

the respective antibiotic(s) (Table 13). Following overnight culture, bacteria were 

diluted in antibiotic-free BMDM seeding medium (Table 9) and added to the adherent 

macrophage monolayer. E. coli and C. rodentium were added to BMDMs at an MOI 

of 10:1 and 2:1, respectively. S. aureus and S. typhimurium were added to cells at 

an MOI of 10:1 and 5:1, respectively. Immediately after infection, cells were 

centrifuged at 100´g for 5 min at RT and incubated for the indicated times at 37 °C 

until cell lysis.  

 
 



Chapter 2. Materials and Methods 

 

105 

 

Table 13 Bacterial strains 
Bacterial 
species 

Strain Antibiotic 
resistance 

Description Source 

GFP-Escherichia 

coli K12 

 

BW25113 50 μg/ml 

ampicillin 

BW25113 was 

transformed 

with pFPV25.1 

(GFP) plasmid 

Dr Teresa 

Thurston 

YFP- 

Staphylococcus 

aureus 

RN6390 10 μg/ml 

chloramphenicol 

Transformed 

RN6390 

produces 

plasmid-
encoded EsaB-

YFP 

Professor 

Tracy Palmer 

GFP-Citrobacter 

rodentium 

ICC683 50 μg/ml nalidixic 

acid; 

100 μg/ml 

chloramphenicol 

 

Untagged C. 

rodentium was 

transformed 

with pACYC-

GFP plasmid 

Professor 

Gad Frankel 

GFP-Salmonella 

typhimurium 
12023 50 μg/ml 

ampicillin 
12023 was 
transformed 

with pFPV25.1 

(GFP) plasmid 

Dr Teresa 
Thurston 

Salmonella 

typhimurium 

ΔssaV 

12023 50 μg/ml 

kanamycin 

12023 lacks 

ssaV gene, a 

component of 

the SPI-2-

encoded T3SS 

Dr Teresa 

Thurston 

 

2.2.5.2 Bacterial colony forming unit assay 

Bacterial colony forming unit (CFU) assays were performed in 24-well tissue culture 

plates with two biological replicates and three technical replicates per condition. 

Following bacterial infection and centrifugation, BMDMs were incubated for 25 min 

at 37°C to allow phagocytic uptake of extracellular bacteria. Cells were gently 

washed three times with warm PBS and incubated with BMDM seeding medium 

(Table 9) supplemented with 50 μg/ml gentamicin for 1 h at 37 °C to remove any 

extracellular bacteria. After 1 h, the culture medium was changed to BMDM seeding 
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medium supplemented with 10 μg/ml gentamicin. Infected BMDMs were harvested 

at the indicated time points. Cells were washed once with ice-cold PBS, lysed in 1 

ml 0.1% (v/v) Triton X-100 in PBS for 5 min and transferred to fresh Eppendorf tubes. 

Cell lysates were diluted in PBS as appropriate and plated on antibiotic-free agar 

plates (provided by the Media Preparation Team, The Francis Crick Institute). 

Following overnight incubation at 37°C, bacterial colonies were counted using the 

Synbiosis aCOLyte (7510/SYN) counting device. 

 

2.2.5.3 Phagocytic uptake of GFP-Salmonella typhimurium 

These experiments were performed with Dr Teresa Thurston (MRC Centre for 

Molecular Bacteriology and Infection, Imperial College London, United Kingdom). 

BMDMs were infected with GFP-Salmonella typhimurium and treated as outlined in 

2.2.5.1 and 2.2.5.2. At the indicated times, BMDM seeding media was removed and 

cells were washed once in pre-warmed PBS. Cells were scraped in 1 ml ice-cold 

PBS and centrifuged at 300´g for 5 min at 4°C. Cell pellets were gently resuspended 

in 300 μl PBS and GFP fluorescence intensity was measured using a FACSCalibur 

flow cytometer (BD Biosciences). At least 10,000 events were acquired. Data was 

analysed using FlowJo (Version 10.3.0) software.   

 

2.2.6 Surface staining for flow cytometry 

Cells were scraped in 1 ml ice-cold PBS and centrifuged at 1,500 rpm for 5 min at 

4°C. BMDMs were stained with CD16/CD32 (BioLegend) at 1/50 in FACS buffer 

(Table 8) for 20 min on ice. CD16/CD32 blocking prevents non-specific binding of 

immunoglobulin to Fc receptors. Cells were washed in FACS buffer and surface 

straining of antigens was performed in FACS buffer for 1 h on ice (Table 6). The 

F4/80 stain recognises a macrophage-specific glycoprotein, thus functioning as a 

BMDM marker. A live/dead cell stain for UV excitation (Invitrogen) was included for 

positive selection of viable macrophages. Cells were washed in FACS buffer and 

analysed using a LSRFortessa A flow cytometer (BD Biosciences). Data was 

analysed using FlowJo (Version 10.3.0) software. If samples were not immediately 
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analysed, cells were fixed by incubation in IC fixation buffer (eBioscience) for 15 min 

at RT. Data acquisition and analysis was carried out with Dr Louise Webb.  

 

2.2.7 Techniques to study phagocytosis and phagosome biology  

2.2.7.1 Coupling of Alexa Fluor 488 BSA-coated silica beads 

100 µl carboxylated silica beads with a 3 µm diameter (PSI-3.0COOH, Kisker 

Biotech) were washed three times in PBS by centrifugation at 2,000´g for 1 min. 

Beads were resuspended in 25 mg/ml cyanamide and incubated at 900 rpm for 15 

min at RT on a Thermoshaker (Thermo Fisher Scientific). Cyanamide functions as a 

cross-linker. Beads were washed twice in 100 mM sodium borate buffer pH 8.0 to 

remove excess cyanamide. For fluorophore coupling, beads were incubated with 0.1 

mg BSA and 2 µl of the 5 mg/ml stock of Alexa Fluor 488 succinimidyl ester (Thermo 

Fisher Scientific) at 900 rpm for 16 h at RT on a Thermoshaker. Albumin functions 

as an opsonic ligand for the mannose receptor, thus ensuring localisation of coupled 

beads to endosomes (Astarie-Dequeker et al, 1999). Overnight incubation allows 

silica bead-coupled albumin to be sufficiently labelled with the amine-reactive fluor. 

Coupled beads were washed twice in 250 mM glycine in PBS pH 7.2 to remove 

soluble amine groups. Beads were washed twice in PBS and resuspended in 100 µl 

PBS supplemented with 0.01% (w/v) sodium azide for long-term storage.  

 

2.2.7.2 Phagocytic uptake assay 

Fluorescence-based assays and bead coupling protocols were adapted from 

methods developed by the Valenzeno and Russell laboratories (Russell et al, 1995; 

Yates & Russell, 2005, 2008). BMDMs were seeded on 96-well plates (M0562, 

Greiner CELLSTAR®) at 1´105 BMDMs/well in BMDM seeding medium (Table 9) 

and rested overnight. Cells were incubated with Alexa Fluor 488 BSA-coated silica 

beads at 1:300 dilution in bead assay buffer (Table 8) for 0.5 h at 37°C. Silica beads 

were removed and 100 μl trypan blue was added to quench extracellular 

fluorescence of non-phagocytosed beads. Trypan blue was aspirated and cells were 

washed once with pre-warmed bead assay buffer. Fluorescence intensity was 
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measured in a Clariostar (BMG Labtech) microplate reader at excitation/emission 

wavelengths 490/520 nm.  

 

2.2.7.3 Coupling of DQ Green BSA/Alexa Fluor 594-coupled silica beads 

Experimental procedures were adapted from 2.2.7.1. Here, 500 µl silica beads were 

used for coupling. For fluorophore coupling, beads were incubated with 0.5 mg DQ 

Green BSA (Thermo Fisher Scientific) and 125 µg avidin at 900 rpm for 16 h at RT 

on a Thermoshaker. Overnight incubation allows DQ Green BSA, the proteolytic 

sensor, to covalently attach to silica beads via the cyanamide cross-linking agent. 

Avidin functions as an opsonic ligand for the mannose receptor, thus ensuring 

localisation of coupled beads to endosomes. DQ Green BSA-coupled beads were 

washed twice in 250 mM glycine in PBS pH 7.2 to quench the unreacted cyanamide 

and twice in 100 mM sodium borate buffer pH 8.0 to remove soluble amine groups. 

Beads were resuspended in 500 µl sodium borate buffer pH 8.0 and supplemented 

with 5 µl of the 5 mg/ml stock of Alexa Fluor 594 succinimidyl ester (Thermo Fisher 

Scientific) at 900 rpm for 1 h at RT on a Thermoshaker. Incubation for 1 h is sufficient 

to label silica beads with the amine-reactive fluor. Coupled beads were washed three 

times in 250 mM glycine in PBS pH 7.2 to remove soluble amine groups and 

resuspended in 500 µl PBS supplemented with 0.01% (w/v) sodium azide for long-

term storage. 

 

2.2.7.4 Phagosome proteolysis assay 

Experimental procedures were adapted from 2.2.7.2. Cells were incubated with DQ 

Green BSA/Alexa Fluor 594-coupled silica beads at 1:300 dilution in bead assay 

buffer for 3 min at RT. Silica beads were replaced with pre-warmed bead assay buffer. 

Real-time fluorescence intensities were measured at 37°C using a Clariostar (BMG 

Labtech) microplate reader at reading intervals of 2 min over a 6 h time window. 

Fluorescence intensities were measured at excitation/emission wavelengths 

490/520 nm (DQ Green BSA) and at excitation/emission wavelengths 590/620 nm 

(Alexa Fluor 594). The calibration fluorophore Alexa Fluor 594 was used to normalise 

against phagocytic bead uptake. Plots were generated from DQ Green BSA to Alexa 
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Fluor 594 ratios. As negative control, BMDMs were pre-treated with 100 µg/ml 

leupeptin (Sigma-Aldrich) for 1h, a serine-cysteine protease inhibitor. Alternatively, 

BMDMs were pre-treated with 1 µM bafilomycin A1 (Sigma-Aldrich) for 15 min, an 

inhibitor of V-ATPases.  

 

2.2.7.5 Coupling of BCECF-coupled silica beads 

Experimental procedures were adapted from 2.2.7.1. Here, 500 µl silica beads were 

used for coupling. For fluorophore coupling, beads were incubated with 0.1 mg BSA 

and 10 µl of the 5 mg/ml stock of BCECF acid (2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-

Carboxyfluorescein) (Thermo Fisher Scientific) at 900 rpm for 16 h at RT on a 

Thermoshaker.  

 

2.2.7.6 Phagosome pH assay 

Experimental procedures were adapted from 2.2.7.4. Cells were incubated with 

BCECF-coupled silica beads at 1:200 dilution in bead assay buffer for 3 min at RT. 

Real-time fluorescence intensities were measured at 37°C using a PHERAstar Plus 

(BMG Labtech) microplate reader at excitation/emission wavelengths 485/520 nm 

with reading intervals of 1 min over a 1 h time window. As negative control, BMDMs 

were pre-treated with 1 µM bafilomycin A1 (Sigma-Aldrich) for 15 min. BCECF is a 

pH indicator with optimal fluorescence at pH 7. As phagosomal pH rapidly decreases, 

fluorescence intensity of the bead-coupled pH indicator BCECF decreases at 

485nm/520nm. 

 

2.2.7.7 Preparation of LPS-coated latex beads 

400µl blue-dyed carboxylated polystyrene beads with a diameter of 0.93 µM (K1-080 

blue, Estapor Merck Chimie SAS) were incubated with 1 ml soluble LPS from 

Salmonella minnesota R595 (1 mg/ml, Enzo Life Sciences) for 1 h at 4°C with 

constant rotation. LPS-coated beads were washed twice with PBS to remove 

unbound LPS. Beads were resuspended in 400µl PBS and stored at 4°C.  
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2.2.7.8 Phagosome isolation 

The phagosome isolation protocol was adapted from methods described by the Trost 

laboratory (Dill et al, 2015; Trost et al, 2009). Bone marrow cells from both femurs of 

one mouse were equally divided among seven 10 cm dishes, cultured according to 

standard protocols (2.2.2.1) and on day 7, phagosome isolation was performed. 

Blue-dyed carboxylated polystyrene beads with a diameter of 0.93 µM (K1-080 blue, 

Estapor Merck Chimie SAS) were incubated in a sonicator bath for 20 sec. Beads 

were added to pre-warmed BMDM seeding medium at a final dilution of 1:50 (v/v). 

Culture medium was removed from 10 cm dishes, BMDMs were washed with 5 ml 

pre-warmed DPBS and 5 ml bead-medium mixture was added per 10 cm dish. 

BMDMs were incubated with beads for 0.5 h at 37°C. Cells were washed once with 

ice-cold DPBS to remove non-phagocytosed beads, scraped in DPBS and BMDMs 

from seven 10 cm dishes were collected into a 50 ml Falcon tube. Cells were 

centrifuged at 500´g for 3 min at 4°C and the supernatant was discarded by 

aspiration. The cell pellet was resuspended in 10 ml DPBS, transferred to a 15 ml 

Falcon tube and washed twice with ice-cold DPBS to remove any non-internalised 

bead particles. Cells were resuspended in 3 ml ice-cold hypotonic buffer (Table 8). 

Cells were centrifuged at 500´g for 3 min at 4°C, the cell pellet was resuspended in 

3 ml hypotonic buffer and the cell suspension was transferred into a pre-chilled 

Dounce homogeniser. Cells were homogenised by approximately 10 to 15 strokes 

of Dounce homogenisation. Trypan blue cell staining and light microscopy was 

utilised to confirm a cell disruption efficiency of 90%. The cell homogenate was 

centrifuged at 1,000´g for 5 min at 4°C to remove nuclei and intact cells. The post-

nuclear fraction containing phagosomes was diluted to 38% (w/v) sucrose content 

by adding the appropriate volume of 68% (w/v) sucrose solution supplemented with 

Pierce Protease and Phosphatase Inhibitor Mini Tablets (Thermo Fisher Scientific). 

All sucrose solutions contained 3 mM imidazole pH 7.4, a catalyst of sucrose 

hydrolysis. 1.8 ml phagosome-containing 38 % sucrose (w/v) mixture was layered 

above a 1 ml layer of 68% sucrose (w/v) in a SW41 Ultra-clear 13.2 ml centrifuge 

tube (344059, Beckman Coulter). Additionally, 2 ml 35% (w/v) sucrose, 2 ml 25 % 

(w/v) sucrose, and 2 ml 10% (w/v) sucrose solutions were gently layered onto the 

phagosome mixture. Samples were centrifuged in a SW41Ti swinging bucket rotor 

in an Optima™ L-90 K ultracentrifuge (Beckman Coulter) at 72,300´g for 1 h at 4°C. 
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The blue-coloured phagosomal fraction was gently collected from the interface of the 

10% (w/v) sucrose and 25% (w/v) sucrose layers using a fine tip micro Pasteur 

pipette and transferred to a fresh SW41 Ultra-clear 13.2 ml centrifuge tube. The 

phagosomal fraction was washed with ice-cold DPBS, centrifuged at 28,400´g for 

15 min at 4°C and stored at -80°C.  

 

2.2.8 Mass spectrometry techniques 

2.2.8.1 Proteomic sample preparation of phagosomes and label-free MS 
acquisition of phagosome proteomes  

Dr Anetta Härtlova and Dr Julien Peltier (Professor Matthias Trost Lab, Newcastle 

University) carried out proteomic sample preparation and label-free MS acquisition 

of phagosome proteomes. Isolated phagosomes were lysed in 5% (w/v) SDS, 50 mM 

TEAB pH 7.5 (S-Trap) and sonicated. Subsequently, protein concentration of 

samples was determined using the BCA Protein Assay Kit (Pierce). Samples were 

reduced in 10 mM tris(2-carboxyethyl)phosphine for 0.5 h at RT followed by 

alkylation in 10 mM iodoacetamide for 0.5 h. Samples were acidified and digested 

on an S-trap spin column using porcine trypsin at 1:10 (Pierce) for 2 h at 47°C. 

Peptides were eluted in 50 mM TEAB pH 8.0, 0.2% (v/v) formic acid and 0.2% (v/v) 

formic acid in 50% (v/v) acetonitrile, respectively. Prior to MS acquisition, peptide 

samples were separated on an Ultimate 3000 RSLC system (Thermo Fisher 

Scientific) with a C18 PepMap, serving as a trapping column (2 cm x 100 µm ID, 

PepMap C18, 5 µm particles, 100 Å pore size) followed by a 50 cm EASY-Spray 

column (50 cm x 75 µm ID, PepMap C18, 2 µm particles, 100 Å pore size) (Thermo 

Scientific). Buffer A contained 0.1% (v/v) formic acid, while Buffer B contained 80% 

(v/v) acetonitrile and 0.1% (v/v) formic acid. Peptides were separated with a linear 

gradient of 1-35% (Buffer B) over 120 min followed by a step from 35-90% (v/v) 

acetonitrile, 0.1% (v/v) formic acid in 0.5 min at 300 nL/min and held at 90% for 4 

min. The gradient was then decreased to 1% Buffer B in 0.5 min at 300 nL/min for 

10 min. MS identification was performed on an Orbitrap QE HF mass spectrometer 

(Thermo Scientific Scientific) operated in a “TopN” data-dependent mode in positive 

ion mode. FullScan spectra were acquired in a range from 400 m/z to 1,500 m/z, at 

a resolution of 120,000 (at 200 m/z), with an automated gain control (AGC) of 1´106 
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and a maximum injection time of 50 ms. Charge state screening was enabled to 

exclude precursors with a charge state of 1. For MS/MS fragmentation, the minimum 

AGC was set to 5,000 and the most intense precursor ions were isolated with a 

quadrupole mass filter width of 1.6 m/z and 0.5 m/z offset. Precursors were subjected 

to higher-energy collisional dissociation (HCD) fragmentation that was performed in 

one-step collision energy of 25%. MS/MS fragments ions were analysed in the 

Orbitrap mass analyser with a 15,000 resolution at 200 m/z. 

 

2.2.8.2 Proteomic sample preparation for Absolute Quantification of 
Ubiquitin (Ub-AQUA) 

Dr Tiaan Heunis (Professor Matthias Trost Lab, Newcastle University) carried out 

proteomic sample preparation. Phagosomal fractions were lysed by sonication in 5% 

(w/v) SDS in 50 mM TEAB buffer (Sigma-Aldrich) pH 7.5 supplemented with 100 mM 

NEM (Sigma-Aldrich). Following protein quantification using the BCA Protein Assay 

Kit (Pierce Protein), 20 μg phagosomal protein was used for sample preparation by 

suspension trapping (S-trap) (Zougman et al, 2014). The manufacturer protocol was 

followed, with only minor modifications proposed by the supplier (ProtiFi). Samples 

were reduced with 5 mM TCEP (Pierce) for 15 min at 37°C. Subsequently, samples 

were alkylated with 10 mM NEM for 15 min at RT, while protected from light. Samples 

were acidified by addition of 2.5 μl 12% (v/v) phosphoric acid, followed by the addition 

of 160 μl S-Trap binding buffer (Table 8). Samples were applied to S-Trap mini-spin 

columns (ProtiFi) and centrifuged at 4,000´g for 1 min at RT. S-Trap mini-spin 

columns were washed five times with 150 μl S-Trap binding buffer. Porcine trypsin 

(Pierce) was resuspended in 25 μl 50 mM TEAB pH 8.0 and added to each sample 

at a 1:10 ratio of trypsin:protein. Tryptic digests were incubated for 2 h at 47°C. 

Peptides were eluted by applying 50 mM TEAB pH 8 to the columns, followed by 

centrifugation at 1,000´g for 1 min at RT. The elution step was repeated by applying 

0.2% (v/v) formic acid and 0.2% (v/v) formic acid in 50% (v/v) acetonitrile, 

respectively. All three eluates from each sample were combined, frozen with liquid 

nitrogen and dried by vacuum centrifugation. Samples were reconstituted to 1 μg/ul 

in 5% (v/v) formic acid. On ice, reagents were combined in the following order: 15 μl 

HPLC-grade water, 5 μl peptide digest (5 μg), 5 μl heavy ubiquitin peptide master 
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mix at 100 fmol/μl, 20 μl 10% (v/v) formic acid and 5 μl 10% (v/v) hydrogen peroxide. 

Once combined, samples were incubated for 2 h at 60°C for oxidation to be 

completed. Synthetic ubiquitin peptides (Table 14) were purchased from Cambridge 

Research Biochemicals (CRB Discovery).  

 
Table 14 Synthetic ubiquitin peptides 

Sequence m/z Z 
GGM(ox2)QIFVK[13C615N2] 460.2435 2+ 

GGM(ox2)QIFVK 456.2364 2+ 

M(ox2)QIFVK(GG)TLTGK[13C615N2] 710.3914 2+ 

M(ox2)QIFVK(GG)TLTGK 706.3843 2+ 

TLTGK(GG)TITLEVEPSDTIENVK[13C615N2] 804.0983 3+ 

TLTGK(GG)TITLEVEPSDTIENVK 801.4269 3+ 

TITLEVEPSDTIENVK(GG)AK[13C615N2] 1055.061 2+ 

TITLEVEPSDTIENVK(GG)AK 1051.054 2+ 

AK(GG)IQDK[13C615N2] 412.7394 2+ 

AK(GG)IQDK 408.7323 2+ 

IQDK(GG)EGIPP[13C515N]DQQR[13C615N4] 551.9536 3+ 

IQDK(GG)EGIPPDQQR 546.6129 3+ 

LIFAGK(GG)QLEDGR[13C615N4] 735.9006 2+ 

LIFAGK(GG)QLEDGR 730.8964 2+ 

TLSDYNIQK(GG)ESTLHLVLR[13C615N4] 752.0737 3+ 

TLSDYNIQK(GG)ESTLHLVLR 748.7376 3+ 

ESTESTLHLVLR[13C615N4] 539.3182 2+ 

ESTESTLHLVLR 534.314 2+ 

TITTITLEVEPSDTIENVK[13C615N2] 898.4744 2+ 

TITTITLEVEPSDTIENVK 894.4673 2+ 

ox2 – sulfone version of methionine 

 

2.2.8.3 Targeted LC-MS/MS analysis of Ub-AQUA by Parallel Reaction 
monitoring (PRM) 

Dr Tiaan Heunis (Professor Matthias Trost Lab, Newcastle University) carried out 

mass spectrometric analyses of Ub-AQUA by PRM. Peptides were injected on a 

Dionex Ultimate 3000 RSLC (Thermo Fisher Scientific) connected to a Q-Exactive 

HF mass spectrometer (Thermo Fisher Scientific). 50 fmol of each ubiquitin peptide 
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was injected during analysis, alongside 500 ng phagosome tryptic peptide digest. A 

direct injection LC setup was used to minimise analysis time. During the loading 

phase, samples were loaded using a 5 μl loop and full loop injection, with a 2.4 μl 

needle and an overfill ratio of 1.5. Samples were injected onto a 150 μm ´ 150 mm 

EASY-Spray LC column (Thermo Fisher Scientific) using the nano-pump and LC-

MS/MS infection buffer (Table 8) at 1.5 μl/min. Following an injection volume of 6 μl 

after 4 min, the column oven valve was switched to bypass the loop and peptides 

were eluted by increasing concentrations of LC-MS/MS elution buffer using a 

multistep gradient. The source was heated to 320°C. Subsequently 2.5 kV was 

applied between the column emitter and the MS. The Q-Exactive HF was operated 

in PRM mode using a resolution of 15,000, AGC target of 2´105 and maximum 

injection time of 25 msec. Peptides were selected for MS/MS data acquisition using 

pre-set isolation windows and fragmented using HCD.  

 

2.2.8.4 Targeted proteomic data analysis of Ub-AQUA-PRM 

Dr Tiaan Heunis (Professor Matthias Trost Lab, Newcastle University) carried out 

analysis of Ub-AQUA-PRM raw data. Raw files from Ub-AQUA-PRM mass 

spectrometry were processed using Skyline-daily (MacLean et al, 2010). Light 

ubiquitin peptides were used to generate standard curves for absolute quantification. 

These standard curves were used to calculate the absolute concentration of 

endogenous ubiquitin. The Skyline application was used to automatically determine 

light to heavy (L/H) ratios of corresponding peptide pairs from fragment ion intensities. 

Log transformed L/H peptide ratios and peptide concentrations were used to 

generate standard curves, to determine lower limit of detection (LLOD) and lower 

limit of quantification (LLOQ) for each individual peptide. The coefficient of 

determination, R2, was calculated based on the LLOQ of each respective peptide. 

An R2 value of >0.99 was put as threshold to consider curves for determination of 

absolute concentration of total ubiquitin and different ubiquitin chains. Group 

comparisons were carried out using a Student’s t-test, and multiple group 

comparisons were performed using an analysis variance (ANOVA) followed by a 

Tukey’s HSD test for characterising significance of pairwise comparisons. Statistical 

analyses were performed in GraphPad Prism (version 8.0.1).  
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2.2.8.5 Tandem Mass Tag phosphoproteomics 

Two independent Tandem Mass Tag (TMT) phosphoproteome experiments were 

performed simultaneously. In one experiment, BMDMs from WT or Tpl2D270A/D270A 

mice were stimulated with uncoated latex beads (K1-080 blue, Estapor Merck Chimie 

SAS) at a final dilution of 1:50 for 0.5 h. In a second experiment, BMDMs from WT 

or Tpl2D270A/D270A mice were stimulated with LPS-coated latex beads (2.2.7.7) at a 

final dilution of 1:300 for 0.5 h. Five mice per genotype were used as biological 

replicates. Cells were lysed in detergent-free phosphoproteome lysis buffer (Table 

8). A TMT-based labelling approach was used to allow for quantitative comparisons 

between conditions. For each condition per TMT channel, 200 µg of protein material 

was required. Samples were reduced by addition of DTT (Sigma-Aldrich) at a final 

concentration of 10 mM and incubated for 25 min at 56°C. DTT acts as a reducing 

agent to break disulphide bridges between cysteine residues. Samples were cooled 

to RT and alkylated by addition of iodoacetamide (Sigma-Aldrich) at a final 

concentration of 20 mM. Samples were incubated for 0.5 h at RT, protected from 

light. Iodoacetamide acts as an alkylating agent by preventing the reformation of 

disulphide bridges. To prevent alkylation reactions with other residues, 

iodoacetamide was quenched by addition of DTT at a final concentration of 20 mM. 

Prior to proteolytic digestion, the concentration of urea was reduced to <2 M by 

addition of 50 mM HEPES pH 8.5 (J61360, Alfa Aesar). Samples were first digested 

with lysyl endopeptidase (125-05061, FUJIFILM Wako Pure Chemical Corporation), 

LysC, which cleaves C-terminal ends of lysine residues. Each sample was digested 

with 4 µg LysC for 2 h at 37°C.  Following LysC cleavage, a second digestion step 

involved MS-grade trypsin (90058, Thermo Fisher Scientific), which cleaves the C-

terminal ends of lysine and arginine residues. Each sample was digested with 10 µg 

trypsin at 37°C overnight. Nest Group C18 MacroSpin columns (SMMSS18V, Thermo 

Fisher Scientific) were used to concentrate and clean up peptides following tryptic 

digests. Removal of lysis and digestion buffer components is essential prior to TMT 

labelling. Instructions in the standard manufacturer protocol were followed. Eluted 

peptide solutions were frozen with liquid nitrogen and dried by vacuum centrifugation. 

TMT10plex Isobaric Label Reagent Sets 0.8 mg (90111, Thermo Fisher Scientific) 

were used for chemical mass tagging of samples. Instructions in the standard 

manufacturer protocol were followed, however, minor adaptations were undertaken 
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to accommodate peptide labelling of 200 µg samples. Samples were solubilised in 

200 µl 50 mM HEPES pH 8.5 with sonication in an ultrasonic bath for 15 min. LC-

MS/MS label efficiency checks were carried out on 1/200 of each sample by diluting 

2 µl of each reaction to 20 µl with 0.1% (v/v) TFA in a Total Recovery glass vial 

(186005663CV, Waters). Upon confirmation of labelling efficiencies of >99%, 

samples were quenched by addition of 16 µl 5% (v/v) hydroxylamine and incubation 

for 15 min at RT. Following quenching, all 10 TMT-labelled samples were combined 

in a 5 ml LoBind Eppendorf tube (Sigma-Aldrich), frozen with liquid nitrogen and 

partially dried by vacuum centrifugation for 2 h to remove organic content prior to 

Sep-Pak clean up. Samples were diluted in 0.1% (v/v) TFA to 3 ml and neat TFA 

was added to the sample mixture to a final concentration of 1% (v/v) TFA, thus 

ensuring a pH <2.0. Sep-Pak C18 Vac cartridges with 50 mg sorbent (054955, 

Waters) were washed in 1.25 ml acetonitrile, followed by conditioning with 0.5 ml 

50% (v/v) acetonitrile/0.5% (v/v) acetic acid and equilibration with 1.25 ml 0.1% (v/v) 

TFA. The sample was loaded and the cartridge was subsequently desalted with 1.25 

ml 0.1% (v/v) TFA. Following a wash with 150 µl 0.5% (v/v) acetic acid, peptides 

were eluted with 1 ml 50% (v/v) acetonitrile/0.5% (v/v) acetic acid. To carry out a final 

LC-MS/MS mixing check, 5 µl of the eluate was diluted with 95 µl 0.1% (v/v) TFA in 

a Total Recovery glass vial. The remainder of the eluate was frozen with liquid 

nitrogen and dried by vacuum centrifugation. For phosphopeptide enrichment the 

High-Select TiO2 phosphopeptide enrichment kit (A32993, Thermo Fisher Scientific) 

was used according to the manufacturer protocol. The eluate was frozen with liquid 

nitrogen and dried by vacuum centrifugation to remove components of the 

phosphopeptide elution buffer. For a second phosphopeptide enrichment step the 

High-Select Fe-NTA phosphopeptide enrichment kit (A32992, Thermo Fisher 

Scientific) was used according to the manufacturer protocol. The eluate was frozen 

with liquid nitrogen and dried by vacuum centrifugation since the basic pH of the 

elution buffer would otherwise lead to loss of phosphates on phosphopeptides. The 

Pierce High pH Reversed-Phase Peptide Fractionation Kit (84868, Thermo Fisher 

Scientific) was used according to manufacturer instructions for unlabelled native 

peptides. Although TMT-labelled peptides were subjected to fractionation, samples 

contained enriched phosphopeptides with high hydrophilicity, thus elution solutions 

for unlabelled native peptides were used. Fractionated phosphopeptides were frozen 

with liquid nitrogen and dried by vacuum centrifugation. Prior to LC-MS/MS analysis, 
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dried fractions were resuspended in 32 µl 0.1% (v/v) TFA with sonication for 15 min. 

15 µl injections were made of each fraction with the HCD-MS2 method and the multi-

stage activation Orbitrap MS3 method on a 3 h gradient run (Jiang et al, 2017). 

Samples were analysed on an Orbitrap Fusion Lumos ETD mass spectrometer 

(Thermo Fisher Scientific) with an Ultimate 3000 RSLCnano LC system (Thermo 

Fisher Scientific). Dr Helen Flynn (Mass Spectrometry Proteomics STP, The Francis 

Crick Institute) performed LC-MS/MS analyses and processed all raw data files in 

the MaxQuant bioinformatics suite.   

 

2.2.8.6 IP-MS label free TPL-2 interactome 

BMDMs from Tpl23xFLAG/3xFLAG mice were stimulated with LPS (100 ng/ml) or TNFa 

(20 ng/ml) for 15 min. Unstimulated BMDMs from Tpl23xFLAG/3xFLAG mice were seeded 

alongside. Biological triplicates were prepared for each condition. Cells were 

prepared as described (2.2.4.2 and 2.2.4.3), with the exception that Triton X-100 in 

the lysis buffer was reduced to 0.25% (v/v). 3xFLAG-TPL-2 was immunoprecipitated 

from whole cell lysates according to standard procedures (2.2.4.7), with the 

exception that 5 mg cell extract and 20 µg packed resin was used in each IP sample. 

Eluates were subjected to SDS-PAGE on a 10% Bis-Tris NuPAGE gel (Invitrogen). 

Gels were run until the sample buffer front migrated through approximately 10 mm 

of the gel. Gels were stained with colloidal Coomassie, gel regions of interest were 

excised and transferred to a 96-well plate. Proteins were digested using a JANUS 

Automated Workstation (Perkin Elmer), where procedures were conducted in 50 mM 

ammonium bicarbonate (Sigma-Aldrich). Gel fragments were destained in 50% (v/v) 

acetonitrile. Cysteine reduction was performed by addition of DTT at a final 

concentration of 10 mM and incubated for 25 min at 56°C. Thiols were capped via 

alkylation by addition of iodoacetamide at a final concentration of 55 mM for 0.5 h at 

RT, protected from light. Proteolysis was performed by addition of MS-grade trypsin 

(Thermo Fisher Scientific) at 6 ng/µl for 5 h at 37°C. Extraction of peptides was 

completed by using 2% (v/v) formic acid in 2% (v/v) acetonitrile, followed by 50% 

(v/v) acetonitrile. Peptides were chromatographically resolved on an Ultimate 3000 

RSLCnano (Dionex) with an EASY-Spray column, PepMap C18, 2 µm particles, 100 

Å pore size and 50 cm ´ 75 µm ID (Thermo Fisher Scientific). The LC-gradient was 
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run with a flow of 0.25 µl/min, applying 98% IP-MS buffer A and 2% IP-MS buffer B 

(Table 8). IP-MS buffer B was increased to 8% over 0.5 min, to 40% over 30.5 min, 

and further increased to 90% in 1 min and held for 10 min. Lastly, IP-MS buffer B 

was decreased to 2% over 1 min for the remainder of the LC-MS data acquisition. 

Data acquisition was conducted in real-time over 2 h using a Lumos Mass 

Spectrometer (Thermo Fisher Scientific) and Xcalibur software. The mass 

spectrometer scanned using a 200-2,000 m/z acquisition window. A data-dependent 

acquisition mode was adapted to sample the top 10 most abundant peptides with 

charge states 2-4 selected for MS/MS and fragmented with collision-induced 

dissociation, at 30% normalised collision energy. To avoid recurring sampling of 

identical peptides, a dynamic exclusion list was used, with a repeat count of 1, repeat 

duration of 20 sec, exclusion list size of 500, and exclusion duration of 20 sec. Raw 

data was analysed in the MaxQuant bioinformatics suite. Protein text files were 

uploaded into Perseus (version 1.4.0.11) for further downstream data analysis and 

visualisation in the form of iBAQ intensity profile plots. Dr David Frith (Mass 

Spectrometry Proteomics STP, The Francis Crick Institute) carried out peptide 

digests, performed LC-MS analyses and processed all raw data files in the 

MaxQuant bioinformatics suite.   

 

2.2.9 Immunofluorescence 

2.2.9.1 Antibody staining 

Confocal imaging experiments were performed on 13 mm, 1.5 mm round coverslips 

(VWR International). BMDMs were seeded in antibiotic-free BMDM seeding medium 

(Table 9) at a density of 1´105 cells per well in a 24-well plate one day prior to the 

experiment. Cells were incubated with latex beads (1:50) or infected with YFP-

labelled S. aureus at an MOI of 10 as described. After the indicated incubation time, 

cells were washed twice in pre-warmed PBS and fixed in formaldehyde-containing 

eBioscience™ IC fixation buffer (Thermo Fisher Scientific) for 10 min at RT. Cells 

were washed twice in PBS and permeabilised in 0.1% (v/v) Triton X-100 in PBS for 

4 min at RT. Subsequently, cells were washed three times in PBS and blocked in 

0.4% (w/v) gelatin from cold water fish skin (Sigma-Aldrich) in PBS for 10 min at RT. 

Cells were directly incubated with 0.1% (w/v) sodium borohydride pH 8.0 (Sigma-
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Aldrich) for 10 min at RT. Sodium borohydride quenches residual aldehyde groups 

following fixation, thus yielding higher imaging resolution. Cells were washed twice 

in 0.4% (w/v) gelatin fish skin and incubated with primary antibody in 0.4% (w/v) 

gelatin fish skin for 1 h at RT. Following antibody staining, cells were washed three 

times in 0.4% (w/v) gelatin fish skin and incubated with secondary antibody in 0.4% 

(w/v) gelatin fish skin for 0.5 h at RT. Cells were washed three times in 0.4% (w/v) 

gelatin fish skin and stained with DAPI (Thermo Fisher Scientific) in 0.4% (w/v) 

gelatin fish skin at 1:1000 dilution for 15 min at RT. Lastly, cells were washed three 

times with 0.4% (w/v) gelatin fish skin and once in PBS. Coverslips were mounted 

on Corning® microscope glass slides (Merck) with one drop of Fluoromount™ 

Aqueous Mounting Medium (Sigma-Aldrich). Slides were incubated in the dark at RT 

overnight and then stored at 4°C until image acquisition. Images were acquired with 

a Zeiss Inverted LSM 880 AxioObserver confocal laser scanning microscope 

(ZEISS) using a ZEISS 40x Plan-Apochromat (numerical aperture = 1.3) DIC M27 

oil immersion objective. A ZEISS 63x Plan-Apochromat (numerical aperture = 1.4) 

DIC UV-VIS-IR M27 oil immersion objective was used in co-localisation studies.  

 

2.2.9.2 Cathepsin activity assay 

Following latex bead stimulation or bacterial infection, cells were washed twice in 

pre-warmed PBS. To determine cathepsin L protease activity in macrophages, the 

Magic Red cathepsin L substrate (ICT942, Bio-Rad Antibodies) was used at a final 

dilution of 1:250 in bead assay buffer (Table 8). Cells were incubated with the Magic 

Red cathepsin L substrate for 1 h at 37°C. Subsequently, cells were fixed, DAPI-

stained, mounted and imaged as outlined in 2.2.9.1. Fluorescence intensity of the 

Magic Red substrate was captured at excitation/emission wavelengths 592/628 nm.  

 

2.2.9.3 LysoTracker Red 

Following latex bead stimulation or bacterial infection, cells were washed twice in 

pre-warmed PBS. To label and track acidic organelles in macrophages, LysoTracker 

Red DND-99 (L7528, Thermo Fisher Scientific), an acidotropic red-fluorescent dye, 

was used at a final concentration of 100 nM in bead assay buffer (Table 8). Cells 
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were incubated with LysoTracker Red for 1 h at 37°C. Subsequently, cells were 

washed, fixed, stained with DAPI and imaged as outlined in 2.2.9.1. Fluorescence 

intensity of LysoTracker Red was captured at excitation/emission wavelengths 

577/590 nm.  

 

2.2.9.4 Reactive oxygen species 

To detect ROS, in particular superoxides and hydroxyl radicals, a ROS Deep Red 

dye (ab186029, Abcam) was used. Experimental steps were followed as described 

in 2.2.9.3. Briefly, the ROS-reactive dye was added at a final concentration of 100 

nM and incubated with cells for 1 h at 37°C. Fluorescence intensity of ROS levels 

was captured at excitation/emission wavelengths 650/675 nm 

 

2.2.9.5 Image Analysis  

Images were processed and analysed using ImageJ (Fiji) version 2.0.0 (National 

Institutes of Health, USA). Fluorescence intensities per cell were quantified by 

creating masks of cell outlines and determining integrated density (IntDen), the 

product of area and mean fluorescence intensity, for each cell. Relative fluorescence 

intensity was calculated by determining the ratios of integrated densities for two 

different markers in the same masked area. The Fiji plugin Coloc 2 was used for 

colocalisation studies, where parameters were set to bisectional threshold 

regression with a point spread function (PSF) of 3.0 and Costes randomisations 

adjusted to 100. Coloc 2 performs pixel intensity correlation analyses to determine 

Pearson correlation coefficients and Manders’ coefficients (Manders et al, 1993; 

Mukaka, 2012). For all statistical analyses, only coefficients above the Coloc 2 

autothreshold were selected. In LAMP1 and ubiquitin studies, the number of YFP-S. 

aureus bacteria was automatically counted by normalising the YFP fluorescence 

threshold across all images and determining the number of particles >0.2 µm. The 

percentages of YFP-fluorescent S. aureus phagosomes that were associated with 

distinct LAMP1 rings or ubiquitin puncta were quantified by analysing >100 cells 

including >600 bacteria per genotype from at least 40 random fields in three 

independent experiments. Macrophages and bacteria as well as imaging fields were 
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captured for all microscopy experiments in similar quantity. At least two biological 

controls per genotype and technical duplicates per condition were included in each 

experiment. 

 

2.2.10 Statistical Analysis 

Experiments throughout this thesis were independently repeated at least three times 

and one representative experiment is shown. Statistical analyses were performed in 

GraphPad Prism software (version 8.2.1). Detailed descriptions of statistical tests 

are outlined in figure legends. Statistical significance of data is represented by 

asterisks (*) corresponding to P value thresholds, where not significant (ns) P > 0.05, 

* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Error bars represent standard 

errors of the mean (SEM). 

 

2.2.11 Molecular biology techniques  

2.2.11.1 Plasmids 

Two plasmids expressing HA-tagged NF-kB1 p105 and His6-tagged TPL-2 were 

previously described in published work by the Ley laboratory. The plasmid constructs 

used in this study are outlined in Table 15. All new cDNA constructs were generated 

by the DSTT cloning team at the University of Dundee, led by Dr James C. Hastie. 

Newly designed cDNA constructs were sequence-verified by the DNA Sequencing 

Service at the College of Life Sciences, University of Dundee.  
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Table 15 Plasmids 
Protein Species Vector backbone ID Source 

3xFLAG-DMXL1WT 

[1773-2047] 

Mouse pcDNA3.1 

(Invitrogen) 

DU67566 DSTT 

3xFLAG-

DMXL1SSAA 

[1773-2047] 

Mouse pcDNA3.1 

(Invitrogen) 

DU67567 DSTT 

HA-NF-kB1 p105 Human pcDNA3.1 

(Invitrogen) 

N/A Ley laboratory 

(Salmerón et 

al, 2001) 

His6-TPL-2 Human pcDNA3.1 

(Invitrogen) 

N/A Ley laboratory 

(Gantke et al, 
2013) 

3xFLAG-A20 Human pcDNA3.1 

(Invitrogen) 

DU27546 DSTT 

3xFLAG-ALIX Human pcDNA3.1 

(Invitrogen) 

DU53929 DSTT 

3xFLAG-TSG101 Human pcDNA3.1 

(Invitrogen) 

DU53924 DSTT 

 

2.2.11.2 Plasmid transformation  

Competent library efficiency E. coli DH5a cells (Life Technologies) were combined 

with 2 µl plasmid cDNA and incubated on ice for 0.5 h. Cells were heat-shocked at 

42°C for 45 sec to ensure DNA uptake into competent cells. Transformed cells were 

incubated on ice for 2 min. Cells were incubated with 900 µl Super Optimal broth with 

Catabolite repression (SOC) medium (Sigma-Aldrich) for 1 h in a 37°C incubator set 

to 225 rpm. Cells were streaked out on LB agar plates supplemented with 100 μg/ml 

ampicillin (Sigma-Aldrich) for antibiotic selection. Plates were incubated for 16 h at 

37°C.  

 

2.2.11.3 Plasmid growth and isolation  

One transformed bacterial colony was selected to inoculate 500 ml LB media 

supplemented with 100 μg/ml ampicillin. The bacterial culture was incubated for 16 
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h in a 37°C incubator set to 225 rpm. Following bacterial growth, the culture was 

pelleted by centrifugation at 3,800 rpm for 15 min at 4°C. Using a Qiagen EndoFree 

Plasmid Maxi Kit (Thermo Fisher Scientific) plasmid cDNA was isolated following 

manufacturer instructions. cDNA concentration was quantified using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific).  

 

2.2.11.4 RNA extraction and purification  

BMDMs were seeded and stimulated or infected as outlined in the respective 

experiment. Cells were lysed in 350 μl Qiagen RLT lysis buffer (Thermo Fisher 

Scientific) supplemented with b-ME at 1:100 (v/v). RNA was extracted and purified 

using the Qiagen RNeasy Mini Kit (Thermo Fisher Scientific) and Qiagen RNase-free 

DNase set (Thermo Fisher Scientific) according to manufacturer instructions.  

 

2.2.11.5 Real-time quantitative reserve transcription PCR (qRT-PCR) 

Purified RNA was reverse transcribed to cDNA using the SuperScript VILO cDNA 

Synthesis Kit (Invitrogen) according to manufacturer instructions. Briefly, 200-500 ng 

RNA was reverse transcribed in a total reaction volume of 10 μl. cDNA was 

subsequently diluted in nuclease-free water and stored at 4°C. qRT-PCR was set up 

in MicroAmp Optical 384-well plates (Applied Biosystems). The 7 μl reaction volume 

in each well contained 2 μl cDNA (20-40 ng), 3.5 μl 2x TaqMan Universal PCR 

Master Mix (Applied Biosystems), 0.35 μl TaqMan FAM-coupled probe (Table 16), 

and 1.15 μl nuclease-free water. Samples were analysed on a Quantstudio 3 and 5 

(Applied Biosystems) set to comparative CT mode. Hprt was used as a housekeeping 

gene and gene expression levels were normalised to Hprt measurements. CT values 

were used to calculate ΔCT values and mRNA fold changes.  

 

qRT-PCR probes 

All TaqMan FAM-MGB-coupled probes were purchased from Thermo Fisher 

Scientific (4331182). 

 

 



Chapter 2. Materials and Methods 

 

124 

 

Table 16 FAM-MGB-coupled qRT-PCR probes 
Gene target Assay ID 

Cxcl2 Mm00436450_m1 

Dmxl1 Mm01261785_m1 

Dmxl2 Mm00555326_m1 

Hprt Mm01545399_m1 

Ifna1 Mm03030145_gH 

Ifna2 Mm00833961_s1 

Ifna5 Mm00833976_s1 

Ifna6 Mm01703458_s1 

Ifnb1 Mm00439552_s1 

Il1b Mm00434228_m1 

Il6 Mm00446190_m1 

Il12 Mm01288989_m1 

Il23a Mm01160011_g1 

Nlrp3 Mm00840904_m1 

Tnf Mm00443260_g1 

Tnfaip3 Mm00437121_m1 

 

2.2.12 RNA sequencing  

Three independent RNA sequencing (RNA-seq) experiments were performed in this 

thesis: 

1) BMDMs from WT and Abin2E256K/E256K mice were stimulated with LPS (100 

ng/ml) 

2) BMDMs from WT and Tpl2D270A/D270A mice were stimulated with LPS-coated 

latex beads (1:300) 

3) BMDMs from WT and Tpl2D270A/D270A mice were infected with S. aureus (MOI 

of 10) 

RNA was extracted and purified as described in 2.2.11.4. RNA quality control was 

carried out using the 2100 Expert Agilent Bioanalyzer. Libraries were generated 

using the TruSeq RNA Library Prep Kit (Illumina) and single-end sequencing was 

performed using the Illumina HiSeq 2500 platform. Approximately 22 million strand-

specific reads were obtained. Both the RSEM package and STAR alignment 

algorithm were applied for mapping and counting of sequencing reads (Li & Dewey, 
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2011; Dobin et al, 2013). Data analysis of differential gene expression was performed 

using the DESeq2 package within the R software package (Love et al, 2014). After 

RNA extraction and purification, all experimental stages for RNA sequencing were 

performed by the Advanced Sequencing Facility at The Francis Crick Institute. 

Analysis of RNA sequencing data was carried out by Probir Chakravarty 

(Bioinformatics STP, The Francis Crick Institute).  
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Chapter 3. Biochemical characterisation of ABIN-2 

3.1 Introduction 

The adaptor protein ABIN-2 was originally identified as an A20-binding protein and 

subsequent studies have shown its ability to interact with ubiquitin and TSG101 of 

the ESCRT-I complex (Webb et al, 2019; Banks et al, 2016). ABIN-2 is also an 

integral component of the TPL-2 complex, interacting with TPL-2 and NF-kB1 p105, 

which are both required to maintain ABIN-2 protein stability (Sriskantharajah et al, 

2014; Webb et al, 2019). 

Originally, the role of ABIN-2 in innate immunity and inflammation was investigated 

using overexpression systems in mammalian cell lines. Such studies showed that 

overexpressed ABIN-2 inhibits NF-kB activation via its ability to bind to ubiquitin 

(Wagner et al, 2008; Van Huffel et al, 2001). However, NF-kB activation is normal in 

Abin2-/- immune cells and endogenous ABIN-2 does not appear to be important for 

NF-kB activation. ABIN-2 is required to maintain TPL-2 stability and consequently, 

optimal activation of the TPL-2-ERK1/2 MAP kinase pathway is impaired in Abin2-/- 

immune cells. However, ABIN-2 is presumably not important for physiological 

activation of the TPL-2 MAP kinase pathway.  

More recent studies have focused on the biological function of ABIN-2 by studying 

the effects of loss-of-function point mutations in Abin2 knock-in mice. Previous in 

vitro studies have shown that Abin2D310N point mutation abrogates ubiquitin binding 

(Nanda et al, 2018), while Abin2E256K mutation reduces binding to A20 (Dong et al, 

2011). Analyses of the effects of these mutations in knock-in mice demonstrated that 

both ubiquitin and A20 binding to ABIN-2 are critical to limit inflammation in models 

of inflammatory bowel disease and allergic airway inflammation, respectively. 

However, the underlying molecular mechanisms remain to be fully understood 

(Nanda et al, 2018; Ventura et al, 2018). The biological relevance of the recently 

discovered interaction between ABIN-2 and TSG101, which is disrupted by the 

Y230A point mutation in human ABIN-2, has remained unknown (Banks et al, 2016). 

In Chapter 3 of this thesis, I set out to biochemically characterise ABIN-2 point 

mutations in detail. In order to decipher the physiological signalling roles of ABIN-2, 

it was essential to determine whether individual point mutations in ABIN-2 affect 
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interaction with other binding partners. Moreover, it was important to establish the 

effects of Abin2 point mutations on ABIN-2 interaction with TPL-2 and p105. 

Following biochemical characterisation of ABIN-2 point mutations, I investigated 

whether ubiquitin or A20 binding to ABIN-2 regulate innate immune signalling in 

primary murine macrophages. Based on the previous observation that ABIN-2 

interacts with the TNF receptor and the fact that ABIN-2 associates with TPL-2, I 

focused these experiments on TLR4- and TNF receptor-mediated signalling 

pathways.  

 

3.2 Results 

3.2.1 Characterisation of Abin2 point mutations 

To establish the effects of Abin2 point mutations on ABIN-2 interactions, I used GST-

ABIN-2 WT, GST-ABIN-2D309N and GST-ABIN-2E255K fusion proteins. The human 

ABIN-2 sequence was used for generating GST-ABIN-2 fusion proteins since purified 

human WT and D309N ABIN-2 proteins were already available from Dundee 

University, which also produced GST-ABIN-2E255K protein for my experiments. The 

D309N point mutation in human ABIN-2 corresponds to the D310N mutation in 

Abin2D310N/D310N mice, while the E255K point mutation in human ABIN-2 corresponds 

to the E256K mutation in Abin2E256K/E256K mice. In addition, Dundee University 

produced a human GST-ABIN-2Y230A fusion protein to study the effects of ABIN-2 

interaction with the ESCRT-I proteins TSG101 and ALIX on other associations. 

Dong et al., Banks et al. as well as Nanda et al. have previously shown that 

Abin2E255K, Abin2Y230A, and Abin2D309N mutations disrupt A20, ESCRT-I and ubiquitin 

binding to ABIN-2, respectively. However, the potential effects of these point 

mutations on ABIN-2 binding to other known interactors were not determined. 

Therefore, it remained unclear whether these mutations specifically impaired A20, 

ESCRT-I and ubiquitin binding, respectively. I performed GST pulldown experiments 

to characterise the effects of these three Abin2 point mutations in detail.  

Ubiquitin.  GST-ABIN-2 fusion proteins were incubated with purified M1-linked 

ubiquitin octamers. GST-ABIN-2E255K and GST-ABIN-2Y230A associated with M1-

linked ubiquitin octamers to a similar extent as GST-ABIN-2 WT (Figure 10A and C). 
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In contrast, M1-linked ubiquitin octamers did not bind to GST-ABIN-2D309N (Figure 

10B). 

 

 
Figure 10 ABIN-2D309N selectively abrogates ubiquitin binding to ABIN-2 
GST pulldowns were performed with GST-ABIN-2 fusion proteins and purified M1-
linked ubiquitin octamers. WCL and eluates were immunoblotted with antibodies 
recognising GST and M1-linked ubiquitin. (A) Ubiquitin octamers were separately 
incubated with GST-ABIN-2 WT and GST-ABIN-2E255K. (B) Ubiquitin octamers were 
separately incubated with GST-ABIN-2 WT and GST-ABIN-2D309N. (C) Ubiquitin 
octamers were separately incubated with GST-ABIN-2 WT and GST-ABIN-2Y230A. 
PD, pulldown; WCL, whole cell lysate. 
 

A20.  GST-ABIN-2 fusion proteins were incubated with whole cell lysates from 

HEK293 cells, in which 3xFLAG-A20 was transiently overexpressed. GST-ABIN-

2E255K binding to 3xFLAG-A20 was reduced by 70% relative to GST-ABIN-2 WT 

binding to 3xFLAG-A20 (Figure 11A). However, A20 binding to neither GST-ABIN-

2D309N (Figure 11B) nor GST-ABIN-2Y230A (Figure 11C) was impaired.  
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Figure 11 ABIN-2E255K selectively reduces A20 binding to ABIN-2 
GST pulldowns were performed with GST-ABIN-2 fusion proteins and 3xFLAG-A20. 
WCL and eluates were immunoblotted with antibodies recognising GST and 
3xFLAG-tagged A20. (A) Interaction of 3xFLAG-A20 with GST-ABIN-2 WT and GST-
ABIN-2E255K was determined in GST pulldown assays (left). The A20-binding 
capacity of GST-ABIN-2 WT and GST-ABIN-2E255K was quantified from three 
independent experiments. An unpaired two-tailed t-test was carried out, with * P < 
0.05 (right). Error bars represent SEM. (B) Interaction of 3xFLAG-A20 with GST-
ABIN-2 WT and GST-ABIN-2D309N was determined in GST pulldown assays. (C) 
Interaction of 3xFLAG-A20 with GST-ABIN-2 WT and GST-ABIN-2Y230A was 
determined in GST pulldown assays. EV, empty vector; PD, pulldown; WCL, whole 
cell lysate.  
 

ESCRT-I.  GST-ABIN-2 fusion proteins were incubated with whole cell lysates from 

HEK293 cells, in which either 3xFLAG-TSG101 or 3xFLAG-ALIX was transiently 

overexpressed. TSG101 is a core component of the ESCRT-I complex while ALIX is 

a critical accessory protein of ESCRT-I. Although Banks et al. provided evidence that 

Abin2Y230A mutation impairs ALIX binding to ABIN-2, biochemical studies to show this 

directly were not carried out (Banks et al, 2016). My experiments showed that GST-

ABIN-2E255K and GST-ABIN-2D309N bind to both TSG101 and ALIX as strongly as 

GST-ABIN-2 WT (Figure 12A and B). Strikingly, however, GST-ABIN-2Y230A did not 

interact with either TSG101 or ALIX (Figure 12C).  
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Figure 12 ABIN-2Y230A selectively abrogates ESCRT-I binding to ABIN-2 
GST pulldowns were performed with GST-ABIN-2 fusion proteins and 3xFLAG-
TSG101 as well as 3xFLAG-ALIX. WCL and eluates were immunoblotted with 
antibodies recognising GST and 3xFLAG-tagged TSG101 or ALIX. (A) Interaction of 
3xFLAG-TSG101 or 3xFLAG-ALIX with GST-ABIN-2 WT and GST-ABIN-2E255K was 
determined in GST pulldown assays. (B) Interaction of 3xFLAG-TSG101 or 3xFLAG-
ALIX with GST-ABIN-2 WT and GST-ABIN-2D309N. (C) Interaction of 3xFLAG-
TSG101 or 3xFLAG-ALIX with GST-ABIN-2 WT and GST-ABIN-2Y230A. EV, empty 
vector; PD, pulldown; WCL, whole cell lysate.  
 

TPL-2/NF-kB1 p105.  As previously mentioned, in unstimulated cells ABIN-2 forms 

a ternary complex with TPL-2 and p105 (Lang et al, 2004). To investigate whether 

Abin2 point mutations disrupt the interaction between ABIN-2 and TPL-2/p105 

complexes, I transiently co-overexpressed His6-TPL-2 and HA-p105 in HEK293 cells. 

The binding capacity of GST-ABIN-2 fusion proteins to His6-TPL-2/HA-p105 

complexes was investigated in pulldown assays. All three mutant GST-ABIN-2 

proteins interacted with His6-TPL-2/HA-p105 complexes similarly to GST-ABIN-2 WT 

(Figure 13).   
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Figure 13 ABIN-2 point mutations do not impair binding to TPL-2/p105 complexes 
GST pulldowns were performed with GST-ABIN-2 fusion proteins and co-
overexpressed His6-TPL-2/HA-p105. WCL and eluates were immunoblotted with 
antibodies recognising GST, His6-tagged TPL-2 and HA-tagged p105. (A) Interaction 
of His6-TPL-2/HA-p105 with GST-ABIN-2 WT and GST-ABIN-2E255K. (B) Interaction 
of His6-TPL-2/HA-p105 with GST-ABIN-2 WT and GST-ABIN-2D309N. (C) Interaction 
of His6-TPL-2/HA-p105 with GST-ABIN-2 WT and GST-ABIN-2Y230A. EV, empty 
vector; PD, pulldown; WCL, whole cell lysate.  
 

My pulldown studies demonstrated that Abin2 point mutations specifically disrupted 

binding to the respective interaction partner, without affecting binding to other known 

interactors. More specifically, Abin2E255K mutation reduced A20 binding, Abin2D309N 

mutation abrogated linear ubiquitin binding, and Abin2Y230A mutation diminished 

ESCRT-I binding. Moreover, none of the ABIN-2 point mutations affected the 

association with TPL-2/p105 complexes.  
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3.2.2 The role of ABIN-2 in TLR4 and TNF receptor signalling  

As previously described, ABIN-2 is required for maintaining TPL-2 stability and vice 

versa. Since both Abin2-/- and Tpl2-/- mice are essentially TPL-2/ABIN-2 compound 

knockout mice, I used knock-in mouse strains, which harbour loss-of-function point 

mutations in Abin2 and Tpl2, throughout this thesis to separately study ABIN-2 and 

TPL-2 functions. Tpl2D270A/D270A knock-in mice express catalytically inactive TPL-2.  

In initial experiments, I determined the effects of mutations studied on steady-state 

TPL-2 and ABIN-2 protein expression levels. In unstimulated BMDMs from 

Abin2E256K/E256K, Abin2D310N/D310N and Tpl2D270A/D270A knock-in mice, endogenous 

ABIN-2 and TPL-2 protein levels were similar to protein levels in BMDMs from WT 

mice (Figure 14).  

 

 
Figure 14 ABIN-2 and TPL-2 levels are normal in knock-in mouse strains 
BMDMs from WT, Abin2D310N/D310N, Abin2E256K/E256K and Tpl2D270A/D270A mice were 
lysed and cell extracts were immunoblotted with antibodies that specifically 
recognise TPL-2, ABIN-2 and HSP90.  
 

To investigate whether ubiquitin and A20 binding to ABIN-2 are involved in regulating 

innate immune signalling in macrophages, I focused on TLR4- and TNF receptor-

mediated signalling. TLR4 activation of ERK1/2 in macrophages is mediated by TPL-

2 and involves dissociation of the ternary TPL-2 complex to liberate ABIN-2 (Gantke 

et al, 2012). Furthermore, proteomic studies have shown that ABIN-2 binds to the 

activated TNF receptor (Wagner et al, 2016).  

To biochemically confirm ABIN-2/TNFR1 interaction, I stimulated MEFs with 

recombinant 3xFLAG-TNF ligand and immunoprecipitated the 3xFLAG-TNF/TNF 

receptor signalling complex. The unstimulated TNF receptor complex was 

immunoprecipitated by addition of 3xFLAG-TNF to cell extract from unstimulated 
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MEFs. ABIN-2 was recruited to the TNF receptor upon TNF stimulation (Figure 15), 

thus consistent with the findings of Wagner et al. Post-translational modifications of 

RIP1 indicated potent TNF stimulation of MEFs (Figure 15, left).  

 
Figure 15 ABIN-2 is recruited to TNFR1 upon stimulation 
MEFs were stimulated with 3xFLAG-tagged TNF at 0.5 μg/ml for 15 min. The cell 
extract of unstimulated MEFs was incubated with 3xFLAG-tagged TNF at 0.5 μg/ml 
following cell lysis. 3xFLAG-TNF/TNF receptor signalling complexes were 
immunoprecipitated by incubation of cell extracts with M2 Anti-FLAG Affinity Gel. 
Eluates (left) and WCL (right) were immunoblotted with antibodies that recognise 
RIP1 and ABIN-2. US, unstimulated; IP, immunoprecipitation; WCL, whole cell 
lysate.  
 

I set out to test whether Abin2E256K or Abin2D310N mutation alter signalling downstream 

of TLR4 and the TNF receptor. Stimulation of BMDMs with LPS and TNFa activates 

TLR4 and TNF receptor signalling, respectively. Both LPS and TNFa led to strong 

activation of the IKK complex, as indicated by phosphorylation of p105 at S933, and 

activation of MAPK cascades, as indicated by ERK1/2 and p38a phosphorylation 

(Figure 16). Phosphorylation of ERK1 (p44) and ERK2 (p42) isoforms at activation 

loop residues T202 and Y204 by MEK1 and MEK2 is critical for protein kinase 

activation (Pagès & Pouysségur, 2004). Similarly, phosphorylation of residues T180 

and Y182 in the activation loop of p38a MAP kinase by MKK3 and MKK6 is a 

prerequisite for kinase activation. Notably, p105, ERK1/2 as well as p38a 

phosphorylation in BMDMs from Abin2E256K/E256K and Abin2D310N/D310N mice was 

comparable to BMDMs from WT mice. 

Upon LPS stimulation, autocrine JAK-STAT signalling was triggered at later time 

points, as indicated by STAT1 and STAT3 phosphorylation at Y701 and Y705, 

respectively (Figure 16A). Both phosphorylation sites promote STAT dimerisation 

and nuclear translocation (Ihle et al, 1994; Darnell et al, 1994). Neither Abin2E256K 

nor Abin2D310N mutation altered LPS-induced STAT1 or STAT3 phosphorylation 
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(Figure 16A). Besides targeting p105, the IKK complex also phosphorylates IkBa, 

leading to its degradation thereby liberating and activating NF-kB transcription 

factors. LPS- and TNFa-induced degradation of IkBa was normal in Abin2E256K/E256K 

and Abin2D310N/D310N BMDMs relative to WT BMDMs (Figure 16). Moreover, AKT 

signalling was activated following LPS and TNFa stimulation, as indicated by 

inducible phosphorylation of AKT at S473 and ribosomal S6 kinase p70 (p70S6K) at 

T389 (Figure 16). The S473 site is located in the C-terminus of AKT and its 

phosphorylation by the mammalian target of rapamycin (mTOR) complex 2 is 

required for AKT activation. AKT mediates activation of mTOR complex 1, which in 

turn phosphorylates p70S6K on T389, a residue in the linker domain of p70S6K, 

which is critical for kinase activity (Sarbassov et al, 2005; Pullen & Thomas, 1997). 

Levels of AKT S473 and p70S6K T389 phosphorylation in Abin2E256K/E256K and 

Abin2D310N/D310N BMDMs were comparable to WT BMDMs, suggesting that neither 

ubiquitin nor A20 binding to ABIN-2 regulates AKT signalling (Figure 16). 
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Figure 16 A20 and ubiquitin binding to ABIN-2 do not regulate TLR4 and TNFR1 
signalling 
BMDMs from WT, Abin2D310N/D310N and Abin2E256K/E256K mice were stimulated with (A) 
LPS (100 ng/ml) and (B) TNFa (20 ng/ml) for the times indicated and cell extracts 
were immunoblotted with the antibodies indicated. p, phospho.   
 

In conclusion, these experiments indicated that ABIN-2 binding to ubiquitin and A20 

did not alter immediate signalling events downstream of either TLR4 or TNF receptor 

1. 
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3.2.3 Regulation of TLR4-mediated gene expression by ABIN-2/A20 
complexes 

Previous studies have proposed that ABIN-2 regulates gene expression by 

functioning as a transcriptional co-activator (Chien et al, 2003). Given the suggested 

nuclear role for ABIN-2, I therefore intended to further study whether A20 binding to 

ABIN-2 regulates gene expression. To investigate whether A20 binding to ABIN-2 

regulates gene expression downstream of TLR4, I characterised the LPS-induced 

transcriptome in BMDMs from Abin2E256K/E256K mice compared to WT controls. As the 

LPS time course proceeded, all four biological replicates from WT and 

Abin2E256K/E256K mice co-migrated on the PCA plot (Figure 17A). This indicated that 

TLR4-mediated gene signatures in WT and Abin2E256K/E256K BMDMs were similar. All 

genes identified by RNA sequencing were visualised on volcano plots. At all time 

points, no gene sets were significantly up- or downregulated by more than 4-fold in 

Abin2E256K/E256K BMDMs relative to WT controls (Figure 17B). Importantly, I was 

unable to identify genes that were differentially regulated in Abin2E256K/E256K BMDMs 

in response to LPS stimulation (Figure 17B), suggesting that binding of A20 to ABIN-

2 does not regulate gene expression following TLR4 activation. 



Chapter 3. Results 

 

137 

 

 
Figure 17 Regulation of gene expression by ABIN-2/A20 complexes in response 
to TLR4 activation 
BMDMs from WT and Abin2E256K/E256K mice were stimulated with LPS (100 ng/ml) for 
the times indicated. Four biological replicates were included per genotype. Following 
BMDM lysis, RNA was extracted and purified. Libraries were generated and samples 
were sequenced. (A) Principal component analysis (PCA) comparing RNA 
sequencing samples. (B) The log2 (fold change) and -log10 (adjusted P value) was 
plotted for each gene that was identified by RNA sequencing. X-axis grid line at log2 
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(fold change) of 2 and -2; Y-axis grid line at -log10 (adjusted P value) of 2, which 
corresponds to a P value of 0.01. EK, Abin2E256K; PC, principal component.  
 

To confirm that Abin2E256K mutation did not regulate expression of critical genes 

induced in response to LPS stimulation, I verified expression levels of selected genes 

by qPCR. Upon LPS stimulation, expression of the pro-inflammatory cytokines Il1b, 

Il6, Il12 and Il23a was strongly induced. No significant differences in expression 

levels were detected between WT and Abin2E256K (Figure 18). In addition, upon LPS 

stimulation Ifnb1 mRNA levels in BMDMs from Abin2E256K/E256K mice were similar to 

BMDMs from WT mice. The Ifnb1 gene encodes a type I IFN with important antiviral 

and antibacterial properties. Moreover, Abin2E256K did not regulate expression of 

Nlrp3, which encodes the NLRP3 inflammasome that drives IL-1b production, and 

Tnfaip3, the gene encoding A20 itself (Figure 18).  

 

 
Figure 18 Abin2E256K mutation does not regulate expression of select innate 
immune genes upon LPS stimulation 
BMDMs from WT and Abin2E256K/E256K mice were stimulated with LPS (100 ng/ml) for 
the times indicated. Following BMDM lysis, RNA was purified and reverse 
transcribed into cDNA. Gene expression levels were quantified by qPCR using 
mRNA-specific TaqMan FAM-MGB-coupled probes recognising Ifnb1, Il1b, Il6, Il12, 
Il23a, Nlrp3, and Tnfaip3. Error bars represent SEM (n = 3). RU, relative units.  
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3.3 Conclusion 

3.3.1 Specificity of Abin2 mutation effects on ABIN-2 interactions 

Since TPL-2 stabilises ABIN-2 and vice versa, it is not possible to use Tpl2-/- and 

Abin2-/- mice to specifically study TPL-2 and ABIN-2 function (Sriskantharajah et al, 

2014; Papoutsopoulou et al, 2006). Therefore, it is essential to use TPL-2 and ABIN-

2 knock-in mouse strains, which harbour loss-of-function point mutations that 

distinctly, and independently, block TPL-2 and ABIN-2 functions, respectively, 

without affecting TPL-2 or ABIN-2 stability.  

 

I initiated my research into the biochemical characterisation of the effects of ABIN-2 

mutations on ABIN-2 interactions since this knowledge is a prerequisite for any 

interpretation of results obtained from experiments using the respective Abin2 knock-

in mouse strains. Prior to commencing my thesis, Dong et al. provided experimental 

evidence that the human Abin2E255K mutation reduces binding to A20 (Dong et al, 

2011). Moreover, the Cohen laboratory showed that the human Abin2D309N mutation 

disrupts ubiquitin binding to ABIN-2 (Nanda et al, 2018). In addition, preliminary 

evidence suggested that the human Abin2Y230A mutation impairs ESCRT-I binding 

(Banks et al, 2016). ABIN-2 interacts with TPL-2/NF-kB1 p105, linear ubiquitin, the 

negative regulator of NF-kB A20 and ESCRT-I. My results, using purified human 

GST-ABIN-2 proteins, showed that Abin2E255K mutation selectively reduced A20 

binding, Abin2D309N mutation selectively abrogated linear M1-linked ubiquitin binding, 

and Abin2Y230A mutation selectively diminished TSG101 and ALIX binding to ABIN-

2. None of the human Abin2 point mutations affected the association between ABIN-

2 and TPL-2/NF-kB1 p105 complexes.  

 

The amino acid sequence between human and murine ABIN-2 shares an 86% 

sequence similarity and, in comparison to the human sequence, homologous point 

mutations in mice are shifted by one amino acid residue towards the C-terminus. 

Therefore, it can be confidently assumed that results obtained from interaction 

studies using mutant human ABIN-2 translate into biochemical interactions that occur 

in Abin2 knock-in mice. The three Abin2 knock-in mouse strains described, together 

with Tpl2D270A/D270A, Nfkb1SSAA/SSAA, and Nfkb1SSAA/SSAA Tpl2D270A/D270A mice that have 
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previously been characterised by the Ley laboratory provided a comprehensive 

repertoire of transgenic mouse strains to independently assess TPL-2 and ABIN-2 

functions in innate immunity (Figure 19). 

  

 
Figure 19 Genetically-modified mouse strains to decipher ABIN-2 and TPL-2 
signalling 
Individual mouse strains available to study the role of ABIN-2 and TPL-2 in biological 
processes. Knock-in mouse strains enable the independent characterisation of 
ABIN-2 and TPL-2 function. Tpl2D270A mutation blocks TPL-2 catalytic activity, while 
Nfkb1SSAA mutation prevents IKK-induced release of TPL-2/ABIN-2 from p105. 
Abin2D310N, Abin2Y231A, and Abin2E256K mutation block ubiquitin, ESCRT-I (TSG101 
and ALIX) and A20 binding, respectively. Boxes highlight targets of indicated mouse 
knock-in mutations, which block TPL-2 signalling and ABIN-2 interactions. 
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3.3.2 ABIN-2 is not a regulator of TLR4 or TNF receptor-mediated signalling 
in macrophages 

Although initial overexpression studies suggested that ABIN-2 inhibits NF-kB 

activation, subsequent research using Abin2-/- mice showed that endogenous ABIN-

2 does not regulate NF-kB signalling (Van Huffel et al, 2001; Papoutsopoulou et al, 

2006). Instead of using primary cells from Abin2-/- mice, I set out to confirm these 

findings in primary macrophages from Abin2E256K/E256K and Abin2D310N/D310N mice. If 

ubiquitin and A20 binding to ABIN-2 have opposing regulatory roles, then 

dysregulation of signalling may not be evident in macrophages from Abin2-/- mice. 

However, my findings demonstrated that Abin2D310N and Abin2E256K mutation do not 

regulate NF-kB, MAP kinase or AKT signalling following TLR4 activation by LPS.  

 

My experiments confirmed that ABIN-2 interacts with the TNF receptor upon 

stimulation, but neither Abin2D310N nor Abin2E256K mutation impaired NF-kB, MAP 

kinase or AKT activation upon stimulation of the TNF receptor on macrophages with 

TNFa. Previous experimental evidence from the Ley laboratory indicated that 

Abin2D310N mutation does not significantly regulate the transcriptome in LPS-

stimulated macrophages (Dr Michael Pattison, unpublished findings). Similarly, I 

provided evidence that Abin2E256K mutation does not alter immune signalling in 

macrophages following TLR4 activation. It cannot be excluded that ABIN-2 regulates 

innate immune signalling in other cell types or in response to other stimuli. This 

hypothesis is supported by the recent discovery that ABIN-2 ubiquitin binding is 

important to promote IL-1β-dependent induction of cyclooxygenase 2 and secretion 

of PGE2 in IMFs and MEFs (Nanda et al, 2018). Moreover, experiments from our 

laboratory indicated that A20 binding to ABIN-2 in DCs is required to dampen 

inflammation during HDM-induced allergic asthma and Abin2E256K mutation 

increases induction of the CCL24 chemokine in DCs following HDM challenge 

(Ventura et al, 2018). These studies suggest that future research into context-specific 

mechanisms of ABIN-2 signalling will be important.  
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Chapter 4. A novel role for the TPL-2 complex in 
promoting phagosome maturation  

4.1 Introduction  

TPL-2 expression is required for effective immune responses to C. rodentium, 

decreasing bacterial burden and dissemination to the liver and spleen (Acuff et al, 

2017b). In TPL-2-deficient mice, neutrophil recruitment to the colon during infection 

is impaired. Similar to macrophages, TPL-2 expression in neutrophils is critical for 

LPS-mediated activation of ERK1/2 and subsequent production of TNF in vitro (Acuff 

et al, 2017b). TPL-2 is also required for efficient killing of internalised C. rodentium. 

Importantly, phagocytic uptake of bacteria is not regulated by TPL-2 (Acuff et al, 

2017b). The molecular mechanism by which TPL-2 promotes bacterial killing has not 

been established.  

A recent study by the Ley laboratory using quantitative mass spectrometry revealed 

that TPL-2 catalytic activity may regulate intracellular vesicle trafficking. Tpl2D270A 

mutation in LPS-stimulated BMDMs, which renders TPL-2 kinase catalytically 

inactive (Sriskantharajah et al, 2014), significantly reduced phosphorylation of 

numerous proteins involved in the regulation of vesicle trafficking, endocytosis and 

GTPase signalling (Pattison et al, 2016). Together, these findings raised the 

possibility that TPL-2 kinase activity may promote bacterial killing by modulating 

intracellular trafficking during phagosome maturation in macrophages. 

In recent years, advances in mass spectrometry have provided insights into the 

importance of PTMs, in particular phosphorylation and ubiquitylation, on 

phagosomes. It has become apparent that phagosomes provide signalling platforms 

and that ubiquitylation plays a critical role in regulating the function of phagosomal 

proteins (Dean et al, 2019). Notably, K63-linked polyubiquitin chains are highly 

abundant on phagosomal membranes in macrophages (Warren et al, 2005; Guo et 

al, 2019). The UBAN domain of ABIN-2 interacts with K63-linked polyubiquitin chains 

in addition to linear polyubiquitin chains, raising the possibility that ABIN-2 may be 

recruited to phagosomes in a ubiquitin-dependent manner. Ubiquitylation is essential 

for MVB formation on phagosomes (Warren et al, 2005). The interplay between 

ubiquitylation and ESCRT complexes is required for the efficient inward budding of 



Chapter 4. Results 

 

143 

 

MVB membranes (Lefebvre et al, 2018a). Furthermore, TSG101 of the ESCRT-I 

complex promotes maturation of autophagosomes (Doyette et al, 2005). Since ABIN-

2 interacts with TSG101, it may suggest that ABIN-2 regulates certain aspects of 

ESCRT-I biology during phagocytosis. Moreover, K63-linked ubiquitin is vital to 

regulate stability of phagosomal proteins, including the type III PI3K complex VPS34, 

which drives PI(3)P production to promote phagosome maturation (Liu et al, 2018).  

Although ABIN-2 itself has not been linked to the regulation of phagosome 

maturation, its ability to interact with ubiquitin and ESCRT-I, both of which have been 

shown to promote phagosome maturation, motivated me to investigate whether 

ubiquitin or TSG101 binding to ABIN-2 plays a role in phagosome biology in 

macrophages. In addition, preliminary experimental evidence implicating TPL-2 in 

vesicle trafficking encouraged me to investigate the role of TPL-2 catalytic activity in 

regulating phagocytosis.  

 

4.2 Results 

4.2.1 ABIN-2 ubiquitin binding and TPL-2 kinase activity induce phagosome 
proteolysis 

To investigate the role of TPL-2 and ABIN-2 signalling in phagosome maturation, I 

generated BMDMs from Tpl2D270A/D270A, Abin2D310N/D310N, Abin2E256K/E256K knock-in 

and Abin2-/- knockout mice. Phagosome maturation was studied in primary 

macrophages since these specialised cells are professional phagocytes that 

efficiently internalise and degrade particles upon recognition (Uribe-Quero & Rosales, 

2017). Moreover, several studies have demonstrated the importance of TPL-2 

signalling in macrophages during innate immune responses (Gantke et al, 2012; Xu 

et al, 2018).  

I first aimed to investigate whether TPL-2 or ABIN-2 regulated phagocytic uptake of 

fluorescently-labelled beads. Uptake of beads was similar between all genotypes 

(Figure 20A and B). As positive assay control, BMDMs from WT mice were pre-

treated with cytochalasin D, an inhibitor of actin polymerisation (Schliwa, 1982). As 

expected, cytochalasin D prevented uptake of beads showing that the assay 

measured bead uptake and not adsorption to the outside of cells (Figure 20B).  
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To investigate whether the TPL-2 complex regulated phagosome maturation, I 

monitored bulk intra-phagosomal proteolysis using silica beads coupled to the 

fluorescent substrate DQ Green BSA (Yates & Russell, 2008; Russell et al, 2009). 

These beads were additionally labelled with Alexa Fluor 594, which was used to 

normalise phagocytic uptake. Real-time measurements demonstrated that 

phagosomal proteolysis was significantly reduced in Tpl2D270A/D270A, Abin2D310N/D310N 

and Abin2-/- BMDMs compared to WT controls (Figure 20C). Notably, phagosomal 

proteolysis was similar in Abin2E256K/E256K BMDMs and WT BMDMs (Figure 20D). As 

positive assay control, BMDMs from WT mice were pre-treated with leupeptin, an 

inhibitor of serine-cysteine proteases, which blocked phagosomal proteolysis as 

expected (Libby & Goldberg, 1978) (Figure 20C). Interestingly, the degree of 

reduction in Abin2-/- BMDMs, which are deficient in both TPL-2 and ABIN-2, was 

similar to Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (Figure 20C).  

In addition, I coated fluorescently-labelled silica beads with soluble LPS to trigger 

TLR-mediated phagocytosis. Due to the large particle size, LPS-coated beads are 

able to interact with several TLR4 molecules on the cell surface, thereby mimicking 

bacterial infection and potently mediating TLR4 internalisation (Zanoni et al, 2011). 

Similarly to previous observations with uncoated beads, phagosomal proteolysis was 

significantly reduced in Tpl2D270A/D270A, Abin2D310N/D310N and Abin2-/- BMDMs, while 

proteolysis remained unchanged in Abin2E256K/E256K BMDMs compared to WT 

controls (Figure 20E and F).  
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Figure 20 Tpl2D270A and Abin2D310N mutation impair phagosomal proteolysis 
(A-B) Phagocytic uptake of fluorescently-labelled silica beads by BMDMs of 
genotypes indicated. Intracellular fluorescence was monitored 0.5 h following uptake 
of AF488-coupled beads by BMDMs (n = 4). As positive control, BMDMs were pre-
treated with 10 μg/ml cytochalasin D for 0.5 h to inhibit actin polymerisation. Error 
bars represent SEM. (C-D) Intra-phagosomal proteolysis in BMDMs of genotypes 
indicated was assayed following uptake of DQ Green BSA / AF594 silica beads (n = 
4). BMDMs were pre-treated with 100 μg/ml leupeptin for 1 h to inhibit serine-cysteine 
proteases. (E-F) Intra-phagosomal proteolysis in BMDMs of genotypes indicated 
was assayed following uptake of LPS-coated, DQ Green BSA / AF594 silica beads 
(n = 4). Prior to fluorescence coupling, silica beads were coated for 1 h with soluble 
LPS from Salmonella minnesota R595 (1 mg/ml). (C-F) Measurements were taken 
at reading intervals of 2 min. Shaded areas represent SEM. **** P < 0.0001. Paired 
Mann-Whitney t-test; All differences relative to WT are ****. RFU, relative 
fluorescence units.  
 

Since intra-phagosomal proteolysis was impaired in Tpl2D270A/D270A and 

Abin2D310N/D310N BMDMs, I next used a confocal microscopy assay to monitor 
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cathepsin protease activation following internalisation of latex beads. Following 

phagocytic uptake of latex beads, BMDMs were incubated with a fluorescently-

labelled cathepsin L target peptide. Thirty minutes after latex bead uptake, 

phagosomal cathepsin activity was significantly impaired in both Tpl2D270A/D270A and 

Abin2D310N/D310N BMDMs compared to WT controls (Figure 21A). Average cathepsin 

L activity per cell was quantified, indicating that Tpl2D270A mutation reduced cathepsin 

L activation more than Abin2D310N mutation (Figure 21B).  

 

 
Figure 21 Tpl2D270A and Abin2D310N mutation reduce cathepsin activity 
(A-B) Cathepsin activity assay in WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs 0.5 
h after uptake of latex beads. BMDMs were stained with the Magic Red cathepsin L 
substrate at a final dilution of 1:250 for 1 h (red). Fluorescence of the Magic Red 
cathepsin L substrate was monitored at ex/em 592/628 nm. (B) Average 
fluorescence intensity of the cathepsin probe per cell was quantified (n = 40-51). 
Error bars represent SEM. **** P < 0.0001. Unpaired t-test. US, unstimulated.  
 

4.2.2 TPL-2 kinase activity promotes phagosome acidification 

As phagosome maturation proceeds, the phagosomal lumen becomes increasingly 

acidic due to the activity of V-ATPases, which are acquired by the phagosome 

through fusion with endosomes and lysosomes (Kinchen & Ravichandran, 2008). I 

assayed intra-phagosomal acidification using silica beads, which were coupled to the 

pH indicator BCECF (Russell et al, 1995). The optimal pH for BCECF at ex/em 

485/628 nm is neutral, and BCECF fluorescence continuously decreases as pH 

decreases. Real-time measurements demonstrated that phagosomal acidification 

was significantly impaired in Tpl2D270A/D270A BMDMs compared to WT controls (Figure 
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22A). However, neither Abin2D310N nor Abin2E256K mutation altered acidification, 

suggesting that ABIN-2 signalling did not regulate intra-phagosomal acidification 

(Figure 22A and B). Phagosomal acidification was significantly impaired in Abin2-/- 

BMDMs, phenocopying Tpl2D270A mutation (Figure 22C). Since ABIN-2 point 

mutations do not block acidification, this result suggested that impaired acidification 

in Abin2-/- BMDMs resulted from reduced TPL-2 signalling, and not from the absence 

of ABIN-2 signalling. Tpl2D270A mutation reduced phagosome acidification to a similar 

degree to the pre-treatment of WT BMDMs with the V-ATPase inhibitor bafilomycin 

A1 (Figure 22A).  

 

 
Figure 22 Tpl2D270A mutation blocks phagosomal acidification following uptake of 
BCECF-coupled silica beads 
(A-C) Intra-phagosomal acidification in BMDMs of genotypes indicated was 
monitored following uptake of BCECF-coupled silica beads. BMDMs were pre-
treated with 1 μM bafilomycin A1 for 15 min to inhibit V-ATPases (n = 4). 
Measurements were taken at reading intervals of 1 min. Shaded areas represent 
SEM. **** P < 0.0001. Paired Mann-Whitney t-test; All differences relative to WT are 
****. RFU, relative fluorescence units. 
 

Next, I performed the phagosome acidification assay with LPS-coated BCECF-

coupled silica beads. In accordance with my findings in Figure 22A, phagosomal 
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acidification was also significantly reduced following uptake of LPS-coated BCECF-

coupled silica beads by Tpl2D270A/D270A BMDMs relative to WT controls (Figure 23).  

 

 
Figure 23 Tpl2D270A mutation blocks phagosomal acidification following uptake of 
LPS-coated BCECF-coupled silica beads 
Intra-phagosomal acidification in WT and Tpl2D270A/D270A BMDMs was monitored 
following uptake of LPS-coated BCECF-coupled silica beads (n = 4). Measurements 
were taken at reading intervals of 1 min. Shaded areas represent SEM. **** P < 
0.0001. Paired Mann-Whitney t-test; All differences relative to WT are ****. RFU, 
relative fluorescence units. 
 

To confirm the importance for TPL-2 kinase activity in promoting phagosome 

acidification, BMDMs from WT, Tpl2D270A/D270A and Abin2D310N/D310N mice were 

stimulated with latex beads and stained with LysoTracker Red, an acidotropic red-

fluorescent dye that labels acidic compartments. Confocal microscopy illustrated that 

LysoTracker Red staining was significantly reduced in Tpl2D270A/D270A BMDMs 

following latex bead uptake (Figure 24A). Quantification of LysoTracker Red 

fluorescence intensity per cell demonstrated that Tpl2D270A mutation reduced staining 

for acidic compartments by approximately 3-fold (Figure 24B). In line with previous 

findings that Abin2D310N mutation did not reduce phagosome acidification following 

uptake of BCECF-coupled beads, LysoTracker Red staining was similar in 

Abin2D310N/D310N BMDMs and WT controls (Figure 24A and B).  
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Figure 24 Tpl2D270A mutation reduces abundance of acidic compartments following 
bead uptake 
(A-B) pH assay in WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs 0.5 h after uptake 
of latex beads. BMDMs were stained with the LysoTracker Red DND-99 dye at a 
final concentration of 100 nM for 1 h (red). Fluorescence of LysoTracker Red was 
monitored at ex/em 577/590 nm. (B) Average fluorescence intensity of the 
LysoTracker Red dye per cell was quantified (n = 95-126). Error bars represent SEM. 
**** P < 0.0001, not significant (ns). Unpaired t-test. US, unstimulated.  
 

4.2.3 ABIN-2 ubiquitin binding and TPL-2 kinase activity drive ROS 
production upon phagocytosis 

Besides maturing into a highly proteolytic and acidic vesicle, nascent phagosomes 

also produce ROS, a process that is driven by the NADPH oxidase. ROS production 

is critical for ensuring a strongly microbicidal milieu within the phagosomal lumen. To 

assay ROS production following phagocytic uptake of latex beads, I stained BMDMs 

with ROS Deep Red, a cell-permeable deep red-fluorescent dye, which reacts with 

superoxides and hydroxyl radicals. ROS production was significantly decreased in 

both Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (Figure 25A and B). Tpl2D270A 

mutation reduced ROS production more than Abin2D310N mutation, possibly due to 

the inhibitory effects of the former mutation on phagosome acidification, which is 

required for ROS production (Figure 25B).  
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Figure 25 Tpl2D270A and Abin2D310N mutation reduce ROS levels following uptake of 
latex beads 
(A-B) Reactive oxygen species assay in WT, Tpl2D270A/D270A and Abin2D310N/D310N 
BMDMs 0.5 h after uptake of latex beads. BMDMs were stained with ROS Deep Red 
dye at a final concentration of 100 nM for 1 h (red). Fluorescence of ROS Deep Red 
dye was monitored at ex/em 650/675 nm. (B) Average fluorescence intensity of the 
ROS Deep Red dye per cell was quantified (n = 80-110). Error bars represent SEM. 
**** P < 0.0001. Unpaired t-test. US, unstimulated.  
 

4.2.4 TPL-2 induces phagosome maturation independently of MAP kinase 
activation 

The previously identified functions of TPL-2 in innate immune responses are 

predominantly mediated by activation of MAP kinase cascades (Gantke et al, 2011a). 

To investigate whether TPL-2 kinase activity promoted phagosome maturation via 

MAP kinase activation, I used a combination of genetic and pharmacological 

approaches.  

 

Following receptor-mediated activation, the IKK complex induces proteolysis of NF-

kB1 p105 by dual phosphorylation of S930 and S935 in the PEST region of p105 

(Lang et al, 2003). The Ley laboratory previously generated an NF-kB1 p105 knock-

in mouse strain in which both serine residues are mutated to alanine. Nfkb1S930A,S935A 

(Nfkb1SSAA) mutation blocks IKK-induced p105 proteolysis, thereby preventing the 

release of TPL-2 and ABIN-2 from p105 (Sriskantharajah et al, 2009). TPL-2 kinase 

is catalytically active when present in the ternary complex, however, only free TPL-2 

can activate MAP kinase signalling. Therefore, in Nfkb1SSAA/SSAA macrophages, TPL-
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2 activation of ERK1/2 and p38a MAP 2-kinases is blocked following LPS stimulation 

(Pattison et al, 2016; Yang et al, 2012).  

 

If TPL-2 promoted phagosome maturation via MAP kinase activation, then 

phagosome maturation would be impaired by Nfkb1SSAA mutation. I therefore 

generated BMDMs from WT, Nfkb1SSAA/SSAA as well as Nfkb1SSAA/SSAA Tpl2D270A/D270A 

mice to monitor phagosomal proteolysis and acidification in silica bead assays. 

Phagosomal proteolysis and acidification were not reduced in Nfkb1SSAA/SSAA BMDMs 

compared to WT controls (Figure 26A and C). Importantly, both proteolysis and 

acidification were significantly impaired in compound mutant Nfkb1SSAA/SSAA 

Tpl2D270A/D270A BMDMs, confirming dependence of both processes on TPL-2 catalytic 

activity (Figure 26A and C). Inhibition of ERK1/2 phosphorylation at T202 and Y204 

residues in Nfkb1SSAA/SSAA and Nfkb1SSAA/SSAA Tpl2D270A/D270A BMDMs following LPS 

stimulation was confirmed by immunoblotting (Figure 26B). Phosphorylation of p38a 

at T180 and Y182 residues, which is not fully dependent on TPL-2 activity, was only 

marginally reduced in Nfkb1SSAA/SSAA and Nfkb1SSAA/SSAA Tpl2D270A/D270A BMDMs 

following LPS stimulation (Figure 26B).  
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Figure 26 Nfkb1SSAA mutation does not impair phagosomal proteolysis or 
acidification 
(A) Intra-phagosomal proteolysis in WT, Nfkb1SSAA/SSAA and Nfkb1SSAA/SSAA 
Tpl2D270A/D270A BMDMs was monitored (n = 4). (B) BMDMs from WT, Nfkb1SSAA/SSAA 
and Nfkb1SSAA/SSAA Tpl2D270A/D270A mice were stimulated with LPS (100 ng/ml) for the 
times indicated. Cell extracts were immunoblotted with the antibodies indicated. (C) 
Intra-phagosomal acidification in WT, Nfkb1SSAA/SSAA and Nfkb1SSAA/SSAA 
Tpl2D270A/D270A BMDMs was monitored. BMDMs were pre-treated with 1 μM 
bafilomycin A1 for 15 min to inhibit V-ATPases (n = 4). (A, C) Shaded areas 
represent SEM. **** P < 0.0001. Paired Mann-Whitney t-test; All differences relative 
to WT are ****. p, phospho; RFU, relative fluorescence units. 
 

To confirm that phagosome proteolysis was induced in a MAP kinase-independent 

manner, I separately pre-treated WT BMDMs with PD0325901 and VX-745 inhibitors, 

to pharmacologically inhibit ERK1/2 and p38a activation, respectively. PD0325901 

is a MEK1 inhibitor, which blocks ERK1/2 activation, whereas VX-745 is a p38 

inhibitor, which selectively abrogates p38a activation (Ciuffreda et al, 2009; Duffy et 

al, 2011). While Tpl2D270A mutation significantly reduced phagosomal proteolysis 

relative to WT BMDMs, neither PD0325901 nor VX-745 pre-treatment impaired 

proteolysis in WT BMDMs (Figure 27A). Potent inhibition of ERK1/2 phosphorylation 

by PD0325901 and p38a phosphorylation by VX-745 pre-treatment following LPS 

stimulation was confirmed by immunoblotting (Figure 27B).  
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Figure 27 Pharmacological inhibition of ERK1/2 and p38a activation does not 
impair phagosomal proteolysis 
BMDMs from WT mice were pre-treated with 0.1 μM PD0325901 (10 min) to inhibit 
MEK1, and pre-treated with 1 μM VX-745 (1 h) to inhibit p38a. WT BMDMs were 
separately pre-treated with DMSO (vehicle control). (A) Intra-phagosomal 
proteolysis in Tpl2D270A/D270A, WT and inhibitor-treated BMDMs was monitored (n = 
4). Shaded areas represent SEM. **** P < 0.0001. Paired Mann-Whitney t-test; 
Tpl2D270A/D270A / WT difference is ****. (B) WT and inhibitor-treated BMDMs were 
stimulated with LPS (100 ng/ml) for 0.5 h. Cell extracts were immunoblotted with the 
antibodies indicated. p, phospho; RFU, relative fluorescence units. 
 

I next investigated whether combinatorial inhibition of ERK1/2 and p38a MAP kinase 

activation impaired phagosome maturation. BMDMs were simultaneously pre-

treated with PD0325901 and VX-745. In line with genetic data, simultaneous 

pharmacological inhibition of ERK1/2 and p38a activity did not affect phagosome 

proteolysis or acidification (Figure 28A and B). Inhibition of ERK1/2 and p38a 

phosphorylation following LPS stimulation was confirmed by immunoblotting (Figure 

28C). In contrast, TPL-2 inhibition with the small molecule inhibitor C34 significantly 

disrupted both phagosomal proteolysis and acidification to a similar degree as 

Tpl2D270A mutation (Figure 28A and B) (Wu et al, 2009). A complete block in ERK1/2 

activation, as well as partial reduction in p38a activation following C34 pre-treatment 

were confirmed by immunoblotting (Figure 28C). Phosphorylation states of ERK1/2 

and p38a following C34 pre-treatment mimicked Tpl2D270A mutation in LPS-

stimulated BMDM lysates (Figure 28C). TPL-2 catalytic activity, therefore, stimulated 

phagosome maturation in primary mouse macrophages independently of MAP 

kinase activation. The inhibitory effects of C34 on phagosome maturation in WT 

BMDMs suggested that effects of TPL-2 catalytic activity on phagosome maturation 
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were induced acutely upon phagocytic uptake of beads, ruling out inhibitory effects 

of Tpl2D270A mutation on macrophage generation in vitro. 

 

 
Figure 28 Pharmacological inhibition of TPL-2, but not MAP kinases, impairs 
phagosome maturation in BMDMs 
BMDMs from WT mice were simultaneously pre-treated with 0.1 μM PD0325901 (10 
min) to inhibit MEK1, and pre-treated with 1 μM VX-745 (1 h) to inhibit p38a. WT 
BMDMs were separately pre-treated with DMSO (vehicle control). Additionally, WT 
BMDMs were pre-treated with 10 μM C34 (1 h) to inhibit TPL-2. (A) Intra-phagosomal 
proteolysis in Tpl2D270A/D270A, WT and inhibitor-treated BMDMs was monitored (n = 
4). (B) Intra-phagosomal acidification in Tpl2D270A/D270A, WT and inhibitor-treated 
BMDMs was monitored. BMDMs were pre-treated with 1 μM bafilomycin A1 for 15 
min to inhibit V-ATPases (n = 4). (A-B) Shaded areas represent SEM. **** P < 0.0001. 
Paired Mann-Whitney t-test; All differences relative to WT are ****. (C) Tpl2D270A/D270A, 
WT and inhibitor-treated BMDMs were stimulated with LPS (100 ng/ml) for 0.5 h. Cell 
extracts were immunoblotted with the antibodies indicated. p, phospho; RFU, relative 
fluorescence units. 
 

4.2.5 TPL-2 catalytic activity promotes phagosome maturation in primary 
human macrophages independently of MAP kinase activation  

To investigate whether the role of TPL-2 in phagosome maturation was conserved 

in human primary macrophages, I generated macrophages from monocytes, that 

were isolated from human peripheral blood. PBMCs were isolated from human blood 
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by density gradient centrifugation and monocytes were subsequently selected for by 

CD14+ selection. Staining of the isolated PBMCs with APC-CD14 indicated that 

approximately 10% of the PBMC pool were CD14+ monocytes (Figure 29A-C). 

Selection of CD14+ mononuclear cells with CD14 MicroBeads increased the 

proportion of CD14+ monocytes by more than 6-fold to approximately 60% (Figure 

29D and F). As expected, CD14+ cells were absent from the effluent following 

positive selection (Figure 29E). CD14+ monocytes were cultured in GM-CSF to 

induce differentiation into primary human macrophages. 

 

 
Figure 29 FACS analysis of positive selection for CD14+ monocytes 
(A-C) Human peripheral blood mononuclear cells (PBMCs) were isolated from 
peripheral blood by density gradient centrifugation, stained with APC-CD14 and 
gated for CD14+ PBMCs. (B) Forward scatter (FSC) of the highlighted CD14+ PBMC 
population from (A) is shown. (D) CD14+ monocyte population in the elution following 
positive selection with CD14 MicroBeads. (E) CD14- PBMC population in the effluent 
following positive selection with CD14 MicroBeads. (F) Quantification of CD14+ cells 
in PBMC, elution and effluent cell fractions.  
 

Phagosome maturation in primary human macrophages was assayed as for BMDMs. 

C34 inhibition of TPL-2 catalytic activity significantly reduced intra-phagosomal 

proteolysis (Figure 30A) and acidification (Figure 30C) in primary human 

macrophages compared to cells pre-treated with DMSO vehicle control. In contrast, 

simultaneous pharmacological inhibition of ERK1/2 (PD0325901) and p38a (VX-
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745) activation did not alter phagosomal proteolysis (Figure 30B) or acidification 

(Figure 30D). Potent inhibition of ERK1/2 and p38a activation following LPS 

stimulation was confirmed in primary human macrophages by immunoblotting 

(Figure 30E). These findings demonstrated that a role for TPL-2 catalytic activity in 

promoting phagosome maturation independently of MAP kinase activation was 

conserved between primary macrophages from both mice and humans.  

 

 
Figure 30 Pharmacological inhibition of TPL-2, but not MAP kinases, impairs 
phagosome maturation in primary human macrophages 
Primary human macrophages were simultaneously pre-treated with 0.1 μM 
PD0325901 (10 min) to inhibit MEK1, and pre-treated with 1 μM VX-745 (1 h) to 
inhibit p38a. Human macrophages were separately pre-treated with DMSO (vehicle 
control). Additionally, human macrophages were pre-treated with 10 μM C34 (1 h) to 
inhibit TPL-2. (A) Intra-phagosomal proteolysis in untreated and C34-treated human 
macrophages was monitored (n = 4). (B) Intra-phagosomal proteolysis in untreated 
and PD0325901/VX-745-treated human macrophages was monitored (n = 4). (C) 
Intra-phagosomal acidification in untreated and C34-treated human macrophages 
was monitored (n = 4). (D) Intra-phagosomal acidification in untreated and 
PD0325901/VX-745-treated human macrophages was monitored (n = 4). (C, D) 
Human macrophages were pre-treated with 1 μM bafilomycin A1 for 15 min to inhibit 
V-ATPases. (A-D) Shaded areas represent SEM. **** P < 0.0001. Paired Mann-
Whitney t-test; All differences relative to untreated macrophages are ****. (E) 
Untreated and inhibitor-treated human macrophages were stimulated with LPS (100 
ng/ml) for 0.5 h. Cell extracts were immunoblotted with the antibodies indicated. US, 
unstimulated; UT, untreated; PD, PD0325901; VX, VX-745; p, phospho; RFU, 
relative fluorescence units. 
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4.2.6 TPL-2 and ABIN-2 regulate the protein composition of phagosomes 

To further study the molecular mechanism by which TPL-2 kinase activity and ABIN-

2 ubiquitin binding promote phagosome maturation, the composition of phagosomes 

isolated from Tpl2D270A/D270A, Abin2D310N/D310N, Abin2-/-, and WT BMDMs following 

phagocytic uptake of latex beads was analysed by mass spectrometry. In total, 1552 

proteins were identified by mass spectrometry on isolated phagosomes from BMDMs. 

Phagosome proteomes from Tpl2D270A/D270A and Abin2-/- BMDMs displayed more 

striking differences to WT controls than Abin2D310N/D310N BMDMs. More specifically, 

169 phagosomal proteins were significantly downregulated by more than 1.5-fold by 

Tpl2D270A mutation, whereas 78 and 101 phagosomal proteins were significantly 

downregulated by at least 1.5-fold by Abin2D310N mutation and ABIN-2 / TPL-2 

deficiency in Abin2 -/- BMDMs, respectively. Gene set enrichment analysis 

demonstrated that several highly downregulated pathways in Tpl2D270A/D270A and 

Abin2D310N/D310N BMDMs compared to WT controls were implicated in vesicle-

mediated transport, receptor-mediated transport as well as ion and transmembrane 

transport, all of which are essential processes underlying phagosome maturation 

(Figure 31). Importantly, the phagosome proteome from Abin2-/- BMDMs distinctly 

shared characteristics of both Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (data not 

shown). In addition, contrasting enrichment scores between Tpl2D270A and Abin2D310N 

mutation indicated that TPL-2 and ABIN-2 may regulate phagosome maturation by 

distinct mechanisms (Figure 31). 
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Figure 31 Biological processes downregulated by Tpl2D270A and Abin2D310N 

mutation  
WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs were incubated with latex beads for 
0.5h. Latex bead phagosomes were purified from WT, Tpl2D270A/D270A and 
Abin2D310N/D310N BMDMs and analysed by mass spectrometry. Biological triplicates 
were analysed for each genotype. Gene set enrichment analysis (GSEA) of 
significantly downregulated biological processes in phagosomal fractions. Changes 
of Tpl2D270A and Abin2D310N phagosomes relative to WT. Dot colour; enrichment score. 
Dot size; statistical significance. 
 

Selected downregulated protein hits were grouped into clusters according to 

molecular function. Both Tpl2D270A and Abin2D310N mutation resulted in reduced 

abundance of Rab GTPases on phagosomes. Strikingly, Tpl2D270A mutation had a 

more pronounced effect on the Rab GTPases family, significantly decreasing the 

abundance of more than 15 distinct RAB proteins, including RAB5 and RAB7, which 

have key roles in regulating the maturation of phagosomes (Figure 32) (Huynh et al, 

2007; Vieira et al, 2003b). The abundance of nine V-ATPase subunits was also 

significantly decreased on phagosomes from Tpl2D270A/D270A BMDMs compared to 

WT controls (Figure 32). Since V-ATPases are critical for driving low pH in the 

phagosome as maturation proceeds, this finding was particularly interesting given 

the inhibitory effect of Tpl2D270A mutation on phagosome acidification. In contrast, 

Abin2D310N mutation had no or only minimal effect on the abundance of V-ATPase 

subunits on phagosomes, which coincided with my previous findings that Abin2D310N 

mutation did not regulate phagosomal acidification (Figure 32). In addition, 

abundance of four members of the LAMTOR protein complex, a key regulator of 
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lysosomal trafficking (Colaço & Jäättelä, 2017), was also reduced in Tpl2D270A/D270A 

BMDMs relative to WT controls. Tpl2D270A mutation resulted in a strong reduction of 

numerous lysosomal enzymes on phagosomes, while Abin2D310N mutation had only 

subtle effects on few lysosomal enzymes (Figure 32). In addition, Tpl2D270A mutation 

resulted in a significant reduction of several SNARE proteins (Figure 32). Both 

Tpl2D270A and Abin2D310N mutation significantly reduced multiple cathepsins, sorting 

nexins, and proteins involved in ubiquitin signalling (Figure 32).  

 

 
Figure 32 Tpl2D270A and Abin2D310N mutation reduce abundance of critical 
regulators of phagosome maturation 
Heatmap of selected proteins that were significantly downregulated in BMDMs from 
Tpl2D270A/D270A and Abin2D310N/D310N mice relative to WT (P < 0.05). Selected hits were 
grouped into clusters according to their molecular functions. Fold changes are on 
log2 scale. 
 

To study the effect of TPL-2 and ABIN-2 mutations on individual phagosomal 

proteins, I plotted protein intensities of selected hits from phagosome proteome data. 

Both Tpl2D270A and Abin2D310N mutation significantly decreased abundance of the 
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proteases cathepsin C and H on phagosomes (Figure 33A and B). Moreover, both 

mutations resulted in significantly decreased phagosomal abundance of sorting 

nexin-3, phospholipase D4 and galectin-9, which synergistically promote membrane 

recycling of maturing phagosomes (Klose et al, 2019; Lennartz, 2008) (Figure 33C, 

D and F). Notably, Tpl2D270A and Abin2D310N mutation reduced nitric oxide synthase-

interacting protein, a regulator of NO production (Dedio et al, 2001) (Figure 33E). 

Furthermore, significant differences were detected in the abundance of proteins 

involved in ESCRT biology. Abin2D310N mutation significantly reduced phagosomal 

levels of the charged multivesicular body protein 2B (CHMP2B). CHMP2B, an 

ESCRT-III component, is critical for mediating fusion of autophagosomes with 

lysosomes (Hyung et al, 2008; Metcalf & Isaacs, 2010) (Figure 33G). Besides 

CHMP2B, both Tpl2D270A and Abin2D310N mutation reduced programmed cell death 

protein 6 (PDCD6) levels on phagosomes. PDCD6 promotes the association 

between ALIX and TSG101, thus mediating an interplay between ESCRT-I and 

ESCRT-III complexes (Okumura et al, 2009) (Figure 33H).  

 

 
Figure 33 Selected phagosomal proteins downregulated by Tpl2D270A and 
Abin2D310N mutation 
Protein intensities of selected hits from phagosomes purified from WT, Tpl2D270A/D270A 
and Abin2D310N/D310N BMDMs (n = 3). Data were analysed by Student’s t-test. Error 
bars represent SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, not 
significant (ns). 
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As previously mentioned, both Tpl2D270A and Abin2D310N mutation significantly 

decreased abundance of several Rab GTPases on phagosomes, however, Tpl2D270A 

mutation had a more striking effect on the loss of numerous Rab GTPases (Figure 

32 and Figure 34). More specifically, both Tpl2D270A and Abin2D310N mutation 

significantly decreased RAB5A, RAB5B, RAB5C, and RAB10 levels (Figure 34A-C 

and G). RAB5 and RAB10 are critical for maturation of early phagosomes 

(Flannagan et al, 2012). In addition, Tpl2D270A mutation disrupted RAB11B binding to 

phagosomes, a Rab GTPase that mediates the recycling pathway from early 

phagosomes (Cox et al, 2000; Damiani et al, 2004) (Figure 34H). Importantly, only 

Tpl2D270A reduced RAB7A, RAB7B and RAB32 levels on phagosomes (Figure 34D, 

E and J). Both RAB7 and RAB32 drive maturation of late phagosomes (Flannagan 

et al, 2009; Seto et al, 2011).  

 

 
Figure 34 Tpl2D270A and Abin2D310N mutation decrease Rab GTPases on 
phagosomes 
Protein intensities of selected Rab GTPases from phagosomes purified from WT, 
Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (n = 3). Data were analysed by Student’s 
t-test. Error bars represent SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 
0.0001, not significant (ns). 
 

As briefly outlined above, V-ATPase subunits were less abundant on phagosomes 

from Tpl2D270A/D270A BMDMs compared to WT controls. More specifically, Tpl2D270A 

mutation resulted in significantly impaired localisation of nine V-ATPase subunits, 
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including V-ATPase subunits D, D1, E1 and F (Figure 35A-D). Abundance of four 

LAMTOR proteins, including LAMTOR1 and LAMTOR5 was also reduced (Figure 

35E and F). V-ATPases and LAMTOR proteins form a multi-protein Ragulator 

complex on lysosomes (Colaço & Jäättelä, 2017). Process enrichment using 

Metacore analysis showed that Tpl2D270A, but not Abin2D310N, mutation significantly 

downregulated the abundance of phagosomal proteins, which are implicated in 

processes regulating phagosome acidification (Figure 35G). These observations 

coincided with my previous findings that TPL-2 catalytic activity, but not ABIN-2 

ubiquitin binding, promoted phagosomal acidification following uptake of beads.  

 

 
Figure 35 Tpl2D270A mutation reduces V-ATPase abundance on phagosomes 
(A-F) Protein intensities of V-ATPase subunits from phagosomes purified from WT, 
Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (n = 3). Data were analysed by Student’s 
t-test. Error bars represent SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, not significant 
(ns). (G) Process enrichment using the Metacore database. Selected downregulated 
pH-related processes are shown. -log10 of adjusted P values are shown. Red line 
represents P = 0.05, where processes below the red line are statistically non-
significant. 
 

Interestingly, Abin2D310N, and to a lesser extent Tpl2D270A, mutation significantly 

reduced all five core proteins of the adaptor protein-2 (AP2) complex, namely AP2A1, 

AP2A2, AP2B1, AP2M1 and AP2S1 (Figure 32, Figure 36A-E). Similarly, Abin2D310N 

and Tpl2D270A mutation decreased abundance of five accessory proteins of the AP2 

complex, including AGFG2, EPS15L1, ITSN2, ARRB2 and PICALM (Figure 32, 

Figure 36F-J). The AP2 complex positively regulates phagocytosis as well as 

clathrin-mediated endocytosis, thus suggesting that ABIN-2, and possibly TPL-2, 

may be involved in this trafficking pathway (Mettlen et al, 2018; Chen et al, 2013).  
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Figure 36 Tpl2D270A and Abin2D310N mutation reduce abundance of AP2 proteins on 
phagosomes 
Protein intensities of AP2 proteins and AP2 complex adaptor proteins from 
phagosomes purified from WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (n = 3). 
Data were analysed by Student’s t-test. Error bars represent SEM. * P < 0.05, ** P < 
0.01, *** P < 0.001, **** P < 0.0001, not significant (ns). 
 

To confirm that loss of TPL-2 catalytic activity and ABIN-2 ubiquitin binding reduce 

abundance of important phagosomal proteins, I isolated latex bead phagosomes 

from WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs and immunoblotted for RAB5 

and LAMP1. Both LAMP1 and RAB5 levels were significantly reduced in BMDMs 

from Tpl2D270A/D270A mice (Figure 37A), which was consistent with previous data from 

phagosome proteomics (Figure 37B). Abin2D310N mutation also resulted in decreased 

abundance of LAMP1 and RAB5 on isolated phagosomes, however, reduction was 

not as pronounced as in Tpl2D270A/D270A BMDMs (Figure 37A). While Abin2D310N 

mutation significantly reduced RAB5A levels in phagosome proteomes, its effect on 

LAMP1 abundance was not statistically significant (Figure 37B). 
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Figure 37 Tpl2D270A and Abin2D310N decrease LAMP1 and RAB5 protein levels on 
phagosomes 
(A) WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs were incubated with latex beads 
for 0.5 h. Latex bead phagosomes were purified from WT, Tpl2D270A/D270A and 
Abin2D310N/D310N BMDMs, lysed in sample buffer and protein concentration was 
determined. Phagosome isolates were boiled in sample buffer and subjected to SDS-
PAGE. Immunoblots of isolated phagosomes from WT, Tpl2D270A/D270A and 
Abin2D310N/D310N BMDMs were probed for RAB5, LAMP1 and vimentin (loading 
control). Phagosomal fractions of two biological replicates were pooled. One 
representative experiment out of two shown (n = 2). (B) Protein intensities of LAMP1 
and RAB5 from phagosome proteome analysis of WT, Tpl2D270A/D270A and 
Abin2D310N/D310N BMDMs (n = 3). Error bars represent SEM. * P < 0.05, *** P < 0.001, 
not significant (ns). 
 

4.2.7 Tpl2D270A and Abin2D310N mutation do not affect ubiquitin abundance on 
phagosomes  

Mass spectrometric analyses of phagosome proteomes revealed that Tpl2D270A and 

Abin2D310N mutation significantly downregulated TAB1 and TAB2 abundance on 

phagosomes (Figure 38A). Moreover, Tpl2D270A and Abin2D310N mutation significantly 

upregulated abundance of DUBs, namely AMSH and USP14 (Figure 38A). These 

observations suggested that TPL-2 kinase activity and ABIN-2 ubiquitin binding may 

alter the ubiquitin landscape on phagosomes. I therefore decided to quantify ubiquitin 

chain linkage composition of phagosomes isolated from WT, Tpl2D270A/D270A and 

Abin2D310N/D310N BMDMs using the Ub-AQUA-PRM assay, which was performed by 

Dr Tiaan Heunis from the Trost Laboratory (Newcastle University). The relative 

abundance of K48-, K63-, K29, and M1-linked ubiquitin remained unaltered by 

Tpl2D270A and Abin2D310N mutation (Figure 38B). Interestingly, K63-linked ubiquitin 

was significantly more abundant on phagosomes than M1-linked ubiquitin (Figure 

38B), suggesting that ABIN-2 may be recruited to phagosomes in a K63-linked 

ubiquitin-dependent manner.  
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Figure 38 Ubiquitin chain abundance on isolated phagosomes from Tpl2D270A/D270A 
and Abin2D310N/D310N BMDMs 
(A) Protein intensities of regulators of the ubiquitin system, including TAB2, TAB1, 
AMSH and USP14, which were detected on phagosomes purified from WT, 
Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (n = 3). (B) Latex bead phagosomes 
were isolated from BMDMs. The Ub-AQUA-PRM assay was used to screen ubiquitin 
chain linkage composition of isolated phagosomes from WT, Tpl2D270A/D270A and 
Abin2D310N/D310N BMDMs. BMDMs from three mice per genotype were separately 
generated, stimulated, analysed and results were pooled. Data were analysed by 
Student’s t-test. Error bars represent SEM. * P < 0.05, ** P < 0.01, *** P < 0.001, not 
significant (ns).  
 

4.2.8 Analysis of the TPL-2-dependent phosphoproteome during 
phagocytosis  

To further investigate the mechanism by which TPL-2 kinase activity regulated 

phagosome maturation, I characterised the phosphoproteome in Tpl2D270A/D270A and 

WT BMDMs 0.5 h after phagocytic uptake of uncoated latex beads and LPS-coated 

latex beads. TMT labelling and mass spectrometry were used to quantify differences 

in phospho-peptide abundance following induction of phagocytosis.  
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4.2.8.1 Characterisation of the TPL-2-regulated phosphoproteome following 
phagocytic uptake of latex beads 

BMDMs from five mice per genotype were separately generated and incubated with 

latex beads for 0.5 h to allow phagocytic uptake. Principal component analysis of 

phosphoproteomes from Tpl2D270A/D270A and WT BMDMs indicated that samples from 

the same genotype clustered together and that phosphoproteomes of the two 

genotypes were different (Figure 39A).  

 

 
Figure 39 TPL-2-dependent phosphoproteome following uptake of latex beads 
TPL-2-dependent phosphoproteome in BMDMs following phagocytosis of latex 
beads (0.5 h) was determined by TMT mass spectrometry. Five biological replicates 
were analysed per genotype, Tpl2D270A/D270A and WT (n = 5). (A) Principal component 
analysis (PCA) comparing the global phosphoproteome of all five biological 
replicates generated from WT and Tpl2D270A/D270A mice. (B-D) Volcano plots 
representing the significance (-log10 P values after Welch’s t-test) vs. phosphorylation 
fold change (Welch difference ratios) between WT and Tpl2D270A/D270A BMDMs. X-
axis grid line at log2 (fold change) of 1.5 and -1.5; Y-axis grid line at -log10 (adjusted 
P value) of 2, which corresponds to a P value of 0.01. (B) Selected phospho-sites in 
protein kinases of the MAPK cascade (Table 17) are highlighted in red. (C) Selected 
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phospho-sites in regulators of vesicle trafficking (Table 18) are highlighted in red. (D) 
Significantly downregulated DMXL1 phospho-sites (Table 19) are highlighted in red.  
 

The most highly downregulated phospho-site in Tpl2D270A/D270A BMDMs compared to 

WT BMDMs was S141 on TPL-2 itself (Figure 39B and Table 17). S141 on TPL-2 is 

a known autophosphorylation site, confirming the technical soundness of the data 

set (Stafford et al, 2006; Xu et al, 2018). Interestingly, phosphorylation of activating 

sites in several kinases involved in the MAP kinase cascade, including MEK3/MEK6, 

ERK1 and ERK2, remained unchanged in Tpl2D270A/D270A BMDMs relative to WT 

controls (Figure 39B and Table 17). This was consistent with immunoblots showing 

that latex beads do not activate MAP kinase signalling (data not shown).  

 
Table 17 Selected phospho-sites in MAP kinases and TPL-2 following bead uptake 
Tpl2D270A / WT fold changes of selected phospho-sites in protein kinases of the MAP 

kinase cascade were calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 

MEK3 (Map2k3), MEK6 (Map2k6) S218 0.4 

TPL-2 (Map3k8) S141 3.8 

ERK2 (Mapk1) Y185 -0.8 

ERK1 (Mapk3) T208 -0.8 

ERK1 (Mapk3) Y205 -0.6 

 

To gain insight into molecular mechanisms by which TPL-2 kinase activity regulated 

phagosome maturation, I clustered significantly regulated phospho-hits according to 

biological processes and identified seven phospho-sites, which were involved in 

vesicle trafficking (Figure 39C). More specifically, six phospho-sites were 

significantly downregulated in Tpl2D270A/D270A compared to WT BMDMs, while one site, 

S692 on USP8, was significantly upregulated in Tpl2D270A/D270A BMDMs compared to 

WT controls (Figure 39C and Table 18). Since my previous findings indicated that 

TPL-2 catalytic activity is required for stable levels of Rab GTPases on phagosomes, 

it was of particular interest that multiple phospho-sites in three GEF proteins, namely 

DENND4C (S987, S1620), RAB3IL1 (S195) and RABIN8 (S272), were significantly 

downregulated in Tpl2D270A/D270A BMDMs compared to WT controls (Figure 39C and 

Table 18) (Wang et al, 2015; Sano et al, 2011; Horgan et al, 2013). Several phospho-

sites in DENND4C, GBF1, RAB3IL1 and USP8 were not affected by Tpl2D270A 
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mutation, indicating that differences in phosphorylation were not resulting from 

defects in protein levels.  

 
Table 18 Selected phospho-sites in proteins implicated in vesicle trafficking 
following bead uptake 
Tpl2D270A / WT fold changes of selected phospho-sites in regulators of vesicle trafficking 

were calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 

DENND4C (Dennd4c) S987 2.4 

DENND4C (Dennd4c) S1620 1.4 

EVI5 (Evi5) S689 1.4 

GBF1 (Gbf1) S1290 1.6 

RAB3IL1 (Rab3il1) S195 1.4 

RABIN8 (Rab3ip) S272 1.2 

USP8 (Usp8) S692 -2 

 

Besides the S141 autophosphorylation site on TPL-2 itself, two of the next most 

downregulated phospho-sites were S1903 and S1904 on DmX-like protein 1 

(DMXL1) (Figure 39D). In addition, a third phosphorylation site on DMXL1, S1255, 

was found to be significantly downregulated in Tpl2D270A/D270A compared to WT 

BMDMs (Figure 39D). All three phospho-sites on DMXL1 were reduced over 

threefold by Tpl2D270A mutation (Table 19). Phosphorylation of DMXL1 on S434, 

S915, T1373 and S1900 was not altered by Tpl2D270A mutation indicating that TPL-2 

catalytic activity did not regulate endogenous DMXL1 protein levels (data not shown). 

 
Table 19 Significantly downregulated phospho-sites in DMXL1 following bead 
uptake 
Tpl2D270A / WT fold changes of three highly downregulated DMXL1 phospho-sites were 

calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 
DMXL1 (Dmxl1) S1903 3.4 

DMXL1 (Dmxl1) S1904 3.4 

DMXL1 (Dmxl1) S1255 3.2 
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A recent study showed that DMXL1, a WD40 repeat protein, interacts with the V-

ATPase complex and is required for acidification of endocytic vesicles (Merkulova et 

al, 2015). This observation was particularly interesting given the inhibitory effect of 

Tpl2D270A mutation on phagosomal acidification and raised the possibility that TPL-2 

may promote phagosome acidification by regulating phosphorylation of DMXL1. 

However, these observations did not indicate whether TPL-2 may directly 

phosphorylate DMXL1.  

 

4.2.8.2 Characterisation of the TPL-2-regulated phosphoproteome following 
phagocytic uptake of LPS-coated latex beads 

Uncoated latex beads are immunologically inert and have not been shown to activate 

receptors of the innate immune system. I have previously shown that phagosomal 

proteolysis and acidification were inhibited by Tpl2D270A mutation following 

phagocytic uptake of both uncoated and LPS-coated beads. Therefore, I set out to 

also characterise the TPL-2-dependent phosphoproteome in BMDMs following 

phagocytic uptake of LPS-coated beads. Similarly to the proteomic approach 

outlined above, BMDMs from five mice per genotype were differentiated and 

incubated with LPS-coated latex beads for 0.5 h. Principal component analysis 

illustrated that the phosphoproteome in Tpl2D270A/D270A BMDMs was significantly 

different from the phosphoproteome in WT BMDMs (Figure 40A). Moreover, relative 

percentage variance in both principal component analyses demonstrated that the 

phosphoproteome is more different between the two genotypes following uptake of 

LPS-coated, rather than uncoated, latex beads (Figure 39A and Figure 40A).  

Following LPS-coated bead uptake, Tpl2D270A mutation reduced TPL-2 

autophosphorylation on S141 by more than 5-fold (Table 20). Moreover, 

phosphorylation of several protein kinases of the MAP kinase cascade, including 

MEK1, MEK2, MEK3 and MEK6 was significantly decreased in Tpl2D270A/D270A 

BMDMs compared to WT controls (Table 20). Previous studies have shown that TPL-

2 drives ERK1/2 activation in macrophages (Gantke et al, 2012; Pattison et al, 2016), 

and thus these results consolidate the soundness of this proteomic data set. 
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Figure 40 TPL-2-dependent phosphoproteome following uptake of LPS-coated 
latex beads 
TPL-2-dependent phosphoproteome in BMDMs following phagocytosis of LPS-
coated latex beads (0.5 h) was determined by TMT mass spectrometry. Five 
biological replicates were analysed per genotype, Tpl2D270A/D270A and WT (n = 5). (A) 
Principal component analysis (PCA) comparing the global phosphoproteome of all 
five biological replicates generated from WT and Tpl2D270A/D270A mice. (B) Volcano 
plot representing the significance (-log10 P values after Welch’s t-test) vs. 
phosphorylation fold change (Welch difference ratios) between WT and 
Tpl2D270A/D270A BMDMs. X-axis grid line at log2 (fold change) of 1.5 and -1.5; Y-axis 
grid line at -log10 (adjusted P value) of 2, which corresponds to a P value of 0.01. 
Selected phospho-sites in protein kinases of the MAPK cascade (Table 20) are 
highlighted in red.  
 

Table 20 Selected phospho-sites in MAP kinases and TPL-2 following uptake of 
LPS-coated beads 
Tpl2D270A / WT fold changes of selected phospho-sites in protein kinases of the MAP 

kinase cascade were calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 

MEK1 (Map2k1), 

MEK2 (Map2k2) S222 4.8 

MEK3 (Map2k3), 

MEK6 (Map2k6) S218 4.4 

TPL-2 (Map3k8) S141 5.2 

ERK2 (Mapk1) Y185 5 

ERK1 (Mapk3) T208 4 

ERK1 (Mapk3) T199 3.2 

ERK1 (Mapk3) Y205 4 
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To further investigate the signalling pathways underlying TPL-2 regulation following 

phagocytic uptake of LPS-coated beads, a Metacore pathway analysis was 

performed for phospho-sites significantly regulated by Tpl2D270A mutation. As 

expected, several biological pathways involved in innate immune regulation, 

including negative feedback regulation of MAPK pathways, were upregulated in 

Tpl2D270A/D270A BMDMs compared to WT controls (Figure 41). In line with previous 

studies into the role of TPL-2 biology, numerous phospho-hits involved in TLR 

signalling cascades were downregulated in the absence of TPL-2 catalytic activity 

(Figure 41). Interestingly, Tpl2D270A mutation significantly downregulated vesicle-

mediated transport, membrane trafficking and mTOR signalling pathways (Figure 41). 

Since these biological pathways are implicated in the regulation of phagosome 

maturation, I decided to investigate these phospho-hits in more detail.  

 

 
Figure 41 Biological pathways regulated by Tpl2D270A mutation following uptake of 
LPS-coated beads 
Pathway enrichment using the Metacore database. 15 selected downregulated and 
upregulated pathways in Tpl2D270A/D270A BMDMs compared to WT BMDMs were 
plotted. -log10 of adjusted P values are shown. Red line represents P = 0.05, where 
pathways below the red line are statistically non-significant.  
 

A total of 21 phospho-sites in proteins that regulate vesicle trafficking were strongly 

regulated by Tpl2D270A mutation. While 19 phospho-sites were downregulated by 

Tpl2D270A mutation, phospho-sites in two GAP proteins (ARHGAP25 and 

ARHGAP39) were significantly upregulated in Tpl2D270A/D270A BMDMs compared to 

WT controls (Figure 42A and Table 21).  
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Figure 42 TPL-2-dependent phosphoproteome following uptake of LPS-coated 
latex beads 
TPL-2-dependent phosphoproteome in BMDMs following phagocytosis of LPS-
coated latex beads (0.5 h) was determined by TMT mass spectrometry. Five 
biological replicates were analysed per genotype, Tpl2D270A/D270A and WT (n = 5). 
Volcano plots representing the significance (-log10 P values after Welch’s t-test) vs. 
phosphorylation fold change (Welch difference ratios) between WT and 
Tpl2D270A/D270A BMDMs. X-axis grid line at log2 (fold change) of 1.5 and -1.5; Y-axis 
grid line at -log10 (adjusted P value) of 2, which corresponds to a P value of 0.01. (A) 
Selected phospho-sites in regulators of vesicle trafficking (Table 21) are highlighted 
in red. (B) Significantly downregulated DMXL1 phospho-sites (Table 22) are 
highlighted in red. (C) Selected phospho-sites in regulators of AKT-mTOR signalling 
(Table 23) are highlighted in red.  
 

Selected phospho-sites in vesicle trafficking proteins were downregulated by more 

than 3-fold in Tpl2D270A/D270A BMDMs. Phospho-hits of particular interest included 

MRCKB (S970), a protein kinase regulating cytoskeletal reorganisation (Unbekandt 

& Olson, 2014), and multiple phospho-sites in FAM21 (S866, S873, S867), a core 

component of the WASH complex, which activates the Arp2/3 complex that mediates 

phagosome formation (Ryder et al, 2013) (Table 21). Moreover, Tpl2D270A mutation 

reduced phosphorylation of ARHGEF7 (S516), a GEF protein for a number of 

GTPases, including LRRK2 and RAC1 (Haebig et al, 2010) (Table 21). In addition, 

RAB11FIP5 phosphorylation on S1212 and S1214 was reduced in the absence of 

TPL-2 catalytic activity. RAB11FIP5 is a RAB11 effector that mediates cargo 

transport via recycling endosomes to phagosomes (Eaton & Martin-Belmonte, 2014; 

Boulais et al, 2010). Interestingly, Tpl2D270A mutation reduced phosphorylation of 

CCT2 and OXR1 on S260 and S194, respectively (Table 21). Both CCT2 and OXR1 

have been shown to interact with the V-ATPase complex (Merkulova et al, 2015).  
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Table 21 Selected phospho-sites in proteins implicated in vesicle trafficking 
following uptake of LPS-coated beads 
Tpl2D270A / WT fold changes of selected phospho-sites in regulators of vesicle trafficking 

were calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 
HRBL (Agfg2) S160 3.8 

ARHGAP25 (Arhgap25) T441 -3.2 

ARHGAP39 (Arhgap39) S301 -3.2 

ARHGEF7 (Arhgef7) S516 3.4 

CCT2 (Cct2) S260 4 

MRCKB (Cdc42bpb) S970 4.8 

FAM21 (Fam21) S866 6.4 

FAM21 (Fam21) S873 5.2 

FAM21 (Fam21) S867 6.6 

ESE1 (Itsn1) S932 3.8 

MACF1 (Macf1) S1378 4.4 

OXR1 (Oxr1) S194 4 

RAB11FIP5 

(Rab11fip5) S1212 4.6 

RAB11FIP5 

(Rab11fip5) S1214 4.2 

RAB3GAP (Rab3gap1) S538 3.6 

RAB3GAP (Rab3gap1) S536 3.4 

RANBP2 (Ranbp2) T2341 5.4 

SNAP23 (Snap23) T123 4.2 

TOM1 (Tom1) S160 3.8 

TRAPPC12 (Trappc12) S114 4.6 

WDFY4 (Wdfy4) S3088 3.8 

 

As previously outlined, two of the most downregulated phospho-sites following 

phagocytic uptake of latex beads were S1903 and S1904 on DMXL1. Following 

uptake of LPS-coated beads, Tpl2D270A mutation also reduced both S1903 and 

S1904 phosphorylation on DMXL1 by 2.6-fold compared to WT controls (Figure 42B 

and Table 22). Phosphorylation of DMXL1 on S915, S916, S1283, S572 and S1896 

were unaffected by Tpl2D270A mutation, indicating that TPL-2 did also not regulate 

DMXL1 protein levels following uptake of LPS-coated beads (data not shown).  
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Table 22 Significantly downregulated phospho-sites in DMXL1 following uptake of 
LPS-coated beads 
Tpl2D270A / WT fold changes of two highly downregulated DMXL1 phospho-sites were 

calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 
DMXL1 (Dmxl1) S1903 2.6 

DMXL1 (Dmxl1) S1904 2.6 

 

Next, I analysed the TPL-2-regulated phospho-hits implicated in mTOR/AKT 

signalling, since the mTOR/AKT signalling pathway was the second most 

downregulated biological pathway in Tpl2D270A/D270A BMDMs. Among the 17 

significantly regulated phospho-sites, 16 sites were downregulated, and one 

phospho-site was upregulated in Tpl2D270A/D270A BMDMs compared to WT controls 

(Figure 42C and Table 23). Strikingly, phosphorylation of T964 in SHIP-1, a 

phosphatase that negatively regulates AKT signalling, was upregulated by Tpl2D270A 

mutation by more than 6-fold (Table 23) (Edimo et al, 2012). Interestingly, 

phosphorylation of five sites in eukaryotic initiation factors (EIFs), namely EIF2B 

(S522), EIF3B (S123) and EIF4B (S16, T18, T27), were reduced in Tpl2D270A/D270A 

BMDMs by more than 4-fold (Table 23). Activation of EIFs via the mTOR/AKT 

signalling axis is critical for initiation of eukaryotic translation (Holz et al, 2005; Roux 

& Topisirovic, 2018). In addition, loss of TPL-2 catalytic activity led to decreased 

phosphorylation of tuberous sclerosis proteins (TSC) 1 and 2 on S1035 and S1805, 

respectively (Table 23). The heterodimeric TSC1/2 complex regulates mTORC1 

activity (Huang & Manning, 2008). Tpl2D270A mutation also reduced phosphorylation 

of RSK2 (RPS6KA3) on T577 by almost 6-fold, a site that was previously shown to 

be phosphorylated by MAP kinases following LPS stimulation (Zaru et al, 2015) 

(Table 23). Notably, only BRAF (S134), FOS (S362), GAB2 (T315), ITPKB (T32), 

ERK1 (T208) and ERK2 (Y185) were significantly downregulated by Tpl2D270A 

mutation following stimulation with soluble LPS (Pattison et al, 2016), indicating that 

the majority of phospho-sites on regulators of AKT-mTOR signalling were only 

regulated by TPL-2 catalytic activity in response to uptake of LPS-coated beads. 
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Table 23 Significantly regulated phospho-sites in proteins of the mTOR signalling 
pathway following uptake of LPS-coated beads 
Tpl2D270A / WT fold changes of selected phospho-sites in regulators of AKT-mTOR 

signalling were calculated from Welch difference ratios.  
Protein (Gene) Site Fold change 

BRAF (Braf) S134 2.6 

EIF2B (Eif2b) S522 4 

EIF3B (Eif3b) S123 4.6 

EIF4B (Eif4b) T18 6.2 

EIF4B (Eif4b) S16 5.8 

EIF4B (Eif4b) T27 5.6 

FOS (Fos) S362 4.6 

GAB2 (Gab2) T315 3.4 

SHIP-1 (Inpp5d) T964 -6.4 

ITPKB (Itpkb) T32 5 

KLC1 (Klc1) S513 2.6 

ERK2 (Mapk1) Y185 5 

ERK1 (Mapk3) T208 4 

RPS6KA3 (Rps6ka3) T577 5.8 

TSC1 (Tsc1) S1035 2.6 

TSC2 (Tsc2) S1805 3 

ULK1 (Ulk1) S622 2.6 

 

4.2.9 TPL-2 promotes phosphorylation of DMXL1 following phagocytosis  

Following phagocytic uptake of beads, S1903 and S1904 on DMXL1 were among 

the three most highly downregulated phospho-sites in Tpl2D270A/D270A BMDMs 

compared to WT controls. Moreover, these two phosphorylation sites were also 

strongly downregulated by Tpl2D270A mutation following phagocytic uptake of LPS-

coated beads. Since DMXL1 is a component of the V-ATPase complex, which is 

critical for acidification of endosomes, I investigated whether TPL-2 inducibly 

regulated the phosphorylation of DMXL1 following phagocytic uptake of beads 

(Merkulova et al, 2015). A phospho-S1903 DMXL1-peptide antibody was generated 

and I used immunoblotting to validate the proteomic results. Phagocytic uptake of 

uncoated latex beads and LPS-coated latex beads by WT BMDMs induced the 

phosphorylation of DMXL1 on S1903 (Figure 43). Importantly, phosphorylation of 
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DMXL1 on S1903 was blocked in Tpl2D270A/D270A BMDMs following uptake of latex 

beads (Figure 43A). In addition, phosphorylation of DMXL1 on S1903 was reduced 

by Tpl2D270A mutation following uptake of LPS-coated latex beads (Figure 43B). 

 

 
Figure 43 TPL-2 catalytic activity promotes DMXL1 phosphorylation on S1903 
upon phagocytosis 
WT and Tpl2D270A/D270A BMDMs were incubated with (A) latex beads (1:50) or (B) 
LPS-coated latex beads (1:300) for 0.5 h. Cell extracts were immunoblotted for 
phospho-DMXL1 (S1903) and HSP90. Immunoblot analysis of cell extracts from 
BMDMs stimulated with LPS-coated beads representative of two independent 
experiments (n = 2). US, unstimulated; beads, uncoated latex beads, LPS-beads, 
LPS-coated latex beads, p, phospho. 
 

Since DMXL1 is a V-ATPase regulatory protein, these findings raised the possibility 

that TPL-2 may induce phagosome maturation by promoting phosphorylation of 

DMXL1 on S1903. Previous studies have investigated the role of DMXL1 in vesicle 

acidification in a kidney cell line using siRNA-mediated knockdown (Merkulova et al, 

2015). I used immortalised BMDMs from WT mice to investigate whether DMXL1 

induces phagosome maturation, and in particular phagosome acidification, in 

macrophages. 

Prior to investigating DMXL1 function, I initially determined whether TPL-2 catalytic 

activity was required for phagosome maturation in iBMDMs similar to primary 

BMDMs. Pre-treatment of iBMDMs with C34 TPL-2 inhibitor significantly impaired 

phagosomal proteolysis (Figure 44A). In addition, pre-treatment of iBMDMs with C34 

also significantly reduced phagosomal acidification (Figure 44B). Similar to primary 

BMDMs, C34 pre-treatment of iBMDMs abrogated ERK1/2 phosphorylation on 

T202/Y204 upon TLR4 activation (Figure 44C), indicating potent TPL-2 inhibition. 

These results indicated that TPL-2 catalytic activity induced phagosome maturation 

in immortalised macrophages similar to effects observed in primary BMDMs.  
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Figure 44 TPL-2 catalytic activity induces phagosome maturation in iBMDMs 
(A) Intra-phagosomal proteolysis of DQ Green BSA / AF594 latex beads in iBMDMs 
pre-treated with 10 μM C34 TPL-2 inhibitor for 1 h (n = 4). iBMDMs were pre-treated 
with 100 μg/ml leupeptin for 1 h to inhibit serine-cysteine proteases. (B). Intra-
phagosomal acidification of BCECF-coupled latex beads in iBMDMs pre-treated with 
10 μM C34 TPL-2 inhibitor for 1 h (n = 4). (A-B) iBMDMs were separately pre-treated 
with DMSO (vehicle control). Shaded areas represent SEM. **** P < 0.0001. Paired 
Mann-Whitney t-test; All differences relative to WT are ****. (C) iBMDMs were pre-
treated with 10 μM C34 TPL-2 inhibitor for 1 h and stimulated with LPS-coated latex 
beads (1:300) for 0.5h. Cell extracts were immunoblotted for p-ERK1/2 and HSP90. 
iBMDMs were separately pre-treated with DMSO (vehicle control). RFU, relative 
fluorescence units; US, unstimulated; UT, untreated.  
 
 
To investigate whether DMXL1 was required to promote phagosome maturation in 

iBMDMs, I knocked down Dmxl1 mRNA using Dmxl1 siRNA oligonucleotides. Dmxl1 

mRNA levels were reduced by over 90% following transfection of Dmxl1 siRNA 

(Figure 45C). Phagosome proteolysis was monitored using DQ Green BSA latex 

beads. DMXL1 knockdown significantly reduced phagosome proteolysis compared 

to untransfected WT iBMDMs, and WT iBMDMs that were transfected with a non-

targeting siRNA pool (Figure 45A). Furthermore, following uptake of BCECF latex 

beads, phagosome acidification was significantly decreased compared to iBMDMs 

transfected with a non-targeting siRNA pool (Figure 45B). These findings that 

DMXL1 promoted phagosomal proteolysis were in line with previous studies 

suggesting that V-ATPase-mediated phagosomal acidification is involved in 

promoting phagosomal proteolysis (Kinchen & Ravichandran, 2008; Lennon-

Duménil et al, 2002). DMXL2, a DMXL1 homologue, has previously been implicated 

in endosome maturation by associating with V-ATPases (Tuttle et al, 2014). I 

therefore tested whether DMXL2, similarly to DMXL1, induces phagosome 

maturation in macrophages. However, DMXL2 depletion by over 90% (Figure 45F) 

did not impair phagosomal proteolysis (Figure 45D) or phagosomal acidification 
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(Figure 45E), suggesting that DMXL2 does not regulate phagosome maturation in 

macrophages. Importantly, targeting Dmxl1 or Dmxl2 mRNA for degradation did not 

downregulate mRNA levels of Dmxl2 or Dmxl1, respectively (Figure 45C and F). 

 

 
Figure 45 Knockdown of Dmxl1, but not Dmxl2, impairs phagosome maturation in 
iBMDMs 
Dmxl1 (A-C) and Dmxl2 (D-F) were knocked down in WT iBMDMs by RNA 
interference using a SMARTpool ON-TARGETplus siRNA (50 nM) for 48 h. 
Transfection of iBMDMs with ON-TARGETplus non-targeting pool (50 nM) for 48 h 
functioned as siRNA control. (A) Intra-phagosomal proteolysis in DMXL1 knockdown 
iBMDMs was assayed following uptake of DQ Green BSA / AF594 silica beads (n = 
4). (B) Intra-phagosomal acidification in DMXL1 knockdown iBMDMs was monitored 
following uptake of BCECF-coupled silica beads. Untransfected iBMDMs were pre-
treated with 1 μM bafilomycin A1 for 15 min to inhibit V-ATPases (n = 4). (C) qRT-
PCR analysis of RNA extracted from iBMDMs was used to check the efficiency of 
Dmxl1 knockdown (A-B). Dmxl1 mRNA levels were normalised to Hprt mRNA levels 
and fold changes calculated (ΔCt values) (n = 4). (D) Intra-phagosomal proteolysis 
in DMXL2 knockdown iBMDMs was assayed following uptake of DQ Green BSA / 
AF594 silica beads (n = 4). (E) Intra-phagosomal acidification in DMXL2 knockdown 
iBMDMs was monitored following uptake of BCECF-coupled silica beads. (F) qRT-
PCR analysis of RNA extracted from iBMDMs was used to check the efficiency of 
Dmxl2 knockdown (D-E). Dmxl2 mRNA levels were normalised to Hprt mRNA levels 
and fold changes calculated (ΔCt values) (n = 4). Error bars and shaded areas 
represent SEM. **** P < 0.0001. (A, B, D, E) Paired Mann-Whitney t-test; All 
differences relative to WT are ****. RFU, relative fluorescence units; UT, 
untransfected; NT, non-targeting siRNA pool.  
 
To investigate whether TPL-2 regulation of DMXL1 phosphorylation controls 

phagosome maturation, I transfected DMXL1-deficient iBMDMs with an expression 
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plasmid encoding a 274 amino acid DMXL1 fragment (DMXL1 [1773-2047]), which 

contained the two previously identified TPL-2-regulated phosphorylation sites, 

S1903 and S1904. Strikingly, expression of 3xFLAG-DMXL1WT[1773-2047] 

significantly rescued impaired phagosomal proteolysis (Figure 46A) and phagosomal 

acidification (Figure 46B), which was reduced by DMXL1 knockdown (Figure 46A 

and B). Importantly, expression of 3xFLAG-DMXL1SSAA[1773-2047], in which serines 

1903 and 1904 were replaced with alanines, did not rescue phagosomal proteolysis 

or acidification (Figure 46A and B). Knockdown of full-length Dmxl1 was more than 

90% efficient in all three conditions, regardless of co-transfection with 3xFLAG 

expression plasmids (Figure 46C). In addition, I confirmed by immunoblotting that 

expression levels of 3xFLAG-DMXL1WT[1773-2047] and 3xFLAG-DMXL1SSAA[1773-

2047] were similar (Figure 46D). Overall, these findings indicated that TPL-2 induced 

phagosome maturation, in particular phagosome acidification, in macrophages by 

mediating the phosphorylation of the V-ATPase binding protein DMXL1 on 

S1903/S1904.  

 

 
Figure 46 Phosphorylation of DMXL1 on S1903/S1904 regulates phagosome 
maturation 

Simultaneous with siRNA-mediated Dmxl1 knockdown, iBMDMs were co-
transfected with plasmids expressing either 3xFLAG-DMXL1WT[1773-2047] or 
3xFLAG-DMXL1SSAA[1773-2047]. (A) Intra-phagosomal proteolysis in DMXL1 
knockdown iBMDMs was assayed following uptake of DQ Green BSA / AF594 silica 
beads (n = 4). (B) Intra-phagosomal acidification in DMXL1 knockdown iBMDMs was 
monitored following uptake of BCECF-coupled silica beads (n = 4). (C) qRT-PCR 
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analysis of RNA extracted from iBMDMs was used to check the efficiency of Dmxl1 
knockdown in cells expressing either 3xFLAG-DMXL1WT[1773-2047] or 3xFLAG-
DMXL1SSAA[1773-2047] (n = 4). Dmxl1 mRNA levels were normalised to Hprt mRNA 
levels and fold changes calculated (ΔCt values). (D) Expression levels of 3xFLAG-
DMXL1 were analysed by immunoblotting. Following 48 h Dmxl1 knockdown and co-
transfection of plasmids, iBMDMs were lysed and cell extracts were probed with an 
antibody recognising the 3xFLAG-tag. Error bars and shaded areas represent SEM. 
**** P < 0.0001, not significant (ns). Panels (A,B) Paired Mann-Whitney t-test. All 
differences relative to WT are ****. RFU, relative fluorescence units; UT, 
untransfected; NT, non-targeting siRNA pool; SSAA, S1903A/S1904A.  
 

4.2.10 TPL-2 promotes AKT signalling following phagocytosis 

I previously showed using TMT phosphoproteomics that Tpl2D270A mutation reduced 

phosphorylation of several proteins in the AKT signalling pathway. The importance 

of the PI3K-AKT signalling axis in regulating phagosome maturation has been 

extensively studied by others (Thi & Reiner, 2012). Moreover, previous studies 

showed that in LPS-stimulated BMDMs from TPL-2 knockout mice, phosphorylation 

of multiple signalling proteins in the AKT pathway, including AKT itself, p70S6K, S6 

and 4EBP1, was reduced compared to WT controls (López-Peláez et al, 2011; 

López-Pelaéz et al, 2012). I therefore investigated whether TPL-2 promoted 

phagosome maturation by activating PI3K-AKT signalling following phagocytic 

uptake of latex beads.  

 

First, I intended to confirm the TPL-2-dependent activation of AKT following LPS 

stimulation. I stimulated Tpl2D270A/D270A BMDMs and WT BMDMs with soluble LPS, 

however, neither mTOR complex 2 (mTORC2)-mediated S473 nor phosphatidyl-

inositide-dependent kinase 1 (PDK1)-mediated T308 phosphorylation on AKT were 

regulated by Tpl2D270A mutation (Figure 47A). As expected, Tpl2D270A mutation 

abrogated ERK1/2 phosphorylation on T202/Y204 following LPS stimulation (Figure 

47A). 

 

Next, I investigated whether TPL-2 catalytic activity regulated AKT signalling 

following phagocytic uptake of LPS-coated latex beads. In contrast to soluble LPS 

that predominately signals from the plasma membrane, LPS-coated beads are more 

efficiently phagocytised and potently activate endosomal signalling (Zanoni et al, 

2011). Interestingly, AKT phosphorylation at S473 and T308 was strongly reduced 
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in Tpl2D270A/D270A BMDMs compared to WT controls following phagocytic uptake of 

LPS-coated beads (Figure 47B). In addition, phosphorylation of p70S6K at T389 and 

S6 at S240/S244 was decreased by Tpl2D270A mutation (Figure 47B). Moreover, 

phosphorylation of the AKT downstream target 4EBP1 at T37/T46 was reduced in 

Tpl2D270A/D270A BMDMs following phagocytosis of LPS-coated beads (Figure 47B). 

While p38a phosphorylation at T180/Y182 remained unaffected, ERK1/2 

phosphorylation at T202/Y204 was dramatically reduced in Tpl2D270A/D270A BMDMs 

(Figure 47B). 

 

 
Figure 47 Tpl2D270A mutation impairs AKT signalling following uptake of LPS-
coated latex beads 

BMDMs from WT and Tpl2D270A/D270A mice were stimulated with (A) LPS (100 ng/ml) 
and (B) LPS-coated latex beads (1:300) for the times indicated and cell extracts were 
immunoblotted with the antibodies indicated. p, phospho.  
 
As TPL-2 catalytic activity promoted AKT activation following uptake of LPS-coated 

latex beads, I subsequently tested whether AKT signalling was reduced by 

Abin2D310N mutation. Phosphorylation of AKT at S473, p70S6K at T389, and S6 at 

S240/S244 was comparable to WT controls following phagocytic uptake of LPS-

coated latex beads (Figure 48).  
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Figure 48 Abin2D310N mutation does not regulate AKT signalling following uptake 
of LPS-coated latex beads 
BMDMs from WT and Abin2D310N/D310N mice were stimulated with LPS-coated latex 
beads (1:300) for the times indicated and cell extracts were immunoblotted with the 
antibodies indicated. p, phospho.  
 
Overall, my findings suggested that TPL-2 catalytic activity promotes AKT activation 

following phagocytic uptake of LPS-coupled latex beads, but not following stimulation 

with soluble LPS. Since TPL-2 induced phagosome maturation not only following 

uptake of LPS-coated beads, but also upon phagocytosis of uncoated beads, I 

decided to incubate BMDMs with uncoated latex beads and monitored AKT 

activation by immunoblotting. Phagocytic uptake of latex beads by BMDMs induced 

a subtle, but consistent increase in phosphorylation of p70S6K at T389, AKT at S473, 

and S6 at S240/S244 (Figure 49A). It is important to note that AKT signalling was 

more strongly activated upon phagocytic uptake of LPS-coated beads than following 

uptake of uncoated latex beads (Figure 47C and Figure 49A). Interestingly, 

phosphorylation of AKT at S473 as well as downstream phosphorylation of p70S6K 

and S6 was reduced in Tpl2D270A/D270A BMDMs compared to WT controls upon uptake 

of latex beads (Figure 49B-D). These findings indicated that, despite weak induction 

of AKT signalling, TPL-2 catalytic activity promoted AKT activation following uptake 

of uncoated latex beads.  

 



Chapter 4. Results 

 

183 

 

 
Figure 49 Tpl2D270A mutation reduces AKT activation following phagocytic uptake 
of latex beads 
(A) BMDMs from WT and Tpl2D270A/D270A mice were stimulated with latex beads (1:50) 
for the times indicated and cell extracts were immunoblotted with the antibodies 
indicated. Phosphorylation of (B) p70S6K at T389, (C) AKT at S473, and (D) S6 at 
S240/244 was quantified from three independent experiments and ratios between 
Tpl2D270A/D270A BMDMs and WT BMDMs were plotted (n = 3). An unpaired two-tailed 
t-test was carried out, with ** P < 0.01, not significant (ns). p, phospho.  
 

4.2.11 AKT signalling induces phagosome maturation 

Having established that TPL-2 mediates AKT activation following latex bead uptake, 

I investigated whether AKT signalling induces phagosome maturation in primary 

macrophages. Here, I pre-treated BMDMs with the AKT inhibitor Akti-1/2 and 

subsequently monitored phagosomal proteolysis and acidification using silica beads 

coupled to the fluorescent substrate DQ Green BSA and the pH sensor BCECF, 

respectively. Real-time measurements demonstrated that phagosomal proteolysis 

was significantly reduced in WT BMDMs that were pre-treated with Akti-1/2 (Figure 

50A). As expected, Tpl2D270A mutation significantly decreased phagosomal 

proteolysis, but interestingly AKT inhibition by Akti-1/2 impaired proteolysis more 

strongly than Tpl2D270A mutation (Figure 50A). Moreover, real-time measurements 

demonstrated that phagosomal acidification was significantly blocked in Akti-1/2-

treated WT BMDMs (Figure 50B). The inhibitory effect of AKT blockage on 

phagosomal acidification was more pronounced than the defect caused by Tpl2D270A 



Chapter 4. Results 

 

184 

 

mutation (Figure 50B). Strikingly, Akti-1/2 pre-treatment abrogated phagosomal 

acidification similar to bafilomycin A1 pre-treatment (Figure 50B). Immunoblotting 

confirmed that Akti-1/2 pre-treatment potently inhibited AKT activation, indicated by 

a strong reduction in phosphorylation of p70S6K (T389), AKT itself (S473), and S6 

(S240/S244) in BMDMs following stimulation with LPS-coated latex beads (Figure 

50C). 

 

 
Figure 50 AKT inhibition by Akti-1/2 impairs phagosomal proteolysis and 
acidification 
BMDMs were pre-treated with 10 μM Akti-1/2 for 1 h to inhibit AKT. BMDMs were 
separately pre-treated with DMSO (vehicle control). (A) Intra-phagosomal 
proteolysis in WT, Akti-1/2-treated BMDMs and Tpl2D270A/D270A BMDMs was 
monitored. BMDMs were pre-treated with 100 μg/ml leupeptin for 1 h to inhibit serine-
cysteine proteases (n = 4). (B) Intra-phagosomal acidification in WT, Akti-1/2-treated 
BMDMs and Tpl2D270A/D270A BMDMs was monitored. BMDMs were pre-treated with 1 
μM bafilomycin A1 for 15 min to inhibit V-ATPases (n = 4). (C) BMDMs were pre-
treated with Akti-1/2 and stimulated with LPS-coated latex beads (1:300) for 0.5 h. 
Cell extracts were immunoblotted with the antibodies indicated. BMDMs were also 
pre-treated with 0.1 μM PD0325901 for 10 min to inhibit MEK1. Shaded areas 
represent SEM. **** P < 0.0001, not significant (ns). Paired Mann-Whitney t-test; All 
differences relative to WT are ****. p, phospho; RFU, relative fluorescence units. 
 

To pharmacologically confirm the importance of AKT signalling in driving phagosome 

maturation, I pre-treated BMDMs with AZD8055, an mTOR inhibitor that potently 

blocks mTORC1 and also mTORC2 upstream of AKT. Similarly to my previous 
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findings with Akti-1/2, AZD8055 pre-treatment significantly reduced phagosomal 

proteolysis (Figure 51A) and phagosomal acidification (Figure 51B) compared to 

vehicle-treated WT BMDMs. I confirmed the inhibitory effect of AZD8055 on AKT 

signalling by immunoblotting, which showed that AZD8055 strongly reduced 

phosphorylation of p70S6K (T389), AKT itself (S473), S6 (S240/S244), and 4EBP1 

(T37/46) in BMDMs following stimulation with LPS-coated latex beads (Figure 51C). 

As previously shown, Tpl2D270A mutation impaired AKT signalling following uptake of 

LPS-coated latex beads (Figure 51C).  

 

 
Figure 51 mTOR inhibition by AZD8055 impairs phagosomal proteolysis and 
acidification 
BMDMs were pre-treated with 1 μM AZD8055 for 1 h to inhibit mTOR. BMDMs were 
separately pre-treated with DMSO (vehicle control). (A) Intra-phagosomal 
proteolysis in WT, AZD8055-treated BMDMs and Tpl2D270A/D270A BMDMs was 
monitored (n = 4). (B) Intra-phagosomal acidification in WT, AZD8055-treated 
BMDMs and Tpl2D270A/D270A BMDMs was monitored. BMDMs were pre-treated with 1 
μM bafilomycin A1 for 15 min to inhibit V-ATPases (n = 4). (C) Tpl2D270A/D270A and 
AZD8055-treated WT BMDMs were stimulated with LPS-coated latex beads (1:300) 
for 0.5 h. Cell extracts were immunoblotted with the antibodies indicated. Shaded 
areas represent SEM. **** P < 0.0001, not significant (ns). Paired Mann-Whitney t-
test; All differences relative to WT are ****. p, phospho; RFU, relative fluorescence 
units. 
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Next, I used RNA interference to deplete AKT in immortalised macrophages. 

Depletion of Akt mRNA significantly reduced phagosomal proteolysis compared to 

iBMDMs transfected with a non-targeting siRNA pool (Figure 52A). Furthermore, 

AKT knockdown abrogated phagosomal acidification (Figure 52B). Western blotting 

confirmed that siRNA-mediated knockdown of Akt mRNA almost fully depleted 

endogenous AKT levels (Figure 52C). These findings, together with studies using 

AKT inhibitors, showed that AKT was required for promoting phagosome proteolysis 

and acidification in macrophages. This was consistent with previous studies 

indicating that PI3K-dependent activation of AKT promotes phagosomal acidification 

(Rupper et al, 2001; Marjuki et al, 2011; Liberman et al, 2014). Taken together, these 

findings indicated that pharmacological inhibition and depletion of AKT phenocopies 

loss of TPL-2 catalytic activity following phagocytic uptake of beads.  

 

 
Figure 52 AKT knockdown impairs phagosome maturation in iBMDMs 
Akt was knocked down in WT iBMDMs by RNA interference using a SMARTpool ON-
TARGETplus siRNA (50 nM) for 48 h. Transfection of iBMDMs with ON-TARGETplus 
non-targeting pool (50 nM) for 48 h functioned as siRNA control. (A) Intra-
phagosomal proteolysis in AKT knockdown iBMDMs was assayed following uptake 
of DQ Green BSA / AF594 silica beads (n = 4). (B) Intra-phagosomal acidification in 
AKT knockdown iBMDMs was monitored following uptake of BCECF-coupled silica 
beads (n = 4). (C) Cell extracts from untransfected and Akt siRNA-transfected 
iBMDMs were immunoblotted for AKT to confirm AKT knockdown. Shaded areas 
represent SEM. **** P < 0.0001. Paired Mann-Whitney t-test; All differences relative 
to WT are ****. RFU, relative fluorescence units; UT, untransfected; NT, non-
targeting siRNA pool.  
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4.2.12 TPL-2-dependent transcriptome following phagocytic uptake of LPS-
coated latex beads 

The regulation of gene expression by TPL-2 following LPS stimulation of 

macrophages has been extensively studied in previous studies (Bandow et al, 2012; 

Eliopoulos et al, 2002) and more recently by the Ley laboratory (unpublished 

findings). My findings here suggested that TPL-2-mediated signalling pathways in 

response to LPS stimulation and phagocytic uptake of LPS-coated latex beads were 

different. I therefore characterised the transcriptome in Tpl2D270A/D270A BMDMs 

following stimulation with LPS-coated latex beads. Principal component analysis 

indicated that upon phagocytic uptake of LPS-coated beads, the global transcriptome 

of WT and Tpl2D270A/D270A BMDMs was significantly different (Figure 53A). In addition, 

volcano plots illustrated that as time proceeded, LPS-coated beads had an 

increasingly significant impact on the transcriptomic differences between WT and 

Tpl2D270A/D270A BMDMs (Figure 53B-E). Interestingly, volcano plots also suggested 

that the number of genes significantly downregulated by Tpl2D270A was greater than 

the number of significantly upregulated genes compared to WT controls (Figure 53B-

E).  
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Figure 53 TPL-2-dependent transcriptome following phagocytic uptake of LPS-
coated latex beads 
BMDMs from WT and Tpl2D270A/D270A mice were stimulated with LPS-coated latex 
beads (1:300) for the times indicated. Four biological replicates were included per 
genotype. Following BMDM lysis, RNA was extracted and purified. Libraries were 
generated and samples were sequenced. (A) Principal component analysis (PCA) 
comparing RNA sequencing samples. (B-E) The log2 (fold change) and -log10 
(adjusted P value) was plotted for each gene that was identified by RNA sequencing. 
Genes significantly upregulated (P < 0.05) by Tpl2D270A mutation are highlighted in 
red, genes significantly downregulated (P < 0.05) by Tpl2D270A mutation are 
highlighted in blue. Not statistically significant genes are shown in grey. PC, principal 
component.  
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The most strongly upregulated processes in Tpl2D270A/D270A BMDMs following uptake 

of LPS-coated beads were linked to interferon signalling (Figure 54A). In contrast, 

processes downregulated by Tpl2D270A mutation included cytoskeletal regulation, NF-

kB signalling as well as MAPK and JAK/STAT signalling (Figure 54B).  

 

 
Figure 54 Selected up- and downregulated processes in the TPL-2-dependent 
transcriptome following uptake of LPS-coated beads 
Process enrichment using the Metacore database on transcriptomic changes 
following incubation of BMDMs with LPS-coated latex beads for 1h. 15 selected (A) 
upregulated and (B) downregulated processes in Tpl2D270A/D270A BMDMs compared 
to WT BMDMs were plotted. -log10 of adjusted P values are shown. Red line 
represents P = 0.05, where processes below the red line are statistically non-
significant.  
 

It has previously been established that TPL-2 negatively regulates IFNb production 

in macrophages (Kaiser et al, 2009). Upon stimulation of BMDMs with soluble LPS, 

Tpl2D270A mutation strongly increased Ifnb1 expression (Figure 55F), but expression 

of other type I interferons remained unchanged (Dr Michael Pattison and Dr Louise 

Blair, unpublished results) (Figure 55A-E). Since interferon signalling was strongly 

upregulated in Tpl2D270A/D270A BMDMs following uptake of LPS-coated beads, I further 

investigated expression levels of type I interferons. Relative expression values from 

RNA sequencing demonstrated that Tpl2D270A mutation significantly increased 

expression of several Ifna genes, including Ifna1 (Figure 55G), Ifna2 (Figure 55H), 

Ifna4 (Figure 55I), Ifna5 (Figure 55J), and Ifna6 (Figure 55K). As expected, Tpl2D270A 

mutation significantly increased Ifnb1 expression (Figure 55L).  
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Figure 55 Relative expression of type I interferon genes in WT and Tpl2D270A/D270A 
BMDMs following LPS stimulation and uptake of LPS-coated beads 
Relative expression values of selected type I interferon genes following (A-F) LPS 
stimulation and (G-L) uptake of LPS-coated latex beads. (A-F) Relative expression 
values originate from an RNA sequencing experiment that was carried out by Dr 
Michael Pattison. BMDMs from WT and Tpl2D270A/D270A mice were stimulated with 
soluble LPS (100 ng/ml) for the times indicated. (G-L) Relative expression values 
from RNA sequencing (data from Figure 53). Relative expression values were 
calculated from normalised RNA sequencing data (n = 3-6). Data were analysed by 
a two-way ANOVA. Error bars represent SEM. * P < 0.05, **** P < 0.0001.  
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To confirm expression changes in Tpl2D270A/D270A BMDMs, I incubated BMDMs with 

LPS-coated beads and analysed purified RNA using qRT-PCR. Tpl2D270A mutation 

significantly downregulated expression of numerous inflammatory mediators, 

including Cxcl2 (Figure 56A), Tnf (Figure 56B), Il1b (Figure 56C) and Il6 (Figure 56D), 

which coincided with previous observations of TPL-2 promoting gene expression of 

pro-inflammatory genes following LPS stimulation. Moreover, expression of Ifnb1 

was strongly induced by Tpl2D270A mutation 1 h after uptake of LPS-coated beads 

(Figure 56E). Interestingly, in line with findings from my RNA sequencing studies, 

mRNA expression of Ifna1, Ifna2, Ifna5, and Ifna6 were significantly increased in 

Tpl2D270A/D270A BMDMs compared to WT controls. Overall, these experiments 

revealed that TPL-2 regulates gene expression of several Ifna genes following 

uptake of LPS-coated latex beads.   

 

 
Figure 56 Expression levels of cytokines and type I interferon genes in 
Tpl2D270A/D270A BMDMs following uptake of LPS-coated beads 
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BMDMs from WT and Tpl2D270A/D270A mice were stimulated with LPS-coated latex 
beads (1:300) for the times indicated. Following BMDM lysis, RNA was purified and 
reverse transcribed into cDNA. Gene expression levels were quantified by qPCR 
using mRNA-specific TaqMan FAM-MGB-coupled probes recognising Cxcl2, Tnf, 
Il1b, Il6, Ifnb1, Ifna1, Ifna2, Ifna5 and Ifna6. Error bars represent SEM (n = 3). An 
unpaired two-tailed t-test was carried out, with ** P < 0.01, **** P < 0.0001. RU, 
relative units.  
 

4.2.13 TPL-2 interacts with the endosomal protein EEA1 following LPS 
stimulation  

To characterise the interactome of endogenous TPL-2 in primary macrophages, the 

Ley laboratory generated Tpl23xFLAG/3xFLAG knock-in mice, which express N-terminally 

3xFLAG-tagged TPL-2. I decided to investigate the interactome of TPL-2 in response 

to LPS and TNFa.  Tpl23xFLAG/3xFLAG BMDMs were strongly activated by LPS and 

TNFa as indicated by inducible phosphorylation of ERK1/2 and p38a at T202/Y204 

and T180/Y182, respectively (Figure 57A, left). Endogenous 3xFLAG-tagged TPL-2 

was expressed in unstimulated Tpl23xFLAG/3xFLAG BMDMs, and 3xFLAG-TPL-2 levels 

decreased upon LPS and TNFa stimulation as TPL-2 was liberated from the ternary 

complex, and thus less stable (Figure 57A, right). Moreover, a mobility shift of the 

3xFLAG-TPL-2 band was observed upon stimulation, suggesting inducible 

phosphorylation of TPL-2 (Figure 57A, right). Importantly, 3xFLAG-TPL-2 was 

efficiently immunoprecipitated and fully depleted from cell extracts using M2 Anti-

FLAG Affinity Gel (Figure 57A, right). BMDMs from three Tpl23xFLAG/3xFLAG mice were 

separately cultured, treated, analysed by mass spectrometry and peptide intensities 

were averaged. As expected, upon LPS stimulation, TPL-2 interacted with proteins 

involved in pathways underlying the immune system, including cytokine signalling, 

MAPK as well as NF-kB signalling and antigen presentation (Figure 57B).  
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Table 24 TPL-2-interacting proteins upon LPS stimulation 
The ten most significantly upregulated TPL-2-interacting proteins were calculated from 

LPS-stimulated / unstimulated peptide intensities.  
Protein Gene 

RB1-inducible coiled-coil protein 1 Rb1cc1 

Putative Polycomb group protein 
ASXL1 Asxl1 

Cadherin-20 Cdh20 

Prelamin-A/C;Lamin-A/C Lmna 

Amphoterin-induced protein 1 Amigo1 

Ran-binding protein 10 Ranbp10 

Early endosome antigen 1 Eea1 

Nesprin-1 Syne1 

Protein phosphatase 1B Ppm1b 

Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 2 Atp2a2 

 

Interestingly, LPS also induced the association of TPL-2 with proteins implicated in 

vesicle-mediated transport and membrane trafficking (Figure 57B). As expected, 

mass spectrometric data indicated that TPL-2 dissociated from both ABIN-2 and 

p105 (Figure 57C) (Gantke et al, 2011b). Interestingly, increased abundance of 

EEA1 peptides was detected upon LPS stimulation, whereas no EEA1-specific 

peptides were detected following TNFa stimulation (Figure 57C). These findings 

suggested that TPL-2 interacts with the endosomal protein EEA1 upon LPS 

stimulation.  
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Figure 57 TPL-2 interactome following LPS and TNFa stimulation  

BMDMs from Tpl23xFLAG/3xFLAG mice were stimulated with LPS (100 ng/ml) and TNFa 
(20 ng/ml) for 15 min. 3xFLAG-TPL-2 interactors were immunoprecipitated by 
incubation of cell extracts with M2 Anti-FLAG Affinity Gel. TPL-2-interacting proteins 
were identified by label-free immunoprecipitation (IP) mass spectrometry (MS). 
Three biological replicates were analysed per genotype, Tpl23xFLAG/3xFLAG and WT (n 
= 3). (A) Cell extracts from Tpl23xFLAG/3xFLAG BMDMs were immunoblotted with the 
antibodies indicated (left). Cell extracts, eluates as well as post-IP cell extracts 
following immunoprecipitation with M2 Anti-FLAG Affinity Gel were immunoblotted 
with a 3xFLAG-specific antibody (right). (B) Pathway enrichment of TPL-2 interactors 
that were detected upon LPS stimulation using the Metacore database. 19 selected 
biological pathways were plotted. -log10 of adjusted P values are shown. Red line 
represents P = 0.05, where pathways below the red line are statistically non-
significant. (C) Peptide intensities of selected TPL-2-interacting proteins, ABIN-2, 
p105 and EEA1, were plotted (n = 3). An unpaired two-tailed t-test was carried out, 
with ** P < 0.01, *** P < 0.001, not significant (ns). Error bars represent SEM. IP, 
immunoprecipitation; US, unstimulated; WCL, whole cell extract; p, phospho.  
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To confirm inducible binding of TPL-2 to EEA1 following LPS stimulation, I stimulated 

BMDMs from Tpl23xFLAG/3xFLAG and WT control mice with LPS for 15 min, 

immunoprecipitated 3xFLAG-TPL-2 and immunoblotted against endogenous EEA1. 

Firstly, EEA1 protein levels were comparable between WT and Tpl23xFLAG/3xFLAG 

BMDMs and EEA1 levels were unaffected by LPS stimulation (Figure 58A). As 

previously described, protein stability of p105, ABIN-2 and 3xFLAG-TPL-2 was 

reduced following LPS stimulation (Figure 58A). While 3xFLAG-TPL-2 did not 

interact with endogenous EEA1 in unstimulated BMDMs, EEA1 was recruited to 

3xFLAG-TPL-2 following LPS stimulation (Figure 58B). As outlined above, 

interactions between TPL-2 and p105 as well as ABIN-2 were disrupted following 

LPS stimulation (Figure 58B).  

 

 
Figure 58 TPL-2 interacts with EEA1 upon LPS stimulation 
BMDMs from Tpl23xFLAG/3xFLAG and WT control mice were stimulated with LPS (100 
ng/ml) for 15 min. (A) Cell extracts were immunoblotted with the antibodies indicated. 
(B) 3xFLAG-TPL-2 interactors were immunoprecipitated by incubation of cell 
extracts with M2 Anti-FLAG Affinity Gel. Eluates were immunoblotted with the 
antibodies indicated. US, unstimulated; IP, immunoprecipitation; p, phospho.  
 

4.2.14 ESCRT-I binding to ABIN-2 promotes phagosomal proteolysis 

Banks et al. discovered that the Y230A mutation in human ABIN-2 disrupts binding 

to TSG101 of ESCRT-I. I confirmed these results in pulldown assays (Figure 12) and 

we thus decided to generate a novel mouse strain, Abin2Y231A/Y231A mice, in which 

ABIN-2 is unable to interact with ESCRT-I. As the murine amino acid sequence is 

shifted by one residue, the human Y230 site is equivalent to Y231 in mice. Since 

ESCRT-I has been linked to endosome formation, I investigated whether ESCRT-I 

binding to ABIN-2 regulated phagosome maturation (Lefebvre et al, 2018b). 

Interestingly, Abin2Y231A mutation significantly reduced phagosomal proteolysis 
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relative to WT control BMDMs (Figure 59A). However, phagosomal acidification in 

Abin2Y231A/Y231A BMDMs was normal (Figure 59B). These results indicated that 

ESCRT-I binding to ABIN-2 regulated phagosome maturation in a similar way as 

ubiquitin binding. To determine whether TPL-2-dependent MAP kinase signalling 

was regulated by ABIN-2/TSG101 binding, I stimulated Abin2Y231A/Y231A BMDMs with 

LPS. MAP kinase activation of ERK1/2 and p38a, as well as p105 phosphorylation 

remained unchanged by Abin2Y231A mutation (Figure 59C), consistent with similar 

experiments with Abin2D310N and Abin2E256K mutations showing that ABIN-2 did not 

regulate TPL-2 activation of MAP kinase pathways (Figure 16). 

 

 
Figure 59 Abin2Y231A mutation impairs phagosomal proteolysis while acidification 
remains unaffected 
(A) Intra-phagosomal proteolysis in BMDMs of Abin2Y231A/Y231A and WT control mice 
was assayed following uptake of DQ Green BSA / AF594 silica beads (n = 4). (B) 
Intra-phagosomal acidification in BMDMs of Abin2Y231A/Y231A and WT control mice 
was monitored following uptake of BCECF-coupled silica beads (n = 4). (C) BMDMs 
from WT and Abin2Y231A/Y231A mice were stimulated with LPS (100ng/ml) for the times 
indicated and cell extracts were immunoblotted with the antibodies indicated. Shaded 
areas represent SEM. **** P < 0.0001. Paired Mann-Whitney t-test; All differences 
relative to WT are ****. RFU, relative fluorescence units; p, phospho. 
 

Although ESCRT-I function in endocytosis and autophagy has been studied in detail 

(Lefebvre et al, 2018b; Metcalf & Isaacs, 2010), its role in phagosome maturation in 

macrophages has not been extensively studied. I therefore knocked down TSG101, 

the core component of ESCRT-I, in immortalised BMDMs to determine whether 
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ESCRT-I regulated phagosome maturation in macrophages. TSG101 knockdown 

dramatically reduced phagosomal proteolysis in iBMDMs relative to control cells, 

untreated or transfected with a non-targeting siRNA (Figure 60A). Interestingly, 

TSG101 knockdown did not impair phagosomal acidification (Figure 60B), despite 

pronounced depletion of TSG101 protein levels (Figure 60C). These findings 

indicated that TSG101 knockdown phenocopies the effect of Abin2Y231A mutation on 

phagosome maturation. 

 

 
Figure 60 TSG101 knockdown reduces phagosomal proteolysis 
Tsg101 was knocked down in WT iBMDMs by RNA interference using a SMARTpool 
ON-TARGETplus siRNA (50 nM) for 48 h. Transfection of iBMDMs with ON-
TARGETplus non-targeting pool (50 nM) for 48 h functioned as siRNA control. (A) 
Intra-phagosomal proteolysis in TSG101 knockdown iBMDMs was assayed following 
uptake of DQ Green BSA / AF594 silica beads (n = 4). (B) Intra-phagosomal 
acidification in TSG101 knockdown iBMDMs was monitored following uptake of 
BCECF-coupled silica beads (n = 4). (C) Cell extracts from untransfected and 
Tsg101 siRNA-transfected iBMDMs were immunoblotted for TSG101 to confirm 
TSG101 knockdown. Shaded areas represent SEM. **** P < 0.0001. Paired Mann-
Whitney t-test; All differences relative to WT are ****. RFU, relative fluorescence 
units; UT, untransfected; NT, non-targeting siRNA pool.  
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4.3 Conclusion 

Defining the molecular mechanisms by which macrophages regulate phagocytosis 

and phagosome maturation is critical to understand innate immune responses. The 

data presented in this chapter identified TPL-2 and ABIN-2 as positive regulators of 

phagosome maturation (Figure 61). Specifically, using loss-of-function point 

mutations, I showed that TPL-2 kinase activity and ubiquitin binding to ABIN-2 are 

critical to promote phagosome maturation. 

 

 
Figure 61 TPL-2 and ABIN-2 promote phagosome maturation in macrophages 
Both TPL-2 and ABIN-2 are positive regulators of phagosome maturation, however, 
findings indicate that TPL-2 and ABIN-2 promote maturation of phagosomes via 
distinct pathways. TPL-2 catalytic activity promotes phagosomal proteolysis and 
acidification via phosphorylation of DMXL1, a V-ATPase-interacting protein. TPL-2-
mediated phosphorylation of DMXL1 at S1903/1904 promotes phagosome 
maturation. In contrast, ABIN-2 ubiquitin binding promotes phagosomal proteolysis, 
but not phagosomal acidification. Ubiquitin binding to ABIN-2 is important for optimal 
activity of hydrolases, including cathepsin, within maturing phagosomes. Moreover, 
binding of TSG101, an ESCRT-I protein, to ABIN-2 mediates phagosomal 
proteolysis.  
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4.3.1 Bead particles trigger scavenger receptor-mediated phagocytosis 

I provided evidence that the initial stage of phagocytosis, phagocytic uptake of 

particles, was not regulated by TPL-2 or ABIN-2. As phagosome formation at the 

plasma membrane was not reduced in Tpl2D270A/D270A and Abin2D310N/D310N 

macrophages, any downstream defects in phagosome maturation were not simply a 

consequence of impaired particle internalisation. The silica and latex beads used in 

biochemical assays in this chapter are non-opsonised particles, which have been 

extensively used to study phagocytosis as they accurately model the natural 

physiology of particle-macrophage interactions (Sulahian et al, 2008). Similar to 

microbes that simultaneously interact with several receptors on phagocytes, silica 

beads associate with multiple scavenger receptors on macrophages to trigger 

phagocytic uptake (Sulahian et al, 2008; Palecanda et al, 1999). Silica beads have 

been shown to interact with macrophage receptor with collagenous structure 

(MARCO), a class A scavenger receptor on macrophages, to trigger phagocytosis 

(Palecanda et al, 1999). Therefore, it can be assumed that non-opsonised beads 

used in my experiments were internalised by scavenger receptor-mediated 

phagocytosis.  

 

4.3.2 ABIN-2 induces phagosome maturation  

This thesis provides, for the first time, experimental evidence that M1- and/or K63-

linked ubiquitin binding to the UBAN domain in ABIN-2 positively regulates 

phagosome maturation in macrophages. The initial evidence that ABIN-2 ubiquitin 

binding promoted phagosome maturation came from an assay monitoring bulk intra-

phagosomal proteolysis in macrophages following uptake of fluorescently-labelled 

silica beads. Abin2D310N mutation was found to reduce phagosomal proteolysis and 

decreased levels of active cathepsin L, a phagosomal protease, following uptake of 

silica and latex beads, respectively (Yates et al, 2005). Moreover, phagosomal 

proteolysis was also impaired by Abin2D310N mutation following uptake of LPS-coated 

beads. TLR4 activation triggers phagocytosis via a Cdc42-Rac signalling axis, which 

leads to actin polymerisation and thus formation of the phagocytic cup (Kong & Ge, 

2008). Moreover, TLR4 activates the PI3K pathway, which contributes to actin 

polymerisation and mediates expression of scavenger receptors (Wang et al, 2018). 
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As the mechanism by which LPS-coated beads trigger phagocytosis is different to 

how uncoated beads mediate internalisation, my results suggested that the role for 

ABIN-2 in promoting phagosome maturation in macrophages is not exclusive to 

signalling downstream of a single class of receptor.  

 

I observed that ABIN-2 ubiquitin binding did not regulate phagosomal pH, however, 

Abin2D310N mutation reduced ROS production following phagocytic uptake of latex 

beads. NOX2, which drives ROS production, is rapidly recruited from vesicles of 

endosomal and lysosomal compartments to phagosomes following phagocytosis 

(Savina et al, 2006; Jancic et al, 2007). Although my findings demonstrated that 

ABIN-2 induces ROS production independently of any effects on phagosomal 

acidification, the underlying molecular mechanism by which ABIN-2 ubiquitin binding 

promotes ROS production remains to be fully understood. Ubiquitin binding to ABIN-

2 may be involved in localising NOX2-containing endosomes to maturing 

phagosomes (Jancic et al, 2007).  

 

Analysis of the protein composition of Abin2D310N/D310N phagosomes revealed that 

ABIN-2 reduced abundance of RAB5 on phagosomes. Lys63-linked ubiquitin 

localises Rabex-5, a RAB5 GEF protein, to phagosomal membranes and ubiquitin 

binding to Rabex-5 enhances its nucleotide exchange activity, thereby stimulating 

RAB5 activation on endosomes and early phagosomes (Lauer et al, 2019). The 

ability of ABIN-2 to bind K63-linked chains is likely to be critical as K63-linked 

polyubiquitin chains are highly abundant on phagosomes (Guo et al, 2019). In recent 

years the importance of ubiquitin in regulating phagosome function and phagosomal 

signalling has become apparent (Dean et al, 2019). ABIN-2 may acts as a 

phagosomal ubiquitin receptor to recruit K63-linked ubiquitylated proteins, such as 

Rabex-5, to the phagosome. It is important to note that I did not detect ABIN-2 itself 

in the phagosome proteome of macrophages following uptake of latex beads. 

However, it is possible that ABIN-2 only transiently interacts with phagosomes via 

weak interactions. Future immunofluorescence assays using GFP-tagged ABIN-2 in 

immortalised macrophages will reveal whether ABIN-2 is localised to phagosomes 

over the course of the maturation process.  
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I have demonstrated that TPL-2 catalytic activity drives phagosomal proteolysis and 

acidification in human monocyte-derived macrophages. To determine whether 

ubiquitin binding to ABIN-2 also mediates phagosome maturation in human 

macrophages, using CRISPR/Cas9 gene editing to introduce the Abin2D309N point 

mutation in human-induced pluripotent stem cells and monitoring phagosome 

maturation will provide further insights. 

 

4.3.3 A role for ABIN-2 in the interplay between ubiquitin and ESCRT during 
phagosome maturation 

Besides demonstrating that ubiquitin binding to ABIN-2 is required to promote 

phagosome maturation, I provided evidence that ESCRT-I binding to ABIN-2 is 

required to mediate phagosomal proteolysis following uptake of silica beads. The 

Abin2Y231A/Y231A mouse strain was generated by our laboratory to study the biological 

relevance of ESCRT-I binding to ABIN-2 and became available towards the final 

stages of this thesis. Therefore, the number of experiments to investigate the effects 

of Abin2Y231A mutation on phagosome maturation was rather limited and this 

important question warrants further attention in the future.  

 

Biochemical analyses in chapter three showed that Abin2Y231A mutation abrogated 

TSG101 and ALIX binding. Importantly, knockdown of TSG101 in macrophages 

phenocopied the effect of Abin2Y231A mutation on phagosomal proteolysis, which was 

consistent with binding of TSG101 to ABIN-2 being critical to induce phagosome 

maturation. It is important to note that although Abin2Y231A mutation significantly 

reduced phagosomal proteolysis, the magnitude by which Abin2Y231A mutation 

reduced proteolysis was not as pronounced as the effect of Abin2D310N mutation. In 

future research, it will be important to characterise the proteome of latex bead 

phagosomes isolated from Abin2Y231A/Y231A BMDMs to gain molecular insights into 

the mechanism by which Abin2Y231A mutation regulates phagosome proteolysis. It 

may also be of interest to investigate whether ubiquitin and ESCRT-I binding to 

ABIN-2 act cooperatively to promote phagosomal proteolysis. To study this, Abin2-/- 

immortalised macrophages will be reconstituted with Tpl2 and a compound mutant 

of Abin2 harbouring both Abin2Y231A and Abin2D310N mutation.  
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As phagosomal abundance of the ESCRT-III protein CHMP2B was significantly 

reduced by Abin2D310N mutation, it suggests that an interplay between ubiquitin and 

ESCRT may exist (Hyung et al, 2008; Metcalf & Isaacs, 2010). This hypothesis was 

supported by the observation that Abin2D310N mutation reduced phagosomal levels 

of PDCD6, which promotes the association of ALIX and TSG101 of the ESCRT-I 

complex (Okumura et al, 2009) and bridges ESCRT-III and ESCRT-I complexes 

(Tanner et al, 2016; Tarabykina et al, 2000; Jia et al, 2001). ESCRT-0, -I and -II all 

contain UBDs (Shields & Piper, 2011). In particular, both ESCRT-I and its accessory 

protein ALIX, which bind to ABIN-2, are ubiquitylated (Chung et al, 2008; Sette et al, 

2010). As previously outlined, ESCRT-0 contains UBDs in its two complex 

components, namely Hrs and STAM1/2, which allow ESCRT-0 to associate with 

ubiquitylated cargo-enriched endosomes (Henne et al, 2011). These UBDs in 

ESCRT-0 are essential to recruit ESCRT-I. ABIN-2 may have a similar targeting 

function to ESCRT-0, whereby ABIN-2 binds to ubiquitylated cargo on phagosomal 

membranes via its UBAN domain and subsequently recruits ESCRT-I to the 

phagosomal membrane.  To decipher the molecular mechanism by which ABIN-2 

regulates ESCRT-I signalling during phagosome maturation, it will be of interest to 

study the localisation of GFP-tagged ESCRT proteins, including TSG101 and 

CHMP2B, in WT, Abin2D310N/D310N and Abin2Y231A/Y231A iBMDMs using confocal 

microscopy. If ABIN-2 regulated recruitment of ESCRT complexes to phagosomes, 

co-localisation of GFP-tagged ESCRT proteins with phagosomal markers, including 

EEA1 and LAMP1, will be disrupted by ABIN-2 point mutations.  

 

4.3.4 How does ABIN-2 regulate phagosome maturation? 

Loss of ubiquitin binding significantly reduced protein levels of all five core proteins 

of the AP2 complex, as well as abundance of five AP2 complex accessory proteins, 

including AGFG2, EPS15L1, ITSN2, ARRB2 and PICALM. The AP2 complex has 

been extensively studied in the context of clathrin-mediated endocytosis, whereby 

assembly of the AP2 complex is required for progression of the endocytic pathway 

(Mettlen et al, 2018; Sanger et al, 2019). Abin2D310N mutation also decreased 

phagosomal levels of several sorting nexins, including SNX3, SNX12, SNX16, 
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SNX17, SNX27 and SNX29. The AP2 complex promotes phagosomal association of 

sorting nexins and dynamin, thereby inducing phagosome maturation following 

uptake of apoptotic cells in Caenorhabditis elegans (Chen et al, 2013). Ubiquitylation 

plays an important role in sorting cargo for AP2-mediated transport (Traub & Lukacs, 

2007). Epidermal growth factor receptor substrate 15-like 1, EPS15L1, contains 

UBDs and recognises endocytic sorting signals, thereby linking ubiquitylated cargo 

to the clathrin-dependent endocytic pathways that are mediated by the AP2 complex 

(Traub & Lukacs, 2007). These observations raise the possibility that ABIN-2 may 

function as a receptor to target ubiquitylated cargo for AP2-mediated transport to the 

phagosomal membrane. Therefore, loss of ABIN-2 ubiquitin binding may result in 

reduced AP2 and AP2 accessory proteins as well as decreased abundance of sorting 

nexins.  

 

To investigate this potential role and to further understand how ABIN-2 regulates 

phagosome maturation, characterisation of the ABIN-2 interactome will provide 

further insight. Our laboratory has recently generated Abin2StrepII/StrepII mice. 

Pulldowns of StrepII-ABIN-2 from Abin2StrepII/StrepII BMDMs following uptake of latex 

beads and subsequent MS analysis will identify ABIN-2-interacting proteins. 

Identification of AP2 proteins and sorting nexins would strengthen the speculative 

hypothesis that ABIN-2 promotes AP2-mediated transport of ubiquitylated cargo to 

phagosomes. 

 

4.3.5 TPL-2 stimulates phagosome maturation 

The regulation of MAP kinase signalling in macrophages by TPL-2 during the innate 

immune response has been extensively studied (Gantke et al, 2012). TPL-2 is critical 

for the activation of ERK1/2 MAP kinases via MEK1/2 downstream of several TLRs, 

including TLR4 (Banerjee et al, 2006). TPL-2 also activates p38 MAP kinases via 

MEK3 and MEK6 (Senger et al, 2017; Pattison et al, 2016). Importantly, TPL-2 

induces production of TNF in an IKK-independent manner, which suggests that TPL-

2 activates additional, yet unknown, downstream targets besides MAP 2-kinases 

during innate immune responses in macrophages (Yang et al, 2012; Pattison et al, 

2016).  
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In this chapter, using pharmacological and genetic approaches, I demonstrated that 

TPL-2 kinase activity induced phagosome maturation. More specifically, I showed 

that TPL-2 catalytic activity drives phagosome proteolysis and acidification upon 

phagocytic uptake of silica beads. TPL-2 also promoted phagosomal proteolysis and 

acidification following the uptake of LPS-coated beads. TLR4 activation contributes 

to phagocytosis via a Cdc42-Rac signalling axis, which leads to actin polymerisation 

and thus formation of the phagocytic cup (Kong & Ge, 2008). Moreover, TLR4 

activates the PI3K pathway, which regulates actin polymerisation and mediates 

expression of scavenger receptors (Wang et al, 2018). Although TLR4 is not a 

classical phagocytic receptor, TLR4 regulates the rate of phagocytosis by 

accelerating phagosome maturation in macrophages (Blander & Medzhitov, 2004; 

Dill et al, 2015). TLR4 deficiency impairs maturation of E. coli-containing 

phagosomes in macrophages (Blander & Medzhitov, 2004). My findings suggested 

that the role for TPL-2 in stimulating phagosome proteolysis and acidification in 

macrophages is also important when TLR4 contributes to the induction of 

phagosome maturation.  

 

4.3.6 TPL-2 induces DMXL1 phosphorylation to induce phagosome 
acidification 

Importantly, I provided pharmacological and genetic evidence that TPL-2 catalytic 

activity drives phagosome maturation, both proteolysis and acidification, 

independently of MAP kinase activation. The identification of this novel, MAP kinase-

independent, pathway downstream of TPL-2 implied that yet uncharacterised non-

MAP 2-kinase substrates for TPL-2 exist in macrophages.  

 

Analysis of the phosphoproteome following phagocytic uptake of latex beads 

identified that TPL-2 kinase activity was required for phosphorylation of DMXL1 at 

S1903 and S1904. Recent studies identified DMXL1 as a V-ATPase-interacting 

protein, which promotes V-ATPase-mediated acidification of vesicles in a kidney cell 

line (Merkulova et al, 2015). RNAi knockdown experiments presented herein 

indicated that DMXL1 induces phagosomal proteolysis and acidification in 
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macrophages following phagocytic uptake of latex beads. Impaired phagosomal 

acidification in DMXL1-deficient macrophages was rescued by expression of a 

DMXL1 fragment that contained the S1903/S1904 phosphorylation sites. These 

findings suggested that TPL-2-dependent DMXL1 phosphorylation at S1903 and 

S1904 mediates V-ATPase-induced phagosomal acidification. Since DMXL1 

phosphorylation at S1903 by TPL-2 was induced following internalisation of latex 

beads, it suggests that scavenger receptors (Sulahian et al, 2008) trigger TPL-2-

dependent DMXL1 phosphorylation during phagocytosis. Whether TPL-2 directly 

phosphorylates DMXL1 or indirectly promotes DMXL1 phosphorylation via a yet 

unknown downstream protein kinase remains to be elucidated. The phosphorylation 

sequence at S1903 does not share similarities with the proline-directed kinase motif 

targeted by MAP kinases, which is consistent with my observations (Roux & Blenis, 

2004). The target sequence at S1903 suggests involvement of AMP-activated 

protein kinases, cyclic AMP-activated protein kinase or protein kinase C, however, 

further biochemical analyses will be essential to consolidate whether any of these 

kinases, TPL-2 itself or another protein kinase phosphorylates DMXL1 at S1903 

during phagosome maturation in a TPL-2-dependent manner.  

 

The multimeric V-ATPase complex consists of two distinct protein subcomplexes. 

The peripheral membrane subcomplex, called V1 complex, is responsible for ATP 

hydrolysis, while the integral membrane subcomplex, called V0 complex, forms the 

proton pore in the phagosomal membrane (Beyenbach & Wieczorek, 2006). The V-

ATPase complex is regulated by the reversible association of V0 and V1 

subcomplexes, whereby release of V1 into the cytosol prevents V-ATPase-mediated 

proton transport (Parra & Kane, 1998). Notably, DMXL1 has a homologue called 

DMXL2 (also known as Rabconnectin-3), which interacts with the cytosolic V1 

subcomplex of the V-ATPase and promotes its association with the membrane-

anchored V0 subcomplex to form a catalytically active V0 / V1 V-ATPase complex 

(Nagano et al, 2002; Sethi et al, 2010). My knockdown experiments in iBMDMs 

showed that DMXL1, but not DMXL2, regulates phagosome maturation following 

bead internalisation. However, given the structural similarity between DMXL1 and 

DMXL2, it is likely that DMXL1 also regulates V-ATPase assembly. My findings raise 

the possibility that TPL-2 catalytic activity induces phagosome acidification in 

macrophages by promoting V-ATPase assembly via phosphorylation of DMXL1. To 
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experimentally address this hypothesis, V0- and V1-specific antibodies will be used 

in pulldown experiments to test whether DMXL1 phosphorylation mediates the 

assembly of V0 / V1 V-ATPase subcomplexes to form a catalytically active V-ATPase 

complex. As Nfkb1SSAA mutation did not impair phagosome maturation, TPL-2 may 

drive DMXL1 phosphorylation while complexed with ABIN-2 and NF-kB1 p105 

(Pattison et al, 2016; Yang et al, 2012). However, it remains possible that 

phosphorylation sites in p105 other than S930 and S935, which are phosphorylated 

by the IKK complex, induce p105 degradation following internalisation of latex beads, 

thereby releasing TPL-2 from the ternary complex to phosphorylate DMXL1. 

 

4.3.7 Endosomal activation of AKT signalling by TPL-2 promotes 
phagosome maturation 

Analysis of the phosphoproteome following phagocytic uptake of LPS-coated latex 

beads demonstrated that TPL-2 kinase activity was required for phosphorylation of 

several proteins involved in AKT signalling. Importantly, I observed TPL-2-dependent 

activation of the PI3K-AKT-mTOR signalling axis following macrophage uptake of 

LPS-coated beads, but not following macrophage stimulation with soluble LPS. Since 

PI3K-AKT-mTOR pathway activation by TPL-2 was induced following internalisation 

of LPS-coated latex beads, this suggests that internalised TLR4 triggers TPL-2-

dependent AKT activation from phagosomes following phagocytic uptake (Zanoni et 

al, 2011).  

 

The PI3K-AKT signalling axis has been extensively studied and critical roles for PI3K 

and AKT have been described in regulating Rab GTPases and phagosomal 

acidification during phagosome maturation (Thi & Reiner, 2012). VPS34 PI3K has 

been shown to regulate the RAB5 GTPase by acting as a GAP to mediate RAB5 

dissociation from early phagosomes to promote phagosome maturation (Vieira et al, 

2003b; Chamberlain et al, 2004). Moreover, VPS34 PI3K is a critical RAB5 effector, 

generating PI(3)P to recruit EEA1 to early phagosomes (Araki et al, 1996; Vieira et 

al, 2001). Besides driving maturation of early phagosomes, PI3K also induces 

maturation of late phagosomes by targeting HOPS and SNARE complexes to the 

phagosomal membrane (Thi & Reiner, 2012). PI3K-AKT signalling is known to 
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promote vesicle acidification. In epithelial cells active AKT directly binds to subunit E 

of the V1 subcomplex of the  V-ATPase complex and drives V-ATPase-dependent 

endosomal acidification during rotavirus infection (Soliman et al, 2018). Although the 

molecular mechanism has not been fully elucidated, association of active AKT with 

the V1 subcomplex presumably mediates interaction with the V0 subcomplex to form 

an active V-ATPase (Soliman et al, 2018). In dendritic cells, V-ATPase assembly and 

activity are also regulated by PI3K-AKT-mTOR signalling (Liberman et al, 2014). 

During influenza infection, acidification of endosomes is essential for the viral life 

cycle as low pH accelerates the fusion of the viral coat with the endosomal 

membrane, thereby facilitating entry of viral nucleic acids into the host cell (Kohio & 

Adamson, 2013; Marjuki et al, 2011; Ochiai et al, 1995). Studies have shown that 

increased endosomal acidification during viral infection in epithelial cells, which is a 

prerequisite for viral fusion, is PI3K-dependent (Marjuki et al, 2011).  

 

I demonstrated the importance of AKT in phagosome maturation (proteolysis and 

acidification) by siRNA-mediated depletion of AKT protein levels in iBMDMs and 

pharmacological inhibition of AKT and mTOR in BMDMs. Blocking AKT signalling 

phenocopied the effect of Tpl2D270A mutation in macrophages. Previous studies 

showed that the PI3K complex is recruited to TLR4 upon stimulation and it is, 

therefore, possible that TPL-2 activates PI3K signalling at the receptor (Laird et al, 

2009). While López-Peláez et al. have previously suggested that TPL-2 activates 

PI3K-AKT signalling following stimulation with soluble LPS, findings presented here 

strongly suggest that TPL-2 catalytic activity only regulates AKT from endosomes 

following phagocytic uptake of LPS-coated beads (López-Peláez et al, 2011).  

Here I showed that phagosomal acidification following uptake of LPS-coated latex 

beads by macrophages was induced by AKT-mTOR signalling. While LPS-coated 

beads strongly activated AKT signalling, immunoblotting indicated that uncoated 

latex beads only minimally induced activation of the AKT pathway. These findings, 

therefore, suggest that phagosome maturation downstream of TLR-mediated 

phagocytosis following uptake of LPS-coated latex beads may be regulated 

differently to scavenger receptor-mediated phagocytosis that results from 

internalisation of uncoated latex beads. However, the possibility remains that low 

levels of AKT activation induced by uncoated latex beads may be sufficient to 

promote phagosome maturation. Importantly, analyses implied that TPL-2-
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dependent AKT activation following uptake of LPS-coated beads was involved in 

inducing both early (proteolysis) and late (acidification) stages of phagosome 

maturation.   

 

In this chapter, I provided evidence that TPL-2 catalytic activity promotes phagosome 

maturation via DMXL1 and AKT signalling. Further experiments will be needed to 

determine whether TPL-2 regulates two distinct signalling pathways controlling 

phagosome maturation, or whether DMXL1 and AKT are part of the same signalling 

pathway. More specifically, it will be essential to study whether pharmacological 

inhibition of AKT activity impairs DMXL1 phosphorylation at S1903 following uptake 

of uncoated or LPS-coated latex beads. Since both DMXL1 and AKT directly 

associate with the V-ATPase complex, AKT may directly phosphorylate DMXL1 on 

phagosomes (Merkulova et al, 2015; Soliman et al, 2018). 

 

4.3.8 Endosomal activation of type I interferon expression 

In addition to its stimulatory effects on phagosome maturation, TPL-2 suppressed 

mRNA expression of multiple type I IFN genes following incubation of macrophages 

with LPS-coated beads, including Ifna1, Ifna2, Ifna5 and Ifna6. TPL-2 catalytic 

activity suppressed Ifnb1 mRNA expression in response to both soluble LPS (Dr 

Michael Pattison, unpublished findings) and LPS-coated beads. However, 

transcriptomic analyses by Dr Michael Pattison demonstrated that TPL-2 does not 

regulate Ifna genes following stimulation with soluble LPS. Together these results 

suggested that TPL-2 catalytic activity only inhibits the expression of Ifna genes 

induced by endosomal TLR4 signalling (Zanoni et al, 2011) and not by TLR4 

signalling from the plasma membrane. Previous studies have shown that TRAM-

TRIF-dependent signalling downstream of endosomal TLR4 is critical in regulating 

the expression of type I interferons (Kagan et al, 2008b). It will be interesting in future 

studies to determine whether TPL-2 regulates Ifna gene expression via modulation 

of TRAM-TRIF-mediated signalling. 

 

TPL-2 inhibition of type I IFN gene expression, including IFNa, is important for 

effective innate immune responses in mice to Listeria monocytogenes and 
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Mycobacteria tuberculosis (McNab et al, 2013; Mielke et al, 2009). Findings in this 

chapter propose, for the first time, that TPL-2 plays an important role in suppressing 

TLR4-induced IFNa production from endosomal compartments. Additional 

experiments in chapter five further investigate the role of TPL-2 in regulating Ifna 

expression following bacterial infection of macrophages.  
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Chapter 5. TPL-2 and ABIN-2 promote killing of 
Gram-positive and Gram-negative bacteria 

5.1 Introduction  

Phagosome maturation in macrophages is essential for killing of internalised bacteria 

and is an indispensable early process in innate immune responses (Kinchen & 

Ravichandran, 2008). In this thesis, I have established that TPL-2 kinase activity and 

ABIN-2 ubiquitin binding promote phagosome maturation in primary macrophages. 

Therefore, I decided to investigate whether TPL-2 and ABIN-2 promote killing of 

bacteria in macrophages upon infection.  

 

Previous studies have shown that TPL-2 is required for efficient innate immune 

responses to several bacterial species, including C. rodentium, L. monocytogenes 

and M. tuberculosis (Acuff et al, 2017b, 2017a; McNab et al, 2013; Mielke et al, 2009). 

To date, the importance of TPL-2 in promoting bacterial clearance has largely been 

attributed to its ability to regulate gene expression. TPL-2 deficiency has been shown 

to impair neutrophil killing of C. rodentium but the underlying mechanism for this 

defect is not known. The analysis of Tpl2-/- mice in these studies also did not 

distinguish between the effects of TPL-2 and/or ABIN-2 deficiency. My results with 

latex beads raised the possibility that TPL-2 expression might regulate innate 

immune responses by promoting phagosome maturation in macrophages due to 

inhibition of TPL-2 and/or ABIN-2 signalling. 

 

I investigated the regulation of bacterial killing in macrophages by TPL-2 and ABIN-

2 using Gram-negative and Gram-positive bacterial species since TPL-2 has 

previously been implicated in regulating innate immunity in response to both classes 

of bacteria. In addition, I aimed at studying the immune function of TPL-2 and ABIN-

2 during infection of both extracellular and intracellular bacteria since microbes 

belonging to the two categories differentially regulate the host immune response. 

More specifically, extracellular bacteria frequently attempt to block phagocytic uptake 

by immune cells or kill phagocytes prior to engulfment (Kaufmann & Dorhoi, 2016). 

In contrast, intracellular bacteria are efficiently phagocytosed but have evolved 
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complex mechanisms to block phagosome maturation and intracellular killing. The 

distinct phagocyte-bacteria interactions between bacterial species raised the 

possibility that the requirements for TPL-2 and ABIN-2 in macrophage killing of 

microbes might differ for distinct bacterial species.   

 

5.2 Results  

5.2.1 TPL-2 and ABIN-2 promote macrophage killing of Escherichia coli 

To investigate whether TPL-2 and ABIN-2 promote killing of Gram-negative 

extracellular E. coli in primary macrophages, I infected BMDMs with GFP-labelled E. 

coli. Phagocytic uptake of E. coli into BMDMs in Tpl2D270A/D270A and Abin2D310N/D310N 

BMDMs was similar to WT control cells (Figure 62A). Notably, both Tpl2D270A and 

Abin2D310N mutation significantly increased bacterial burden of E. coli in BMDMs 0.5 

h post-infection (Figure 62B). Importantly, the degree by which Tpl2D270A and 

Abin2D310N mutation impaired bacterial killing of E. coli was comparable to that 

detected by pre-treatment of WT BMDMs with the V-ATPase inhibitor bafilomycin A1 

(Figure 62B), which has pronounced inhibitory effects on phagosome maturation 

(Bidani et al, 2000; Yoshimori et al, 1991).  

 

 
Figure 62 Tpl2D270A and Abin2D310N mutation impair macrophage killing of E. coli 

BMDMs of the indicated genotypes were infected with GFP-E. coli (MOI 10) for 15 
min. As a control, WT cells were pre-treated with 1 μM bafilomycin A1 for 0.5 h to 
block acidification of phagosomes. Two biological replicates were analysed per 
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genotype, each biological replicate was seeded in triplicates and plated in duplicates, 
thus providing 12 measurements per condition. (A) Phagocytic uptake (CFU) of GFP-
labelled E. coli into BMDMs of indicated genotypes 15 min post-infection (n = 12). 
(B) E. coli CFU were assessed at 0.5 h after infection and normalised to CFU at 15 
min (n = 12). Data were analysed by a one-way ANOVA. Error bars represent SEM. 
*** P < 0.001, **** P < 0.0001.  
 

5.2.2 TPL-2 promotes macrophage killing of Citrobacter rodentium  

C. rodentium is a Gram-negative mouse-restricted pathogen of extracellular nature 

(Collins et al, 2014). During infection, C. rodentium colonises the intestinal mucosa, 

where it causes the formation of attaching and effacing (A/E) lesions  (Deng et al, 

2003). C. rodentium infection is widely used as a mouse model to investigate human 

intestinal diseases, including ulcerative colitis and Crohn’s disease (Higgins et al, 

1999; Collins et al, 2014).  

 

TPL-2 is required for optimal clearance of C. rodentium (Acuff et al, 2017b, 2017a). 

Studies showed that Tpl2-/- mice infected with C. rodentium experience increased 

bacterial burden, however, since Tpl2-/- mice are deficient in both TPL-2 and ABIN-

2, I investigated whether the increased bacterial burden in Tpl2-/- mice was indeed 

due to the lack of TPL-2 signalling, a consequence of ABIN-2 deficiency or both.  

BMDMs were infected with GFP-labelled C. rodentium. In line with results obtained 

using E. coli, phagocytic uptake of C. rodentium into BMDMs was not disrupted in 

Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (Figure 63A). However, Tpl2D270A 

mutation significantly reduced killing of C. rodentium 1 h, 2 h and 3 h post-infection 

to a similar degree as pre-treatment of WT BMDMs with bafilomycin A1 (Figure 63B). 

Interestingly, bacterial killing in Abin2D310N/D310N BMDMs at all time points was normal 

compared to WT cells (Figure 63B). These observations suggested that TPL-2 

catalytic activity, but not ABIN-2 ubiquitin binding, was required for efficient killing of 

C. rodentium.  
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Figure 63 Tpl2D270A mutation impairs macrophage killing of C. rodentium 
BMDMs of the indicated genotypes were infected with GFP-C. rodentium (MOI 2) for 
0.5 h. As a control, WT cells were pre-treated with 1 μM bafilomycin A1 for 0.5 h to 
block acidification of phagosomes. Two biological replicates were analysed per 
genotype, each biological replicate was seeded in triplicates and plated in duplicates, 
thus providing 12 measurements per condition. (A) Phagocytic uptake (CFU) of GFP-
labelled C. rodentium into BMDMs of indicated genotypes 0.5 h post-infection (n = 
12). (B) C. rodentium CFU were assessed at 1 h, 2 h and 3 h after infection and 
normalised to CFU at 0.5 h (n = 12). Data were analysed by a one-way ANOVA. 
Error bars represent SEM. * P < 0.05, **** P < 0.0001, not significant (ns). 
 

To investigate whether reduced bacterial killing in Tpl2D270A/D270A BMDMs was due to 

a block in phagosome maturation, I assayed phagosomal acidification following C. 

rodentium infection. Tpl2D270A/D270A and Abin2D310N/D310N BMDMs were infected with 

GFP-C. rodentium and stained with LysoTracker Red (Figure 64A). Tpl2D270 mutation 

significantly reduced the percentage of LysoTracker Red+ phagosomes containing 

GFP-C. rodentium, whereas LysoTracker Red staining in infected Abin2D310N/D310N 

BMDMs was comparable to WT cells (Figure 64A and B). These findings suggested 

that TPL-2 drives C. rodentium clearance by promoting phagosome acidification.  
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Figure 64 Tpl2D270A mutation impairs acidification of C. rodentium phagosomes 
BMDMs of the indicated genotypes were infected with GFP-C. rodentium (MOI 2) for 
0.5 h. (A-B) pH assay in WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs 0.5 h after 
infection with GFP-C. rodentium. BMDMs were stained with the LysoTracker Red 
DND-99 dye at a final concentration of 100nM for 1 h (red). Fluorescence of 
LysoTracker Red was monitored at ex/em 577/590 nm. (B) Quantification of 
LysoTracker Red co-localisation with GFP-C. rodentium from panel (A) (n = 12). Data 
were analysed by an Unpaired t-test. Error bars represent SEM. ** P < 0.01, not 
significant (ns).  
 

5.2.3 TPL-2 and ABIN-2 promote macrophage killing of Staphylococcus 
aureus 

I next investigated whether TPL-2 and ABIN-2 regulate phagosome maturation 

following S. aureus infection. S. aureus is a Gram-positive extracellular bacterium, 

which is pathogenic in humans and has wide-ranging implications in disease 

(Hassoun et al, 2017). Firstly, WT BMDMs were infected with YFP-labelled S. aureus 

and analysed by flow cytometry to confirm efficient infection of primary macrophages 

with bacteria. Within one hour of infection, 26% of BMDMs were infected with YFP-

S. aureus and infection rates further increased to 56% within 2 h and 3 h post-

infection, respectively (Figure 65). This observation confirmed that an MOI of 10 was 

appropriate to further study the function of TPL-2 and ABIN-2 in the context of S. 

aureus infection.  
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Figure 65 Infection of primary macrophages with YFP-labelled S. aureus 
BMDMs from WT mice were infected with YFP-S. aureus (MOI 10) for the times 
indicated. Cells were harvested, analysed by flow cytometry and infection efficiencies 
were quantified. BMDMs were gated according to fluorescence at 530 nm, the 
optimal emission wavelength of YFP. YFPhigh BMDMs were selected to calculate 
infection rates. 
 

Initial experiments established the optimal time point for CFU assays. I infected 

BMDMs from WT mice with YFP-S. aureus for 8 h and 24 h, respectively. BMDMs 

cleared approximately 50% of internalised bacteria 8 h post-infection while <10% of 

bacteria remained by 24h. Consequently, I selected the 8 h time point for subsequent 

CFU measurements following S. aureus infections (Figure 66C).  

To study whether TPL-2 and ABIN-2 regulated S. aureus clearance, I infected 

BMDMs from WT, Tpl2D270A/D270A, Abin2D310N/D310N and Abin2E256K/E256K mice with 

YFP-labelled S. aureus. Phagocytic uptake of S. aureus into BMDMs was similar in 

Tpl2D270A/D270A, Abin2D310N/D310N and Abin2E256K/E256K BMDMs relative to WT control 

cells (Figure 66A). However, both Tpl2D270A and Abin2D310N mutation significantly 

impaired bacterial killing of S. aureus in BMDMs 8 h post-infection (Figure 66D). It is 

important to note that the degree by which Tpl2D270A and Abin2D310N mutation 

impaired S. aureus clearance was similar to that detected by bafilomycin A1 pre-

treatment of WT cells, suggesting that the inhibitory effects of these mutations are 

likely to be physiologically relevant in vivo (Figure 66D). S. aureus bacteria were 

killed in Abin2E256K/E256K BMDMs similar to WT cells, indicating that A20 binding to 

ABIN-2 was not involved in regulating S. aureus killing (Figure 66E). Consistent with 

CFU assays, the fluorescence intensity of YFP+ S. aureus per cell was significantly 

higher in Tpl2D270A/D270A and Abin2D310N/D310N BMDMs compared to WT controls 

(Figure 66F). 
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Figure 66 Tpl2D270A and Abin2D310N mutation impair macrophage killing of S. aureus 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 
0.5 h. As a control, WT cells were pre-treated with 1 μM bafilomycin A1 for 0.5 h to 
block acidification of phagosomes. Two biological replicates were analysed per 
genotype, each biological replicate was seeded in triplicates and plated in duplicates, 
thus providing 12 measurements per condition. (A-B) Phagocytic uptake (CFU) of 
YFP-labelled S. aureus into BMDMs of the indicated genotypes 1 h post-infection (n 
= 12). (C-E) S. aureus CFU were assessed at 8 h or 24 h after infection and 
normalised to CFU at 1 h (n = 12). (F) BMDMs of the indicated genotypes were 
infected with YFP-S. aureus (MOI 10) for 1 h and analysed by confocal microscopy. 
Quantification of YFP-S. aureus average fluorescence intensity per cell (n = 66-85). 
Data were analysed by a one-way ANOVA. Error bars represent SEM. ** P < 0.01, 
*** P < 0.001, **** P < 0.0001, not significant (ns). 
 

5.2.3.1 S. aureus infection induces pyroptosis of macrophages 
independently of TPL-2 and ABIN-2 

Bafilomycin A1 has substantial inhibitory effects on phagosome maturation by 

blocking acidification and proteolytic activation (Yamamoto et al, 1998; Ip et al, 2010), 

however bafilomycin A1 pre-treatment only partially reduced bacterial clearance by 

BMDMs. This suggested that BMDMs employed a phagosome-independent 
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mechanism to kill internalised S. aureus. This killing mechanism was likely due to the 

escape of S. aureus bacteria from phagosomes or by injection of pore-forming toxins 

into the cytosol, which in turn activates the inflammasome and induces pyroptosis 

(Seilie & Wardenburg, 2017). I therefore analysed cytosolic lactate dehydrogenase 

(LDH) levels upon S. aureus infection as a readout for pyroptotic cell death. S. aureus 

infection decreased BMDM viability, however, this was unaltered by Tpl2D270A or 

Abin2D310N mutation, as indicated by comparable levels of released LDH at 8 h and 

24 h post S. aureus infection (Figure 67A). Moreover, immunoblotting against the 

gasdermin D p30 proteolytic fragment indicated that S. aureus infection induced 

similar levels of pyroptosis in WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs (Figure 

67B). These findings suggested that S. aureus-induced pyroptosis as alternative 

macrophage killing mechanism was mediated independently of TPL-2 catalytic 

activity and ABIN-2 ubiquitin binding.  

 

 
Figure 67 Tpl2D270A and Abin2D310N mutation do not impair pyroptosis upon S. 
aureus infection 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 
the times indicated. (A) Pyroptotic cell death following S. aureus infection was 
assayed by quantifying LDH release from the cytosol of BMDMs 8 h and 24 h post-
infection. Supernatants were incubated with the cytotoxicity detection kit for 0.5 h 
and LDH levels were quantified by measuring absorbance at 490 nm (n = 4). (B) Cell 
extracts from WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs following S. aureus 
infection were immunoblotted for the gasdermin D p30 cleavage product. UI, 
uninfected.  
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5.2.3.2 Tpl2D270A and Abin2D310N mutation impair maturation of S. aureus 
phagosomes 

Having established that TPL-2 and ABIN-2 were required for efficient killing of 

internalised S. aureus, I next investigated whether TPL-2 and ABIN-2 regulated 

phagosome maturation following phagocytic uptake of S. aureus. I monitored 

phagosomal proteolysis using a labelled cathepsin L peptide substrate and confocal 

microscopy. Consistent with previous results using latex beads, both Tpl2D270A and 

Abin2D310N mutation significantly decreased total levels of active cathepsin L per 

YFP+ cell (Figure 68A and B). Moreover, the percentages of cathepsin L+ S. aureus 

phagosomes in Tpl2D270A/D270A and Abin2D310N/D310N BMDMs were significantly 

reduced relative to WT BMDMs (Figure 68C). 

 

 
Figure 68 Tpl2D270A and Abin2D310N mutation reduce cathepsin activity in S. aureus 
phagosomes 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 1 
h. BMDMs were stained with the Magic Red cathepsin L substrate at a final dilution 
of 1:250 for 1 h (red). Fluorescence of the Magic Red cathepsin L substrate was 
monitored at ex/em 592/628 nm. (A) Representative images of YFP+ BMDMs 
labelled with Magic Red cathepsin L substrate (red) and DAPI (nuclear stain). (B) 
Quantification of Magic Red cathepsin L staining from panel (A). Average 
fluorescence intensity of Magic Red cathepsin L substrate per cell relative to 
fluorescence intensity of YFP-S. aureus (n = 26-29). (C) Quantification of Magic Red 
cathepsin L staining co-localised with YFP-S. aureus from panel (A) (n = 26-29). 
Error bars represent SEM. * P < 0.05, ** P < 0.01, **** P < 0.0001. Unpaired t-test. 
 

Phagosomal acidification was assayed following S. aureus internalisation by 

LysoTracker Red staining and confocal microscopy. Tpl2D270A mutation significantly 

reduced the fluorescence intensity for LysoTracker Red per YFP+ cell (Figure 69A 

and B). Moreover, the percentage of LysoTracker Red+ S. aureus phagosomes was 
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significantly decreased (Figure 69C). In contrast, Abin2D310N mutation did not 

significantly decrease fluorescence intensity for LysoTracker Red per YFP+ cell or 

the percentage of LysoTracker Red+ phagosomes containing S. aureus (Figure 69B 

and C). These results coincided with my previous observations using latex beads, 

where TPL-2, but not ABIN-2, promoted phagosomal acidification.  

 

 
Figure 69 Tpl2D270A mutation impairs acidification of S. aureus phagosomes 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 1 
h. BMDMs were stained with the LysoTracker Red DND-99 dye at a final 
concentration of 100 nM for 1 h (red). Fluorescence of LysoTracker Red was 
monitored at ex/em 577/590 nm. (A) Representative images of YFP+ BMDMs 
labelled with LysoTracker Red DND-99 dye (red) and DAPI (nuclear stain). (B) 
Quantification of LysoTracker Red signal from panel (A). Average fluorescence 
intensity of LysoTracker Red per cell relative to fluorescence intensity of YFP-S. 
aureus (n = 66-98). (C) Quantification of LysoTracker Red co-localisation with YFP-
S. aureus from panel (A) (n = 66-98). Error bars represent SEM. **** P < 0.0001, not 
significant (ns). Unpaired t-test. 
 

The effects of TPL-2 catalytic activity and ABIN-2 ubiquitin binding on phagosome 

maturation were also investigated using specific markers of the maturation process. 

EEA1 is a marker of early endosomes, which is acquired by early phagosomes and 

mediates docking and fusion events with compartments of the endosomal pathway 

(McBride et al, 1999; Collins et al, 2002). Co-localisation of YFP-S. aureus with EEA1 

was significantly reduced in BMDMs from Tpl2D270A/D270A mice compared to WT 

controls (Figure 70A and B). This observation was particularly interesting since 

earlier results from immunoprecipitation studies showed that 3xFLAG-TPL-2 

interacted with endogenous EEA1 upon LPS stimulation. In contrast, co-localisation 

of EEA1 with YFP-S. aureus in Abin2D310N/D310N BMDMs was comparable to WT 

BMDMs (Figure 70A and B).  
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Figure 70 Tpl2D270A mutation reduces co-localisation of YFP-S. aureus with EEA1 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 1 
h. BMDMs were stained with an anti-EEA1 antibody at a final concentration of 1:200, 
followed by incubation with a secondary Alexa Fluor 647 that cross-reacts with the 
anti-EEA1 antibody (red). (A) Representative images of YFP+ BMDMs labelled with 
anti-EEA1-AF647 (red) and DAPI (nuclear stain). (B) Quantification of EEA1+ S. 
aureus-containing phagosomes from panel (A) (n = 27). Error bars represent SEM. 
** P < 0.01, not significant (ns). Unpaired t-test. 
 

I also investigated the effect of Tpl2D270A and Abin2D310N mutation on staining for 

LAMP1, a membrane protein on late phagosomes that facilitates RAB7 recruitment 

to drive phagosome maturation (Huynh et al, 2007; Binker et al, 2007). Co-

localisation of YFP-S. aureus with LAMP1 was significantly reduced in both 

Tpl2D270A/D270A and Abin2D310N/D310N BMDMs relative to WT controls (Figure 71A and 

B). It is important to note that the percentage decrease of LAMP1+ S. aureus 

phagosomes was more pronounced in Tpl2D270A/D270A BMDMs relative to 

Abin2D310N/D310N BMDMs (Figure 71B).   

 

 
Figure 71 Tpl2D270A and Abin2D310N mutation reduce co-localisation of YFP-S. 
aureus with LAMP1 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 1 
h. BMDMs were stained with an anti-LAMP1 antibody at a final concentration of 
1:200, followed by incubation with a secondary Alexa Fluor 594 antibody that cross-
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reacts with the anti-LAMP1 antibody (red). (A) Representative images of YFP+ 
BMDMs labelled with anti-LAMP1-AF594 (red) and DAPI (nuclear stain). (B) 
Quantification of LAMP1+ S. aureus phagosomes from panel (A) (n = 25). Error bars 
represent SEM. **** P < 0.0001. Unpaired t-test. 
 

It is well established that following invasion, S. aureus itself becomes ubiquitylated 

(Neumann et al, 2016). Ubiquitylated S. aureus is subsequently recognised by 

ubiquitin-binding proteins, including sequestosome 1 (SQSTM1, p62) (Neumann et 

al, 2016). SQSTM1 strongly binds K63-linked ubiquitin chains and mediates 

phagosome formation (Neumann et al, 2016; Seibenhener et al, 2004). Since loss of 

ubiquitin binding to ABIN-2 disrupted the maturation of S. aureus phagosomes, I 

postulated that ABIN-2 may function as a ubiquitin-binding protein recognising 

ubiquitylated S. aureus following invasion. Moreover, previous studies and my 

findings presented here demonstrated that K63-linked ubiquitin chains are highly 

abundant on phagosomal membranes in macrophages (Figure 38) (Guo et al, 2019). 

 

I visualised the co-localisation of ubiquitin with YFP-S. aureus by confocal 

microscopy. Upon S. aureus infection, distinct ubiquitin puncta co-localised with 

YFP-S. aureus in BMDMs from WT and Tpl2D270A/D270A mice (Figure 72A). Notably, 

the percentage of ubiquitin+ S. aureus phagosomes was significantly decreased by 

Abin2D310N mutation (Figure 72B). 

 

 
Figure 72 Abin2D310N mutation reduces co-localisation of YFP-S. aureus with 
ubiquitin 
BMDMs of the indicated genotypes were infected with YFP-S. aureus (MOI 10) for 1 
h. BMDMs were stained with an anti-ubiquitin antibody at a final concentration of 
1:200, followed by incubation with a secondary Alexa Fluor 647 antibody that cross-
reacts with the anti-ubiquitin antibody (red). (A) Representative images of YFP+ 
BMDMs labelled with anti-ubiquitin-AF647 (red) and DAPI (nuclear stain). (B) 
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Quantification of ubiquitin+ S. aureus phagosomes from panel (A) (n = 46). Error bars 
represent SEM. ** P < 0.01. Unpaired t-test. 
 

5.2.3.3 TPL-2 negatively regulates type I IFN expression after S. aureus 
infection 

Phagocytosis is required for S. aureus to induce MyD88-dependent production of 

TNF and IL-6 by macrophages (Ip et al, 2010). It has been proposed that TLR-

dependent cytokine production requires delivery of bacteria to acidic phagosomes to 

liberate cryptic bacterial ligands that initiate responses from the vacuole (Ip et al, 

2010). This raised the question of whether TPL-2 activated MAP kinase signalling 

from the cell surface following macrophage infection with S. aureus or signalled from 

phagosomes following internalisation. 

 

Initial experiments demonstrated that activation of ERK1/2 in BMDMs by S. aureus 

was blocked by Tpl2D270A mutation (Figure 73A). To investigate the role of S. aureus 

internalisation in ERK1/2 activation, WT BMDMs were pre-treated with cytochalasin 

D to block phagocytic uptake prior to infection. Immunoblotting revealed that S. 

aureus strongly activated ERK1/2 at early time points in the presence or absence of 

cytochalasin D (Figure 73B). This suggested that the initial activation of the TPL-2-

ERK1/2 MAP kinase signalling pathway by S. aureus was mediated by TLR2 dimers 

at the macrophage plasma membrane and did not require phagocytic uptake. At later 

time points, ERK1/2 activation was partially reduced by Tpl2D270A mutation, 

consistent with TPL-2 activation by TLR9 on phagosomes after S. aureus 

internalisation (Zhang et al, 2012) (Figure 73B). As a positive control for potent 

inhibition of actin polymerisation by cytochalasin D, I monitored phagocytic uptake of 

fluorescently-labelled beads. As anticipated, cytochalasin D pre-treatment almost 

fully diminished phagocytic uptake (Figure 73C). 
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Figure 73 TPL-2 activates ERK1/2 from the cell surface following S. aureus 
infection 
(A-B) BMDMs of the indicated genotypes were infected with S. aureus (MOI 10) for 
the times indicated. (A) Cell extracts from WT and Tpl2D270A/D270A BMDMs were 
immunoblotted with antibodies recognising p-ERK1/2 (T202/Y204) and HSP90. (B) 
Prior to bacterial infection, WT BMDMs were pre-treated with 10 μg/ml cytochalasin 
D (0.5 h), an inhibitor of actin polymerisation, which blocks phagocytic uptake of YFP-
S. aureus. Cell extracts were immunoblotted with antibodies recognising p-ERK1/2 
(T202/Y204) and HSP90. (C) Phagocytic uptake of fluorescently-labelled silica 
beads by WT BMDMs. Intracellular fluorescence was monitored 0.5 h following 
uptake of AF488-coupled beads by BMDMs. As positive control, BMDMs were pre-
treated with 10 μg/ml cytochalasin D for 0.5 h. Error bars represent SEM. 
Cytochalasin D pre-treatment was carried out alongside treatments in panel (B). p, 
phospho.  
 

RNA sequencing was used to determine the effect of Tpl2D270A mutation on S. aureus 

induction of gene expression in BMDMs. Blocking TPL-2 catalytic activity had 

pronounced effects on the global transcriptome of S. aureus-infected BMDMs (Figure 

74). Tpl2D270A mutation significantly up- (2,326) and downregulated (1,924) genes 

upon bacterial infection in a time-dependent fashion. Some genes were significantly 

regulated by Tpl2D270A mutation at 4 h post-infection (Figure 74A), while others were 

only regulated at 8 h post-infection (Figure 74B). 
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Figure 74  TPL-2 catalytic activity has pronounced effects on the global 
transcriptome of S. aureus-infected BMDMs 
TPL-2-dependent transcriptome in response to S. aureus infection. Three biological 
replicates were included per genotype (n = 3). BMDMs of the indicated genotypes 
were infected with S. aureus (MOI 10) for 4 h or 8 h. Significantly upregulated genes 
are highlighted in red, significantly downregulated genes are highlighted in blue. (A) 
Heatmap showing expression of differentially regulated genes (adjusted P values < 
0.05) between WT and Tpl2D270A/D270A BMDMs at 4 h post-infection. (B) Heatmap 
showing differentially regulated genes (adjusted P values < 0.05) between WT and 
Tpl2D270A/D270A BMDMs at 8 h post-infection.  
 

Five out of the ten most significantly upregulated biological pathways in 

Tpl2D270A/D270A BMDMs relative to WT BMDMs at 4 h post-infection were implicated 

in type I interferon signalling (Figure 75A). In addition, five out of the ten most 

significantly downregulated biological pathways were implicated in MAP kinase-

dependent innate immune signalling downstream of TLR2/4 and IL-1 (Figure 75B). 
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Figure 75 Selected pathways that are up- and downregulated by Tpl2D270A mutation 
following S. aureus infection 
Gene set enrichment analysis (GSEA) of significantly (A) upregulated and (B) 
downregulated biological pathways in Tpl2D270A/D270A relative to WT BMDMs 4 h 
following S. aureus infection. Pathways shown are selected from the ten most 
significantly up- or downregulated pathways, according to adjusted P value.  
 

Consistent with these findings, expression of innate immune genes implicated in 

TLR2/4 and MAP kinase signalling was decreased in Tpl2D270A/D270A BMDMs relative 

to WT BMDMs at 4 h post-infection (Figure 76A). In addition, expression of key 

inflammatory mediators, including chemokines and cytokines, was significantly 

dysregulated in Tpl2D270A/D270A BMDMs relative to WT BMDMs following S. aureus 

infection (Figure 76B). More specifically, Tpl2D270A mutation significantly decreased 

Il23a, Ccl2, Il1b, Ccl7 and Cxcl2 expression, while significantly increasing Nos2, 

Il12a and Il12b expression following S. aureus infection (Figure 76B).  
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Figure 76 Tpl2D270A mutation dysregulates expression of innate immune genes 
(A) Heatmap showing relative expression of 43 selected innate immune genes 
between WT and Tpl2D270A/D270A BMDMs at 0 h and 4 h post-infection. Selected 
genes were involved in TLR2/4 signalling and JAK/STAT, p38a, JNK and NF-kB 
signalling pathways. Significantly upregulated genes are highlighted in red, 
significantly downregulated genes are highlighted in blue. All selected genes are 
differentially regulated, with adjusted P values < 0.05. (B) Relative expression values 
of selected genes that were significantly altered by Tpl2D270A mutation following S. 
aureus infection of WT and Tpl2D270A/D270A BMDMs (n = 3). Data were analysed by a 
two-way ANOVA. Error bars represent SEM. * P < 0.05, *** P < 0.001, **** P < 0.0001.   
 

TPL-2 is known to suppress type I interferon production during bacterial infection 

(McNab et al, 2013). Moreover, in the previous chapter, I provided experimental 

evidence that Tpl2D270A mutation significantly increased expression of several Ifna 

genes following uptake of LPS-coated beads, whereas expression of Ifna genes was 

not regulated by TPL-2 following stimulation with soluble LPS (Figure 55).   

 

Following S. aureus infection, Tpl2D270A mutation significantly upregulated several 

biological pathways involved in type I interferon signalling (Figure 75A). In 
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accordance with these findings, Tpl2D270A mutation significantly elevated expression 

of type I interferon genes, including Ifnb1, Ifna1, Ifna2, Ifna4, Ifna5 and Ifna6, 

following S. aureus infection (Figure 77A). In line with this, expression of 63 ISGs 

was significantly upregulated in Tpl2D270A/D270A BMDMs relative to WT BMDMs 4 h 

after S. aureus infection (Figure 77B). 

 

 
Figure 77 Tpl2D270A mutation upregulates type I interferon and interferon-
stimulated genes during S. aureus infection 
(A) Relative expression values of type I interferon genes that were significantly 
upregulated by Tpl2D270A mutation following S. aureus infection of WT and 
Tpl2D270A/D270A BMDMs (n = 3). Data were analysed by a two-way ANOVA. Error bars 
represent SEM. * P < 0.05, **** P < 0.0001. (B) Heatmap showing expression of 63 
selected interferon-stimulated genes (ISGs) between WT and Tpl2D270A/D270A BMDMs 
at 0 h and 4 h post-infection. Significantly upregulated genes are highlighted in red, 
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significantly downregulated genes are highlighted in blue. All selected genes are 
differentially regulated, with adjusted P values < 0.05. 
 

Together these results indicated that TPL-2 catalytic activity regulates, from the cell 

surface, early MAP kinase signalling that triggers gene expression of pro- and anti-

inflammatory innate immune genes. Moreover, my findings confirmed that TPL-2 

negatively regulates expression of type I interferons, including Ifna genes, following 

S. aureus infection. These observations using S. aureus, a more physiological 

stimulus, confirmed my previously obtained results with LPS-coated beads.  

 

5.2.3.4 S. aureus stimulates TPL-2 activation of AKT signalling from the 
phagosome 

My experiments with LPS-coated beads indicated that TPL-2 induces AKT activation 

following phagocytosis and showed that AKT signalling is critical for driving 

phagosome maturation in macrophages, consistent with the known role of PI3K-AKT 

signalling in regulating Rab GTPases and phagosomal acidification (Thi & Reiner, 

2012). I therefore investigated whether TPL-2 also regulated AKT signalling following 

S. aureus infection. In response to S. aureus infection of WT BMDMs, AKT was 

strongly phosphorylated at S473 (Figure 78). Interestingly, AKT phosphorylation at 

S473 was substantially decreased in WT BMDMs pre-treated with cytochalasin D 

(Figure 78). This suggested that AKT phosphorylation in response to S. aureus 

infection was predominantly mediated from the endosomal compartment and not 

from the plasma membrane.  

 

 
Figure 78 Endosomal activation of AKT following S. aureus infection 
WT BMDMs were infected with S. aureus (MOI 10) for the times indicated. Prior to 
bacterial infection, WT BMDMs were pre-treated with 10 μg/ml cytochalasin D (0.5 
h), an inhibitor of actin polymerisation, which blocks phagocytic uptake of YFP-S. 
aureus. Cell extracts were immunoblotted with antibodies recognising p-ERK1/2 
(T202/Y204), p-AKT (S473) and HSP90. p, phospho.  



Chapter 5. Results 

 

229 

 

Next, I investigated whether TPL-2 catalytic activity regulated AKT signalling 

following phagocytic uptake of S. aureus. Interestingly, AKT phosphorylation at S473 

was strongly reduced in Tpl2D270A/D270A BMDMs compared to WT controls following 

S. aureus infection (Figure 79A). In addition, phosphorylation of p70S6K at T389 and 

S6 at S240/S244 was decreased by Tpl2D270A mutation (Figure 79A). Moreover, 

phosphorylation of the AKT downstream target 4EBP1 at T37/T46 was reduced in 

Tpl2D270A/D270A BMDMs following phagocytosis of S. aureus (Figure 79A). While 

ERK1/2 activation was blocked by Tpl2D270A mutation, phosphorylation of JNK1/2 at 

T183/Y185 remained unchanged (Figure 79A). Neither AKT nor MAP kinase 

signalling was impaired in BMDMs from Abin2D310N/D310N mice following phagocytic 

uptake of S. aureus (Figure 79A). Besides infecting BMDMs with S. aureus, I 

stimulated macrophages with Pam3CSK4, a soluble agonist of TLR2 (Tsolmongyn et 

al, 2013). Interestingly, phosphorylation of AKT at S473 and S6 at S240/S244 

remained unaffected in Tpl2D270A/D270A BMDMs upon Pam3CSK4 stimulation (Figure 

79B).  These findings were in line with my previous observation that TPL-2 promoted 

AKT signalling from endosomal compartments and not from the cell surface. 

 
Figure 79 TPL-2 activates AKT signalling from endosomes following S. aureus 
infection 
(A) BMDMs from WT, Tpl2D270A/D270A and Abin2D310N/D310N mice were infected with S. 
aureus (MOI 10) for the times indicated and cell extracts were immunoblotted with 
the antibodies indicated. (B) BMDMs from WT, Tpl2D270A/D270A and Abin2D310N/D310N 
mice were stimulated with 100 ng/ml Pam3CSK4 for the times indicated and cell 
extracts were immunoblotted with the antibodies indicated. p, phospho.   
 

 



Chapter 5. Results 

 

230 

 

5.2.4 TPL-2 and ABIN-2 regulate macrophage killing of Salmonella 
typhimurium  

Having shown that the TPL-2 complex was involved in promoting killing of several 

extracellular microbes, I set out to further study whether TPL-2 catalytic activity or 

ABIN-2 ubiquitin binding promoted killing of an intracellular bacterium. Here, I 

infected BMDMs with S. typhimurium, a Gram-negative intracellular pathogen. An 

infection efficiency of approximately 30% was achieved 1 h post-infection, with the 

percentage of infected cells remaining similar at 10 h post-infection (Figure 80A and 

B). In addition, GeoMean intensities of GFPhigh BMDMs were calculated. Although 

GeoMean intensities increased from 1 h to 10 h post-infection, GeoMean intensities 

of GFP were comparable across all genotypes (Figure 80C). Infection rates 

confirmed that an MOI of 5 and a 10 h infection was appropriate to further study the 

functions of TPL-2 and ABIN-2 in the context of S. typhimurium infection. 
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Figure 80 Infection of BMDMs with S. typhimurium 

BMDMs from WT, Tpl2D270A/D270A, Abin2D310N/D310N, Abin2E256K/E256K and Abin2-/- mice 
were infected with GFP-S. typhimurium (MOI 5) for the times indicated. Cells were 
harvested and analysed by flow cytometry. (A) BMDMs were gated according to 
fluorescence at 530 nm (FL1), the optimal emission wavelength of GFP. GFPhigh 
BMDMs were selected to calculate infection rates. (B) Infection efficiencies were 
calculated from panel (A) for all three biological replicates per genotype (n = 3). (C) 
GeoMean intensities of GFPhigh BMDMs from panel (A) were calculated for all three 
biological replicates per genotype using FlowJo (Version 10.3.0) software (n = 3). UI, 
uninfected.  
 

Phagocytic uptake of S. typhimurium into BMDMs was unchanged by Tpl2D270A and 

Abin2D310N mutation (Figure 81A). In accordance with my previous findings, the 

optimal time point for CFU analysis was 10 h post-infection since BMDMs from WT 

mice cleared approximately 50% of internalised S. typhimurium at this time point 

(Figure 81B). Abin2D310N mutation significantly impaired bacterial killing of S. 
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typhimurium in BMDMs 10 h post-infection (Figure 81C). Strikingly, Tpl2D270A 

mutation significantly accelerated bacterial killing of S. typhimurium, suggesting that 

loss of TPL-2 kinase activity was protective during S. typhimurium infection. 

Importantly, bafilomycin A1 pre-treatment of WT cells also resulted in decreased S. 

typhimurium CFU relative to WT controls, thus mimicking the effect of Tpl2D270A 

mutation on S. typhimurium CFU in BMDMs (Figure 81C).  

 

 
Figure 81 Abin2D310N mutation impairs macrophage killing of S. typhimurium 
BMDMs of the indicated genotypes were infected with GFP-S. typhimurium (MOI 5) 
for 0.5 h. As a control, WT cells were pre-treated with 1 μM bafilomycin A1 for 0.5 h 
to block V-ATPase-mediated acidification of phagosomes. Two biological replicates 
were analysed per genotype, each biological replicate was seeded in triplicates and 
plated in duplicates, thus providing 12 measurements per condition. (A) Phagocytic 
uptake (CFU) of GFP-labelled S. typhimurium into BMDMs of the indicated 
genotypes 1 h post-infection (n = 12). (B-C) S. typhimurium CFU were assessed at 
10 h or 24 h after infection and normalised to CFU at 1 h (n = 12). Data were analysed 
by a one-way ANOVA. Error bars represent SEM. ** P < 0.01, **** P < 0.0001. 
 

5.2.4.1 Impaired acidification resulting from loss of TPL-2 catalytic activity 
restricts S. typhimurium replication  

As an intracellular bacterium, S. typhimurium has evolved complex mechanisms to 

exploit and evade host immune responses (Hurley et al, 2014). S. typhimurium 

encodes two type III secretion systems (T3SS) that deliver virulence effector proteins 

directly from the bacterial vacuole into host cells (Wang et al, 2020): Salmonella 

pathogenicity island 1 (SPI-1) and SPI-2 (Wang et al, 2020). Acidification of the S. 
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typhimurium phagosome stimulates assembly of the SPI-2 T3SS (Yu et al, 2010). 

Together with Dr Teresa Thurston (Imperial College London), we thus hypothesised 

that reduced S. typhimurium CFU in Tpl2D270A/D270A BMDMs may result from impaired 

acidification and lack of SPI-2 effector proteins, which are critical for S. typhimurium 

replication.  

To test this, I infected BMDMs with S. typhimurium ΔssaV, a Salmonella mutant 

strain, which lacks the ssaV gene. The ssaV gene product is a component of the 

SPI-2 T3SS and critical for the secretion of effector proteins (Mesquita et al, 2012; 

Günster et al, 2017; Yu et al, 2010). Phagocytic uptake of S. typhimurium ΔssaV into 

BMDMs remained unchanged by Tpl2D270A mutation (Figure 82A). As previously 

observed, Tpl2D270A mutation, relative to WT cells, significantly increased bacterial 

killing of S. typhimurium (Figure 82B). However, Tpl2D270A mutation did not accelerate 

bacterial killing upon infection with S. typhimurium ΔssaV (Figure 82B). This 

observation was consistent with reduced S. typhimurium CFU in Tpl2D270A/D270A 

BMDMs compared to WT cells resulting from impaired acidification due to loss of 

TPL-2 catalytic activity. 

 

 
Figure 82 Impaired acidification mediated by Tpl2D270A mutation restricts S. 
typhimurium growth 
BMDMs of the indicated genotypes were infected with S. typhimurium or S. 
typhimurium ΔssaV (MOI 5) for 0.5 h. Two biological replicates were analysed per 
genotype, each biological replicate was seeded in triplicates and plated in duplicates, 
thus providing 12 measurements per condition. (A) Phagocytic uptake (CFU) of S. 
typhimurium ΔssaV into BMDMs of the indicated genotypes 1 h post-infection (n = 
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12). (B) S. typhimurium and S. typhimurium ΔssaV CFU were assessed at 10 h after 
infection and normalised to CFU at 1 h (n = 12). Data were analysed by a one-way 
ANOVA. Error bars represent SEM. **** P < 0.0001, not significant (ns).  
 

5.2.4.2 S. typhimurium infection induces pyroptosis of macrophages 
independently of TPL-2 and ABIN-2 

Pyroptosis is important for killing of S. typhimurium by macrophages (Thurston et al, 

2016). I investigated whether Abin2D310N or Tpl2D270A mutation regulated pyroptosis 

following S. typhimurium infection, which may explain why Abin2D310N mutation did 

not fully block killing of S. typhimurium by BMDMs. 

To test levels of pyroptotic cell death, I analysed cytosolic LDH levels upon S. 

typhimurium infection. S. typhimurium infection caused a pronounced increase in 

LDH release, however, neither Tpl2D270A nor Abin2D310N mutation altered LDH levels 

at 10 h or 24 h post-infection (Figure 83A). Furthermore, comparable levels of the 

gasdermin D p30 cleavage product were detected in WT, Tpl2D270A/D270A and 

Abin2D310N/D310N BMDMs following S. typhimurium infection. These results suggested 

that neither TPL-2 catalytic activity nor ABIN-2 ubiquitin binding regulated pyroptosis 

following S. typhimurium infection (Figure 83B).  
 

 
Figure 83 Tpl2D270A and Abin2D310N mutation do not impair pyroptosis upon S. 
typhimurium infection 
BMDMs of the indicated genotypes were infected with GFP-S. typhimurium (MOI 5) 
for the times indicated. (A) Pyroptotic cell death following S. typhimurium infection 
was assayed by quantifying LDH release from the cytosol of BMDMs 10 h and 24 h 
post-infection. Supernatants were incubated with the cytotoxicity detection kit for 0.5 
h and LDH levels were quantified by measuring absorbance at 490 nm (n = 4). (B) 
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Cell extracts from WT, Tpl2D270A/D270A and Abin2D310N/D310N BMDMs following S. 
typhimurium infection were immunoblotted for the gasdermin D p30 cleavage product. 
UI, uninfected.  
 

 

5.3 Conclusion 

 
Figure 84 TPL-2 and ABIN-2 induce killing of S. aureus by promoting phagosome 
maturation 
Both TPL-2 and ABIN-2 are important to mediate effective macrophage killing of S. 
aureus bacteria following internalisation. TPL-2 catalytic activity promotes co-
localisation of EEA1 and LAMP1 with S. aureus-containing phagosomes. The kinase 
activity of TPL-2 is required for optimal cathepsin activity and acidification of 
phagosomes, which contain engulfed S. aureus bacteria. Ubiquitin binding to ABIN-
2 is important for co-localisation of LAMP1 with S. aureus-containing phagosomes. 
Moreover, ubiquitin binding to ABIN-2 mediates optimal proteolytic activity within S. 
aureus-containing phagosomes.  
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5.3.1 ABIN-2 is a regulator of bacterial killing in macrophages 

For the first time, my results in this chapter implicated ABIN-2 in the regulation of 

bacterial infection. I demonstrated that ubiquitin binding to ABIN-2 was required for 

efficient killing of bacteria following phagocytic uptake by macrophages. Importantly, 

ABIN-2 ubiquitin binding promoted killing of a diverse range of bacterial species, both 

Gram-negative and Gram-positive, as well as extracellular and intracellular. However, 

ABIN-2 was not required for efficient clearance of all bacterial species following 

infection of macrophages. While ABIN-2 ubiquitin binding promoted killing of E. coli, 

ABIN-2 was not required for clearance of internalised C. rodentium. As both species 

are Gram-negative extracellular enterobacteria, it suggests that other species-

specific factors contribute to the differential requirement for ABIN-2 during infection 

with these bacteria. 

 

Based on genomic studies, approximately one-third of the C. rodentium genome is 

unique when compared to E. coli (Petty et al, 2010). These C. rodentium-specific 

genes predominantly encode for proteins of secretion systems and virulence effector 

proteins (Petty et al, 2010). This may explain why C. rodentium is a pathogenic 

microbe causing colonic hyperplasia in mice, while E. coli K-12 is a non-pathogenic 

benign laboratory strain and gut commensal (Koli et al, 2011; Petty et al, 2010). Since 

C. rodentium encodes several secretion systems that allow for its escape from 

phagosomes, C. rodentium killing may become less dependent on fully functional 

phagosomes. Instead, clearance of C. rodentium in mice is dependent on NLRP3 

inflammasome activation in the cytoplasm leading to inflammatory cell death and 

pyroptosis (Alipour et al, 2013; Song-Zhao et al, 2014). This may explain why 

defective phagosome maturation caused by Abin2D310N mutation did not significantly 

impair killing of C. rodentium in murine macrophages. In future experiments, it will be 

important to show the effects of Abin2D310N mutation on the maturation of 

phagosomes containing E. coli and C. rodentium. Since ABIN-2 is required for 

efficient killing of E. coli, it will be of particular interest to investigate whether loss of 

ubiquitin binding to ABIN-2 disrupts maturation of E. coli phagosomes. Specifically, 

it will be important to study whether cathepsin activity in E. coli-containing 

phagosomes is reduced by Abin2D310N mutation.   
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My experiments indicated that ubiquitin binding to ABIN-2 was required for efficient 

killing of Salmonella typhimurium. S. typhimurium is a highly pathogenic Gram-

negative bacterium that causes gastroenteritis and can have fatal outcomes in 

immunocompromised patients (Pham & McSorley, 2015). Ubiquitylation orchestrates 

many aspects of the host immune response to S. typhimurium infection, including 

the activation of inflammatory pathways (Fiskin et al, 2016). Ubiquitin also marks 

bacteria for removal by phagolysosomes and autophagosomes (Larock et al, 2015). 

ABIN-2 may function as a ubiquitin receptor to target ubiquitylated S. typhimurium 

bacteria to phagosomes. S. typhimurium is an intracellular pathogen that has evolved 

to escape from phagosomes and exploit the host machinery to drive its replication 

(Behnsen et al, 2015). Following S. typhimurium escape from the phagosomal lumen 

to the cytosol, S. typhimurium becomes heavily ubiquitylated, which results in the 

ubiquitin-dependent recruitment of autophagy receptors, including SQSTM1 and 

optineurin (OPTN) (Fiskin et al, 2016). While SQSTM1 strongly binds to K63-linked 

ubiquitin, OPTN contains, similar to ABIN-2, a UBAN domain that interacts with M1- 

and to a lesser extent K63-linked polyubiquitin chains (Wong & Holzbaur, 2014; 

Seibenhener et al, 2004; Li et al, 2018). Both SQSTM1 and OPTN recognise 

ubiquitylated S. typhimurium and mediate its delivery to autophagosomes, thus 

initiating S. typhimurium clearance by autophagy (Gomes & Dikic, 2014). In an 

analogous fashion to SQSTM1 and OPTN, ABIN-2 may function as an autophagy 

receptor that recognises ubiquitylated S. typhimurium in the cytosol following escape 

from the phagosome. In future experiments, it will be essential to decipher whether 

impaired S. typhimurium clearance in Abin2D310N/D310N BMDMs results from defects 

in phagosome maturation and/or autophagy. To investigate a potential function for 

ABIN-2 in mediating autophagosome formation during S. typhimurium infection, it will 

be of interest to investigate whether Abin2D310N mutation disrupts LC3 co-localisation 

with bacteria following S. typhimurium infection. Moreover, monitoring cathepsin 

activity, phagosomal acidification and co-localisation of phagosomal markers, 

including EEA1 and LAMP1, with GFP-labelled S. typhimurium will provide insight as 

to whether Abin2D310N mutation disrupts maturation of S. typhimurium-containing 

phagosomes.  
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5.3.2 ABIN-2 ubiquitin binding promotes phagosome maturation following S. 
aureus infection  

My research revealed that loss of ubiquitin binding to ABIN-2 impaired killing of S. 

aureus by primary macrophages. Further studies demonstrated that Abin2D310N 

mutation disrupted maturation of S. aureus phagosomes following phagocytic uptake 

of bacteria. The regulation of bacterial killing by ABIN-2 was restricted to its ability to 

interact with ubiquitin since Abin2E256K mutation, which disrupts A20 binding, did not 

alter killing of S. aureus. Bafilomycin A1 pre-treatment only partially reduced, but not 

fully blocked, S. aureus killing. Given that bafilomycin A1 blocks phagosome 

maturation, my observations implied that an additional killing mechanism was 

involved in S. aureus clearance (Yamamoto et al, 1998). Macrophage killing of 

bacteria can be mediated by inflammasome activation and pyroptosis, which is 

induced by bacterial toxins or cytosolic bacteria that escape from phagosomes (Man 

et al, 2017). While pyroptosis-released bacteria are commonly killed by neutrophils, 

it has also been shown that pyroptosis can directly induce bacterial killing (Labbé & 

Saleh, 2008). I showed that ABIN-2 ubiquitin binding does not impair S. aureus-

induced pyroptosis, which accounts for the partial block in bacterial killing by 

Abin2D310N mutation. In addition, gasdermin D directly kills internalised bacteria (Liu 

et al, 2016; Evavold et al, 2018). Abin2D310N mutation did not regulate S. aureus-

induced gasdermin D cleavage, which provided a further explanation why loss of 

ABIN-2 ubiquitin binding did not fully block S. aureus killing.   

 

ABIN-2 ubiquitin binding was required for optimal proteolysis within S. aureus 

phagosomes, as reflected by activity of the phagosomal protease cathepsin L. In 

contrast, ABIN-2 was not required for efficient acidification of S. aureus phagosomes. 

These observations mirrored my results obtained with silica and latex beads. While 

Abin2D310N mutation did not regulate co-localisation of S. aureus phagosomes with 

EEA1, loss of ubiquitin binding to ABIN-2 impaired co-localisation of S. aureus 

phagosomes with LAMP1. These observations implied that ABIN-2 regulates 

phagosome maturation not at the early but at the late stage of maturation.  

 

At present, the precise molecular mechanism by which ubiquitin binding to ABIN-2 

regulates maturation of S. aureus phagosomes remains to be elucidated. However, 
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I provided initial evidence that loss of ABIN-2 ubiquitin binding reduced the 

percentage of ubiquitin+ S. aureus phagosomes. It is important to note that I did not 

conclusively determine whether these ubiquitin modifications were directly attached 

to S. aureus bacteria, or whether the visualised ubiquitin puncta reflected 

ubiquitylated proteins on phagosomal membranes. It will be of interest to conduct 

further immunofluorescence studies to assess whether these ubiquitin puncta co-

localise with phagosomal proteins, including LAMP1. The Trost laboratory and I have 

shown that K63-linked ubiquitin chains are highly abundant on latex bead 

phagosomes in macrophages (Guo et al, 2019). Therefore, the use of linkage-

specific ubiquitin antibodies will shed light on chain topologies of ubiquitin puncta co-

localising with S. aureus phagosomes in an ABIN-2-dependent manner.  

 

Since ubiquitin regulates protein sorting to phagosomal membranes, my findings 

may suggest that ABIN-2 mediates trafficking of bactericidal ubiquitylated proteins to 

maturing phagosomes (Hicke & Dunn, 2003). Early studies demonstrated that 

translocation of ubiquitin to phagosomes is important to mediate the formation of 

MVBs. However, later studies indicated that ubiquitylation is important in directly 

promoting bacterial killing (Lee et al, 2005; Booth et al, 2002; Lawrence & Kornbluth, 

2012). In support of this hypothesis, inhibition of deubiquitylases accelerates killing 

of phagosomal L. monocytogenes in primary macrophages (Burkholder et al, 2011). 

Strikingly, deubiquitylase inhibition significantly enhances the co-localisation of iNOS 

with L. monocytogenes phagosomes during infection (Burkholder et al, 2011). 

Moreover, it was previously proposed that ubiquitin localises to LAMP1+ vesicles and 

that cathepsin-dependent proteolysis of ubiquitin yields products with anti-microbial 

potential that protect against M. tuberculosis infection (Alonso et al, 2007). Besides, 

recruitment of E3 ubiquitin ligases to phagosomes is critical to ensure efficient 

bacterial killing by macrophages (Lawrence & Kornbluth, 2012). During infection with 

E. coli, natural killer lytic-associated molecule (NKLAM), an E3 ubiquitin ligase 

generating K63-linked ubiquitin chains, promotes bacterial killing. Interestingly, 

NKLAM does not regulate phagocytic uptake or phagosomal acidification during E. 

coli infection (Lawrence & Kornbluth, 2012). These studies show that a protein of the 

ubiquitin system can promote bacterial killing without regulating phagocytic uptake 

or phagosomal acidification. Similarly to NKLAM, my findings indicated that ABIN-2 

drives killing of bacteria without affecting acidification of phagosomes. 
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To further explore how ABIN-2 regulates maturation of S. aureus phagosomes, 

characterising the interactome of ABIN-2 following S. aureus infection will provide 

additional insight. More specifically, pulldowns of StrepII-ABIN-2 from Abin2StrepII/StrepII 

BMDMs following internalisation of S. aureus bacteria and subsequent MS analysis 

will likely identify regulators of phagosome maturation that are associated with ABIN-

2 function. To determine whether Abin2Y231A mutation promotes bacterial killing, S. 

aureus infection studies will reveal the potential importance of ESCRT-I binding to 

ABIN-2 in innate immune responses. 

 

5.3.3 A novel role for TPL-2 in promoting bacterial killing by macrophages 

In contrast to ABIN-2, TPL-2 has been implicated in driving immune responses to 

infection with several bacterial species, including C. rodentium, L. monocytogenes, 

and M. tuberculosis (Acuff et al, 2017b; McNab et al, 2013; Mielke et al, 2009). Tpl2-/- 

mice have been used to show that TPL-2 deficiency increases bacterial burden after 

infection due to defective innate immune responses. As previously discussed, Tpl2-/- 

mice are deficient in ABIN-2 as well as lacking TPL-2, and therefore findings from 

Tpl2-/- mice do not conclusively implicate TPL-2 catalytic activity in regulating 

bacterial killing. Although TPL-2 deficiency has been shown to increase bacterial 

burden in mice, TPL-2 has to date not been implicated in the regulation of 

phagosome maturation during infection.  

 

Findings in this chapter demonstrated that TPL-2 catalytic activity was required for 

the efficient killing of E. coli and C. rodentium. Since Tpl2D270A mutation impaired 

acidification of C. rodentium phagosomes, I showed for the first time that defective 

phagosome maturation resulting from inhibition of TPL-2 kinase activity underlies 

increased bacterial burden when TPL-2 function is lost. TPL-2-dependent defects in 

both phagosome maturation and expression of innate immune genes are likely to 

cooperatively contribute to increased C. rodentium infection when TPL-2 is absent.  

 

My findings coincide with published in vivo infection models of C. rodentium and 

suggest that impaired phagosome maturation contributes, at least in part, to elevated 
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C. rodentium infection burden in Tpl2-/- mice (Acuff et al, 2017a, 2017b). Indeed, the 

Watford laboratory showed that TPL-2 promotes oxidative burst and bacterial killing 

by neutrophils during C. rodentium infection (Acuff et al, 2017b). Regulation of 

phagosome maturation in neutrophils differs from macrophages, whereby 

neutrophils are highly dependent on ROS generation (Nordenfelt & Tapper, 2011). 

Therefore, it is likely that phagosome maturation is regulated differently by TPL-2 in 

macrophages and neutrophils. Hence, future experiments addressing the function of 

TPL-2 in regulating phagosome maturation during bacterial infection in neutrophils 

will be of particular interest. While ubiquitin binding to ABIN-2 did not regulate killing 

of C. rodentium, TPL-2 catalytic activity was required for optimal killing of C. 

rodentium. At low pH, C. rodentium expresses secretion systems that mediate its 

escape from phagosomes (Araujo‐Garrido et al, 2020). Since Tpl2D270A mutation 

impaired acidification of C. rodentium phagosomes, assembly of C. rodentium 

secretion systems may be inhibited in Tpl2D270A/D270A macrophages. Therefore, C. 

rodentium may be localised in non-microbicidal Tpl2D270A/D270A phagosomes for a 

prolonged period, thus enabling increased C. rodentium replication in the 

phagosomal lumen. 

 

5.3.4 TPL-2 catalytic activity promotes phagosome maturation during S. 
aureus infection  

The experimental evidence provided in this chapter demonstrated for the first time 

that TPL-2 catalytic activity is required for bacterial killing of S. aureus by 

macrophages. Tpl2D270A mutation reduced cathepsin activity and blocked 

acidification of S. aureus phagosomes. Furthermore, decreased fractions of S. 

aureus phagosomes co-localised with EEA1 and LAMP1 when TPL-2 catalytic 

activity was blocked. Together, my results revealed that increased bacterial burden 

in Tpl2D270A/D270A macrophages following S. aureus infection resulted from impaired 

phagosome maturation. These findings were consistent with my previous 

observations using latex beads, which indicated that TPL-2 promotes both 

phagosomal proteolysis and acidification. Similar to inhibitory effects caused by 

Abin2D310N mutation, Tpl2D270A mutation only partially inhibited S. aureus killing. 

Tpl2D270A mutation reduced bacterial killing to a similar extent as bafilomycin A1 
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treatment. Blocking phagosome maturation with bafilomycin A1 only reduces the rate 

of bacterial killing as other, phagosome-independent, killing mechanisms contribute 

to S. aureus clearance. The phagosome-independent killing of S. aureus via 

inflammasome activation and pyroptosis was, as with ABIN-2, not regulated by TPL-

2. Moreover, gasdermin D directly kills internalised bacteria, in addition to inducing 

the release of pro-inflammatory IL-1b (Liu et al, 2016; Evavold et al, 2018). Tpl2D270A 

mutation did not regulate S. aureus-induced gasdermin D cleavage, which provided 

further insights into why loss of TPL-2 catalytic activity did not fully block S. aureus 

killing. 

 

In chapter four, I provided evidence that TPL-2-dependent phosphorylation of 

DMXL1 on S1903 induced phagosome acidification following uptake of beads. 

Although the detailed mechanism remains to be fully elucidated, it is likely that 

DMXL1 phosphorylation induces V-ATPase activity by promoting V0 and V1 complex 

assembly (Beyenbach & Wieczorek, 2006). Further studies are required to reveal the 

molecular mechanism by which TPL-2 catalytic activity promotes acidification of S. 

aureus phagosomes, however, my observations using beads suggest that TPL-2-

dependent phosphorylation of DMXL1 may also regulate phagosome acidification 

via modulating V-ATPase assembly during S. aureus infection. Therefore, it will be 

important to determine whether DMXL1 phosphorylation at S1903 is induced by S. 

aureus infection and whether DMXL1 phosphorylation at S1903 is also regulated by 

TPL-2 catalytic activity following S. aureus infection. 

 

I showed that TPL-2 catalytic activity was required for AKT activation following S. 

aureus infection of macrophages. Notably, I discovered that AKT activation was 

almost completely impaired if S. aureus internalisation is blocked by cytochalasin D 

(Agerer et al, 2005). This observation suggested that TPL-2-dependent AKT 

activation was mediated from phagosomes and not from the cell surface. Previous 

studies have shown that AKT signalling is activated following S. aureus infection and 

positively regulates phagocytosis (Lv et al, 2019; Oviedo-Boyso et al, 2011). In the 

previous chapter, I confirmed the importance of PI3K-AKT-mTOR signalling in driving 

phagosome proteolysis as well as acidification and described how this signalling axis 

regulates several aspects of phagosome maturation (Thi & Reiner, 2012). Activation 

of PI3K-AKT-mTOR signalling from phagosomal membranes may be an alternative 
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pathway, besides DMXL1 phosphorylation, by which TPL-2 promotes maturation of 

S. aureus phagosomes to induce bacterial killing.  

 

5.3.5 TPL-2 catalytic activity suppresses type I interferon expression during 
S. aureus infection  

In addition to its stimulatory effects on phagosome maturation, TPL-2 rapidly 

activated ERK1/2 MAP kinases from the plasma membrane and induced the 

expression of MAP kinase signature genes following S. aureus infection of BMDMs. 

Cytochalasin D pre-treatment did not block MAPK activation by S. aureus, which 

implied that TPL-2 signals from two different cellular locations following S. aureus 

infection.  

 

Following S. aureus infection, Tpl2D270A mutation decreased mRNA expression levels 

of numerous innate immune genes, including cytokines and chemokines. These 

observations coincided with previous findings implicating TPL-2 catalytic activity in 

the ERK1/2-dependent expression of innate immune genes following activation of 

PRRs (Gantke et al., 2011; Martel et al., 2013; Dr Michael Pattison, unpublished 

findings). TLR2 deficiency causes dramatic susceptibility to S. aureus infection in 

vivo, indicating that TLR2-induced signalling pathways mediate the innate immune 

response to S. aureus (Takeuchi et al, 2000). My results presented in this chapter 

are in line with previous studies showing that TPL-2 activates TLR2-induced innate 

immune signalling pathways in primary macrophages (Banerjee et al, 2006). 

Moreover, TPL-2 regulated MAPK pathways following Pam3CSK4 stimulation, which 

explains why immune signalling during S. aureus infection was dependent on TPL-2 

(Yang et al, 2012).  

 

Many TLRs, including TLR2, have the ability to signal from the endosomal 

compartment to trigger type I interferon expression (O’Neill & Bowie, 2007; Stack et 

al, 2014; Dietrich et al, 2010). Importantly, TLR2-dependent signalling from 

endosomes following S. aureus infection promotes type I interferon expression and 

bacterial survival (Musilova et al, 2019). Here, I provided evidence that upon S. 

aureus infection, TPL-2 catalytic activity strongly suppressed mRNA expression of 
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type I IFN genes, including Ifnb1, Ifna1, Ifna2, Ifna5 and Ifna6, as well as multiple 

ISGs. As discussed, TPL-2 suppresses Ifnb1 expression following TLR4 activation 

with soluble LPS. TPL-2-mediated inhibition of Ifna genes only occurred following 

internalisation of S. aureus or LPS-coated beads, as previously outlined. These 

observations suggested that TPL-2 inhibits Ifna gene expression from endosomal 

compartments. This hypothesis coincides with previous studies demonstrating that 

TPL-2 suppresses M. tuberculosis-induced expression of Ifna2, Ifna5 and Ifna6 

(McNab et al, 2013).  

 

To consolidate that TLR-mediated pathways from the endosomal compartment 

induce type I IFN signalling, macrophages will be pre-treated with cytochalasin D to 

inhibit S. aureus internalisation. I hypothesise that cytochalasin D pre-treatment will 

abrogate expression of Ifna genes following S. aureus infection. This observation 

would confirm that TPL-2 suppresses S. aureus-induced type I IFN production from 

intracellular vesicles. Two protein kinases, TANK-binding kinase 1 (TBK1) and IKKe, 

drive type I IFN production during bacterial infection by phosphorylating the IRF3 

transcription factor (Ikeda et al, 2007; Perry et al, 2004; Hemmi et al, 2004). To gain 

further insight into how TPL-2 regulates type I IFN production, it will be of interest to 

assess whether Tpl2D270A mutation regulates TBK1 and IKKe phosphorylation during 

S. aureus infection. Moreover, monitoring TBK1 and IKKe phosphorylation following 

cytochalasin D pre-treatment upon S. aureus infection will reveal whether these 

kinases are phosphorylated downstream of TPL-2 from endosomal compartments. 

Lastly, pharmacological inhibition of TBK1 and IKKe following S. aureus 

internalisation, using the specific cell-permeable BX795 inhibitor, will confirm the 

potential requirement for TBK1 and IKKe activity to induce expression type I IFN 

genes during S. aureus infection (Clark et al, 2009).  

 

Ifnar-/- mice, which cannot respond to type I IFNs, are substantially protected against 

S. aureus in the pneumonia lung infection model compared with WT control mice. 

Type I IFNs inhibit the transcription of Il1b and processing of IL-1b by inflammasomes, 

thereby reducing recruitment of neutrophils to sites of infection to increase 

susceptibility to S. aureus infection (Scumpia et al, 2017). TPL-2 activation of ERK1/2 

also rapidly induces Il1b mRNA expression in macrophages following TLR 
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stimulation (McNab et al, 2013; Sriskantharajah et al, 2014). Consistent with this, I 

showed that Il1b mRNA levels were significantly decreased by Tpl2D270A mutation 

following S. aureus infection. TPL-2 inhibition of type I IFN production and induction 

of IL-1b are therefore expected to promote more effective innate immune responses 

to S. aureus (Martin et al, 2009). It will thus be important to further investigate the 

immune responses, including tissue inflammation and bacterial burden, of 

Tpl2D270A/D270A mice to S. aureus infection in vivo. Similarly, TPL-2 inhibition of type I 

IFN gene expression is important for effective innate immune responses in mice to 

L. monocytogenes and M. tuberculosis (McNab et al, 2013; Mielke et al, 2009). This 

implies that TPL-2-dependent suppression of type I IFN gene expression is a 

common mechanism by which TPL-2 regulates anti-bacterial immune responses to 

a plethora of bacterial species.  

 

5.3.6 Loss of TPL-2 catalytic activity protects against S. typhimurium 
infection  

Since I demonstrated that TPL-2 expression protects against E. coli, C. rodentium 

and S. aureus infection, the initial observation that TPL-2 expression increases 

susceptibility to S. typhimurium infection was surprising. However, in contrast to 

other bacterial species studied here, S. typhimurium is a facultative intracellular 

bacterium that has acquired a comprehensive repertoire of immune evasion 

mechanisms to counteract and exploit innate and adaptive immune responses 

(Riquelme et al, 2011; Behnsen et al, 2015).  

 

Although the low pH in the phagosomal lumen is generally a microbicidal milieu for 

internalised bacteria, phagosomal acidification is a prerequisite for S. typhimurium 

replication. Acidification of the S. typhimurium phagosome stimulates assembly of 

the SPI-2 T3SS (Yu et al, 2010; Rappl et al, 2003). The SPI-2 T3SS is important for 

the life cycle of S. typhimurium as this multiprotein complex delivers bacterial 

virulence effector proteins directly from the bacterial into the host cell cytosol (Wang 

et al, 2020). While Tpl2D270A mutation accelerated bacterial killing of WT S. 

typhimurium, I showed that Tpl2D270A mutation did not accelerate killing of an S. 

typhimurium mutant strain that lacked expression of SsaV. SsaV is located in the 
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inner bacterial membrane and is critical for the function of the SPI-2 T3SS (Yu et al, 

2010). The T3SS translocates effectors, including SseF and SseJ, through the inner 

and outer bacterial membrane towards the T3SS needle, which penetrates the 

phagosomal membrane and delivers virulence effectors into the host cell cytosol 

(Mesquita et al, 2012; Günster et al, 2017; Yu et al, 2010). The S. typhimurium 

mutant strain lacking expression of SsaV is resistant to pH changes within the 

phagosomal lumen as acidification-induced SPI-2 T3SS assembly is blocked. Since 

SsaV deficiency rescued impaired S. typhimurium replication, it suggests that TPL-

2-mediated phagosomal acidification is required for the assembly of the SPI-2 T3SS 

by S. typhimurium during infection. It also raises the possibility that pharmacological 

inhibition of TPL-2 may increase susceptibility to S. typhimurium infection. It will be 

of interest to investigate whether Tpl2D270A/D270A mice are protected against bacterial 

growth during S. typhimurium infection in vivo. To determine whether TPL-2 catalytic 

activity regulates secretion of S. typhimurium effector proteins from phagosomes, 

WT and Tpl2D270A/D270A macrophages will be infected with an S. typhimurium mutant 

strain expressing HA-tagged SseL, an effector protein that is translocated into host 

cells in a SPI-2-dependent manner. Immunoblotting will reveal whether Tpl2D270A 

mutation impairs translocation of SseL effector proteins via the SPI-2 T3SS into the 

host cell cytosol.  
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